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Summary

Bacterial resistance to the macrolide-lincosamide-Streptogramin B (MLS)
group of antibiotics is often mediated by erm genes, which encode TRNA
methyltransferases that methylate the ribosomal RNA target of these antibiotics. In
the pathogenic clostridial species, Clostridium difficile and Clostridium perfringens,
MLS resistance is due to the presence of erm genes that belong to the Em B class of

Erm determinants.

In C. difficile erythromycin resistance has been shown to be transferable to
C. difficile recipients and also to Staphylococcus aureus and Bacillus subtilis.
Transfer of resistance occurs in the absence of detectable plasmid DNA and it has
therefore been postulated that ;he Erm B determinant from C. difficile resides on a
conjugative transposon, designated Tn5398. Tn5398 was cloned from C. difficile
strain 630. Sequence and genetic analysis of this element revealed that it was
approximately 9.6 kb in size and did not appear to encode proteins that are typically
involved in conjugative transposition, such as transposases, integrases, resolvases, or
mobilization and transfer proteins. Analysis of the nucleotide sequence of Tn5398
did, however, reveal the presence of two oriT sites that have similarity to the oriT
sites on the conjugative transposons Tn916 and Tn5397. Based on this analysis it is
concluded that Tn5398 is not a conjugative transposon but may be a mobilizable
element that is transferred using proteins provided in trans by Tn5397, which is

present in the same C. difficile strain, or by genes that are host encoded.

Sequence analysis of Tn5398 also revealed that it carries a novel Erm B
determinant. This determinant consists of two identical erm(B) genes, which are

separated by a single direct repeat (DR) sequence and are flanked by variants of the
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DR sequence. This is the first known Erm determinant that contains a duplicated

erm structural gene.

The prevalence of the novel Erm B determinant and Tn5398 in various
C. difficile strains was investigated. A PCR and DNA hybridization based strategy
was used to determine the genetic organization of the erm(B) gene region, and to
detect the presence of Tnj398-like sequences, in 27 erythromycin resistant
C. difficile isolates from different geographical origins. The results showed that
there is considerabie heterogeneity in the arrangement of the erm(B) gene region in
C. difficile isolates and, furthermore, that not all erm(B) gene regions are associated
with Tn5398-like elements. Tnj398-like elements were detected in three isolates;

these elements appear to carry two different erm(B) gene regious.

In C. perfringens, the erm(B) gene is located on a large non-conjugative but
mobilizable plasmid, pIP402. The C. perfringens Erm B determinant has been
studied extensively in terms of its sequence and genetic organization. This thesis
presents a mutational analysis of the erm(B) gene from C. perfringens with the aim
of defining structurally and/or functionally significant amino acid residues of the
Erm(B) protein. Random mutagenesis identified several residues that, when
mutated, either significantly reduc_ed or completely aboliched erythromycin
resistance. These residues were located in conserved methyltransferase motifs and
structural modelling of the Erm(B) protein revealed that these amino acids are likely
to be important in either the binding of the substrate S-adenosylmethionine (SAM),
the transfer of the methyl group. from SAM to the target rRNA residue, or in the
binding of the rRNA target. These residues may represent good targets for the

deveionment of TRNA methyltransferase inhibitors.
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CHAPTER ONE

INTRODUCTION

Bacterial infections have caused substantial morbidity and mortality for
thousands of years. Only in the last fifty years have we had available effective drugs,
antimicrobial agents that have had a major impact in treating many of these
infections. However, almost as soon as antimicrobials had been developed, bacteria
began developing resistance mechanisms to combat these drugs. Bacterial resistance
has developed to virtually all antimicrobial agents (Collignon, 1997) and many
organisms have become resistant to more than one antimicrobial agent, presenting a

real dilemma for disease treatment,

Over recent years this problem has become of great concem due to the
discovery that bacteria are able to acquire exogenous genetic material, either from
the environment or from other bactenal species, which enables them to rapidly
exhibit resistance. Exchange of genetic information between bacteria by
transformation, transduction and conjugation ailows them to take up segments of
genomic DNA, which enables them to express antimicrobial resistance genes from
other environmental sources. This discovery has highlighted the need for close
monitoring of resistant bacteria and for detailed study of resistance mechanisms.
This study investigates a resistance mechanism utilized by two clostridial species,
Clostridium difficile and Clostridium perfringens, to evade the antimicrobial action

of the macrolide-lincosamide-Streptogramin B (MLS) group of antibiotics.
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MLS resistance

Macrolide, lincosamide and Streptogramin B antibiotics are chemically
distinct but have a similar mode of action. These antibiotics all have target sites on
the 508 ribosomal subunit and inhibit protein synthesis by stimulating dissociation of
the peptidyl-tRNA molecule from the ribosomes during elongation, resulting in chain
termination and a reversible stoppage of protein synthesis (Cocito et al., 1997
Weisblum, 1998). They have a narrow spectrum of activity that includes Gram-
positive cocci (particularly staphylococci, streptococci and enterococci) and rods,
and Gram-negative cocci (Leclercq and Courvalin, 1991). These drugs are also

potent against anaerobic bacteria.

Macrolides {e.g. erythromycin) are composed of a minimum of two amino
and/or neutral sugars attached to a lactone ring of variable size. Macrolides that are
commercially available can be divided into 14-, 15-, and 16-membered lactone ring
molecules, with each class differing in their pharmacokinetic properties and in their
responses to bacterial resistance mechanisms (Leclercq and Courvalin, 1991).
Lincosamides (e.g. lincomycin and clindamycin) are alkyl derivatives of proline and
are devoid of a lactone ring, Straptogramin antibiotics (e.g. pristinamycin and
virginiamycin) can be classified as A and B compounds according to their basic
primary structure (Cocito, 1979). Comipounds of the A and B groups bind different
targets in the peptidyltransferase domain of the 50S ribosomal subunit and inhibit
protein elongation at different steps. When used separately the A and B compounds
are bacteriostatic, however, when used in combination they act synergistically and
are bactericidal (Allignet and El Solh, 1997). Streptogramins are used in clinical

practice only in a few countries, including Belgium and France.




Three mechanisms account for acquired resistance to MLS antibiotics, direct
inactivation, active efflux, and modification of the target. The first two mechanisms
confer resistance to structurally related antibiotics only, while for the third
mechanism a single alteration in the 23S rRNA molecule confers broad cross-
resistance to macrolides, lincosamides and Streptogramin B-type antibiotics, giving

what is called the MLS cross-resistance phenotype.

Antibiotic inactivation

Several mechanisms, which usually confer resistance to only one of the three
types of antibiotics (macrolides, lincosamides or streptogramins), have been
described (Weisblum, 1998). The proteins involved in this type of mechanism

inactivate the antibiotic rather than modifying the antibiotic target site.

a) Macrolide inactivating enzymes
Two main types of macrolide modifying enzymes have been identified, the
erythromycin esterases and the macrolide phosphotransferases, each of which

inactivate the lactone ring of 14- and 16-membered macrolides. -

i) Erythromycin esterases

Two types of erythromycin esterases, type I encoded by the ere(A) gene and
type I encoded by the ere(B) gene, were first described in Escherichia coli {Arthur
et al., 1986; Ounissi and Courvalin, 1985). Ere(A) and Ere(B) have esterase activity
and are capable of hydrolyzing the lactone ring of 14- and 15- membered macrolides.
Homologous genes have subsequently been detected in many members of the

Enterobacteriaceae family (Arthur et al., 1987) and also in Staphylococcus aureus

(Schmitz et al., 2000; Wondrack et al., 1996).
3.




ii) Macrolide 2’-phosphotransferases

Macrolide 2’-phosphotransferases inactivate macrolide antibiotics by
phosphorylation of the 2°-OH group of the sugar moiety that is bound to the
macrolide ring in the presence of ATP (Noguchi et al., 1996). Two types of
phosphotransferase, I and II, have been found in erythromycin resistant E. coli.
Macrolide 2’-phosphotrznsferase I, encoded by the mph(A) gene, is more active
against 14-membered macrolides and is inducibly expressed (Noguchi et al., 1996),
while macrolide 2’-phosphotransferase II, encoded by the mph(B) gene, is
constitutively expressed and is active against both 14- and 16- membered macrolides
(Noguchi et al., 1996). The mph(B) gene has also been detected in §. qureus
(Sutcliffe et al., 1996). More recently, a third type of phosphotransferase, encoded
by the mph(C) gene, has been detected in 5. aureus (Matsuoka et al., 1998) and
Stenotrophomonas maltophila (Alonso et al., 200G), however, the intracellular

enzymatic activity of Mph(C) has not yet been reported.

b) Lincosamide inactivating engymes

Specific resistance to lincosamide antibiotics is generally mediated by
bacterial modification of these agents. Phosphorylation (Argoudelis and Coats,
1969) and nucleotidylation (Argoudelis et al., 1977; Marshall ef al., 1989) of
lincosamide molecules have been detected in several species of Streptomyces.
Inactivation of lincosamides has also been observed in strains of staphylococci,
streptococci, enterococci, and lactobacilli of animal origin (Devriese, 1980; Dutta
and Devriese, 1981; Dutta and Devriese, 1982) and in staphylococci isolated from
humans (Brisson-Noél et al., 1988; Leclercq et al., 1987; Leclercq et al., 1985).
Clinical isolates of Staphylococcus haemolyticus BM4610 and S. aureus BM4611 are

highly resistant to lincomycin. In these strains lincosamide O-

4
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nucleotidyltransferases encoded by two closely related Inu(A) genes (Roberts et al,,
1999) have been characterized (Brisson-Noél and Courvalin, 1986; Brisson-Noél et
al., 1988). The enzymes encoded by these genes inactivate lincomycin and
clindamycin by converting them to lincomycin 3-(5’-adenylate) and clindamycin 4-
(5’-adenylate) by using ATP, GTP, CTP, or UTP as a nucleotidyl donor and MgCl,
as a co-factor (Brisson-Noél et al., 1988). Recently, the /nu(B) gene from
Enterococcus faecium has also been characterized (Bozdogan et al., 1999). This
gene also encodes an O-nucleotidyltransferase that inactivates lincomyecin and
clindamycin, however, the amino acid sequence of Lnu(B) is significantly diffevent

from that of Lnu(A).

¢) Streptogramin inactivating enzymes

Enzymes that modify the streptogramin group of antibiotics generaily only
confer resistance to one component such as Streptogramin A, but not
Streptogramin B, or vice versa. Enzymes that hydrolyze Streptogramin B or modify
Streptogramin A by adding an acetyl group have been described. Many of the genes
encoding these enzymes are plasmid borne and are often found in pairs that are

capable of inactivating both types of streptogramins (Roberts et al., 1999).

i) Streptogramin B hydrolases
Streptogramin B hydrolases, or isctonases, are capable of cleaving the
macrocyclic lactone ring structure of type B streptogramins and have been identified
in Actinoplanes (Hou et al., 1970) and Streptomyces (Kim et al., 1974), Two genes,
vgbA (Allignet et al., 1988) and vgbB (Allignet et al., 1998), which encode

Streptogramin B lactonases, have also been identified in staphylococci.




i) Streptogramin A acetyltransferases
Streptogramin A acetyltransferases inactivate this class of antibiotic by
adding an acetyl group. Genes encoding these enzymes (vat genes) have been

detected in a wide variety of bacterial species. The vat(A) (Allignet et al., 1993),

* vat(B) (Allignet and El Solh, 1995) and va#(C) (Allignet et al., 1998) genes have all
been isolated and characterized from staphylococcai strains, while the vat(D)

? (Rende-Foumier e al., 1993) and vat(E) (Wemer and Witte, 1999) genes have been
J isolated and characterized from enterococcal strains. The staphylococcal genes are
all located on plasmids, however, genes with homology to the vat genes from
stapliylococci and enterococci have recently been detected in the chromosome of
Yersinia enterocolitica and Syrechocystis spp. and in the unfinished genome
sequences of Shewanella putrefaciens and Pasteurella multocida (Seoane and Garcia
Lobo, 2000).

Active efflux of antibiotics

Several different antibiotic resistance genes code for transport or efflux

l proteins, which effectively remove MLS antibiotics from the bacterial cell. These

proteins do not modify either the antibiotic or the antibiotic target, but instead pump
the antibiotic out of the cell, keeping intracellular concentrations low and the
ribosomes free from antibiotic. Most of these proteins have homology to the major

facilitator superfamily (MFS) or are putative members of the ABC tranisporter

superfamily (Roberts ef ¢!, 1999).

Four different efflux systems that confer resistance to MLS antibiotics have
been desc. -cd for Gram-positive organisms. The first of these systems, Msr(A), is

responsible for the active efflux of macrolide and Streptogramin B antibiotics. The
6
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msr{A) gene, a member of the s TP-binding transport supergene family, was first
identified in Staphylococcus epidermidis and confers .. ~o-called MS phenotype,
resistance to 14- and 15- membered ring macrolide. .0 Streptogramin B after
induction with erythromycin (Ross ef al., 1990). This gene has subaequently been
detected in other species of both coagulase positive and negative staphylococci (Eacy
et al., 1993; Lina et al., 1999; Nawaz et al., 2000). Several homologues of msr(A)
have also been characterized, including ms»B from Staphylococcus xylosus (Milton et
al., 1992}, msrSA and msrSA’ from S, aureus (Matsuoka et al., 1998; Matsuoka et
al., 1999) and msrC from E. faecium (Portillo et al., 2000). Due to the high level of
homology between these genes they have all recently been renamed as msr(A)

(Roberts et al., 1999).

The szcond efflux system is that of Mef(A), which is responsible for the
active efflux of macrolide antibiotics. The mef genes have been found in a variety of
Gra:n positive genera, including corynebacteria, enterococei, micrococct and
streptococcal species (Fraimow and Knob, 1997; Kataja ef ai., 1998; Luna et al.,
1999; Shortridge ef al., 1996). Many of these genes are associated with conjugative
elements located in the chromosome, which are readily transferred across species and
genus barriers (Kataja ef al., 1998; Luna et al., 1999). Two mef genes have been
characterized, mefA from Streptococcus pyogenes (Clancy et al., 1996) and mefE
from Streptococcus pneumoniae (Tait-Kamradt et al., 1997), both of which have

been renamed mef{A) (Roberts et al., 1999).

In addition to the Msr(A) efflux pumps, two efflux systems, Vga(A) (Allignet

et al., 1992) and Vga(B) (Allignet and El Soth, 1997), have beea identified in

staphylococci that confer resistance to Streptogramin A antibiotics. These proteins

7




are ATP-binding proteins that are thought to be involved in the active efflux of
Streptogramin A compounds. They were originally characterized from S. gureus, but
have now been detected in several different species of staphylococci (Haroche et al.,

2000; Lina et al., 1999).

In antibiotic producers, there are also efflux pumps specific for various
members of the MLS group of antibiotics. These proteins are generally members of
the ABC transporter superfamily (Schoner ef al., 1992} and include the efflux pumps
encoded by car(A) from Streptomyces thermotolerans (efflux of lincomycin)
(Schoner et al., 1992), ole(B) and ole(C) from Streptomyces antibioticus (effiux of
oleandomycin) (Olano et al., 1995; Rodriguez et al., 1993}, srm(B) from
Streptomyces ambofaciens (efflux of spiramycin} (Richardson et al., 1987), Imr(C)
from Streptomyces lincolnensis (efflux of incomycin) (Peschke et al., 1995), and

tir(C) from Streptomyces fradiae (efflux of tylosin) (Rosteck Inr. et al., 1991).

Target modification

The most common mechanism of resistance to MLS antibiotics is
modification of the antibiotic target site. Bacterial ribosomes are 708 particles
comprising 508 (the target site of MLS antibiotics) and 308 units that join at the
initiation step of protein synthesis and separate at the termination step. Each subunit
is comprised of RNA (one 58 and one 23S rRNA molecule in 508 subunits and a
168 species in the 30S subunit) and ribosomal proteins (Yusupov et al., 2001). On
the basis of secondary structure, 23S rRNA has been subdivided into six domains
(Noller et al., 1981). In E. coli and other organisms, mutations in two of these
domains, Domaiii II and Domain V, have been implicated in resistance to

erythromycin (Douthwaite et al., 1985). Modifications in Domain V can either be
3




due to the acquisition of a gene that encodes adenine-N® methyltransferase, an
enzyme which post-transcriptionally methylates a residue in Domain V, or by direct
mutation of residues in Domain V. Both mechanisms result in ribosomes which bind

MLS antibiotics with reduced affinity (Weisblum, 1998).

a) Post-transcriptional methylation of Domain V

In S. aureus and other pathogens, modification involving methylation of
A2058, which is located in Domain V, has been observed. The methylation of the
23S rRNA occurs post-transcriptionally at a site in the peptidyltransferase circle of
23S rRNA Domain V, which corresponds to A2058 based on the £. coli numbering
scheme (Lai and Weisblum, 1971; Skinner ez al., 1983). The enzymes that catalyze
the methylation belong to a family of enzymes that has been designated Erm, which

stands for erythromycin resistance metiiylase. The methylation of the 23S rRNA

presumably causes a conformational change in the ribosome and leads to co-

resistance to MLS antibiotics because the binding sites of these drugs overlap.

b) Mutations in Domain V

The second form of 23S rRNA alteration is intrinsic, results in the MLS cross
resistance phenotype, and is based on a mutational alteration of 23S rRNA at A2058,
which is the same site at which post-transcriptional methylation occurs. This form of
resistance was first reported in the 23S rRNA of clinical isolates of Mycobacterium
intracellulare (Meier et al., 1994) and has been attributed to mutation to G, C, or U
at A2058 (Figure 1.1). Similar mutations have also been observed in strains of the
pathogenic organisms Brachyspira hyodysenteriae (Karlsson et al., 1999),
Helicobacter pylori (Wang and Taylor, 1998), Mycobacterium abscessus (Wallace

Jnr. et al., 1996), Mycobacterium avium (Nash and Inderlied, 1995), Mycobacterium

9




Figure 1.1 : Secondary structure models of the peptidyl transferase center of
23S rRNA.

Secondary-structure models of the peptidyl transferase center in Domain V (A) and
hairpin 35 in Domain II (B) from E. coli 23S rRNA are shown. The red circled
nucleotides indicate the positions of mutations that confer resistance to MLS
antibiotics. Nucleotides at which the MLS antibiotics erythromycin (Em),
carbomycin (Cbm), telithromycin (T¢l) and tylos}.n (Tyl) interact (as defined by
chemical footprinting experiments) are indicated by green arrows. Figure updated
from the version presented by Vester and Douthwaite (2001) using information from

Depardien and Courvalin (2001) and Furneri ef al. (2001).
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chelonae (Wallace Jnr., ef al., 1996), Mycobacterium kansasii (Burman et al., 1998),
Mycoplasma pneumoniae (Lucier et al., 1995), Propionibacteria sp. (Ross et al.,
1997) and S. pneumoniae (Tait-Kamradt ef al., 2000), as well as in other non-

pathogenic organisms (Vester and Douthwaite, 2001).

While A2058 appears to be the most common site of mutation in the 23S
rRNA, mutations in the neighbouring residues, G2057 and A2059, have also been
reported for many of the pathogenic species listed above. Mutation of G2057
appears to result in ribosomes that are resistant o 14-membered macrolides, but
sensitive to 16-membered macrolides, as well as lincosamide and Streptogramin B
antibiotics. Mutation of A2059 resuits in ribosomes that are macrolide and
lincosamide resistant but sensitive to Streptogramin B antibiotics (Figure 1.1).
Mutation of A2062 in S. prneumoniae (Depardieu and Courvalin, 2001) and
Mycoplasma hominis (Furneri et al., 2001), C2452 in Sulfolobus acidocaldarius
(Aagaard et al., 1994), and C2611 in Chlamydomonas moewusii (Gauthier et al.,
1988), Chlamydomonas reinhardtii (Harris et al., 1989), E. coli (Vannuffel ez al.,
1992), §. pneumoniae (Tait-Kamradt et al., 2000) and Saccharomyces cerevisiae

(Sor and Fukuhara, 1984) have been reported and all lead to resistance to one or

more of the MLS antibiotics (Figure 1.1).

¢) Mutations in Domain I

Mutations in Domain II of the 23S rRNA that cause resistance to
erytb-omycin do so in a manner fundamentally different from mutations in
Domain V. Domain II mutations are generally located in a hairpin structure between
nucleotides 1198 and 1247 (Dam er al.,, 1996). This hairpin is close to a short open

reading frame in the 23S rRNA that encodes a pentapeptide (E-peptide) whose

10




expression in vivo renders cells resistant to erythromycin (Tenson ef al., 1996).
Mutations in nucleotides within the E-peptide gene, and in the ribosome binding site,
appear to increase the accessibility of the ribosome binding site and E-peptide gene.
Consequently, mutations in these regions appear to mediate erythromycin resistance

by increasing expression of the IRNA-encoded E-peptide (Dam et al., 1996).

Mutation of U754 in Domain II has also been reported in E. coli (Xiong et
al., 1999), resulting in ribosomes that are resistant to erythromycin. U754 is in
hairpin 35 in Domain II (Figure 1.1). The results suggest that this region of
Domain I is in close proximity to Domain V and may constitute part of the

ribosomal peptidyltransferase centre.

Erythromycin resistance methylase (erm) genes

The most common mechanism of resistance to MLS antibiotics is the
ac-uisition of an erm gene, the product of which catalyzes the post-transcriptional
methylation of a specific adenine ir ‘i~ 238 rRNA, leading to cross resistance to all
MLS antibiotics. Over the last 30 years, a large number of different erm genes have
been isolated from many different bacterial species that range from E. coli to
Haemophilus influenzae in Gram-negative species and from S. preumoniae to
Corynebacterium spp. in Gram-positive bacteria (Table 1.1). In addition, several
Gram-positive and Gram-negati /¢ anaerobic organisms and even spircchaetes, such
as Borrelia burgdorferi and Treponema denticola, have been shown to carry erm

genes (Roberts et al., 1999).
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Table 1.1 : Ribosomal RNA methylase genes involved in MLLS resistance.

Class Protein Gene Gene(s) Included’ % Homology Plasmid or Reference Species
Name DNA  Amino Transposon
Acid
A Em(A) erm(A) ermA 83 81 Tnis4 {Murphy, 1985) S. aureus
' (Thakker-Varia et al., 1987) Coagulase negative staphylococci
(Roe ez al., 1996) Actinobacillus actincmycetemcomitans
(Wasteson e al., 1996) Actinoba. "1y pleuropneumoniae
ermTR (Seppild et al., 1998) S. py-
(Reig et al., 2001) Peptos. spp.
B Eon(B) erm(B) ermAM 98-100 98-100 Tnls545 (Trieu-Cuot er al., 1990) S. pneumoniae
pAMP1 (Brehm et al., 1987) E. faecalis
pAMT77 (Horinouchi ez al., 1983) Streptococcus sanguis
ermB ™ef7 (Shaw and Clewell, 1985) E. faecalis
pIP501 {Brantl ef al., 1994) Streptococcus agalactiae
ermAMR (Oh et al., 1998) E. faecalis
ermBC pIP1527 (Brisson-Noél and Courvalin, 1988) E. coli
ermP, ermBP * pIP402 {Berryman and Rood, 1995) C. perfringens
ermlP pIP501 (Pujol et al., 1994) S. agalactiae
ermZ, ermBZI, ermBZ2 * Tn5398 (Farrow ef al., 2000) C. difficile
erm pLEM3 (Founs et al., 1997) Lactobacillus fermentum
erm2 pBT233 (Ceglowski et al., 1993) S. pyogenes
pMD101 (Ceglowski and Alonso, 1994) S. pyogenes




3. aureus

Em(C) erm(C) ermC 99-100 98-100 pE194 (Horinouchi and Weisblum, 1982)
pT48 (Catchpole et al., 1988) S. aureus
pES (Projan et al., 1987) S. aureus
pIRS (Oliveira ef al., 1993) S. aurues
pA22 (Catchpole and Dyke, 1990) S. aureus
pSES6 (Lodder et al., 1996) Staphylococcus equorum
pSESS (Lodder et al., 1997) Staphylococeus hominis
pSES4a (Lodder et al., 1997) S. haemolyticus
pSES21 (Lodder et al., 1997) Staphylococcus hyicus
pOX7 (Needham et gl., 1995) S. aureus
ermiM pIM13 (Projan et al., 1987) Bacillus subtilis
ermM pNE131 (Lampson and Parisi, 1986) S. epidermidis
pPV141 (Somkuti et al., 1997) Staphylococcus chromogenes
pPV142 (Somkuti et al., 1998) Staphylococcus simulans
Erm(D) erm(D) ermD 97-99 97-99 pBD90 (Docherty et al., 1981) Bacillus licheniformis
ermJ pBA423 (Kim et al., 1993) Bacillus anthracis
ermK {(Kwak et al., 1991) B. licheniformis
Erm(E) erm(E) erm& 99 96 pUC31, plJ43  (Dhillon and Leadlay, 1990) Saccharopolyspora erythraea
ermE2 (Bibb et al., 1985) Streptomyces erythraeus
Em(F) erm(F) erml” 98-100 97-100 pBF4 {Rasmussen ef al., 1986) Bacteroides fragilis
Tn4351 (Rasmussen ef 2l., 1987) B. fragilis
ermFS Tud557 (Smith, 1987) B. fragilis
ermFU Chromosomal (Halula er al., 1991) B. fragilis
Em(G) erm(G) ermG 99 99 pBD370 (Monod et al., 1987) Bacillus sphaericus
Tn7853 (Cooper et al., 1997) Bacteroides thetaiotaomicron
Erm(H) erm(H) carB pOJ159 (Epp et al., 1987) S. thermotolerans




I Erm(I) erm(1) mdmA (Hara and Hutchinson, 1990) Streptomyces spp.
N Erm(N) erm(N) tirD (Zalacain and Cundliffe, 1991} S. fradiae
O Erm(O) erm{Q) Irm 84 84 pL3T391 (Jenkins and Cundliffe, 1991) Streptomyces lividans
srmA (Pernodet et al., 1999) S. ambofaciens
Erm(Q) erm(Q) erm(Q) Chromosomal (Berrymaa et al., 1994) C. perfringens
Erm(R) erm(R) ermd (Roberts et al., 1985) Arthrobacter sp.
S Erm(S) erm(S) ermSF 100 100 pET23 (Kamimiya and Weisblum, 1988) S. fradine
trd (Kovalic et al., 1994) S. fradiae
T Erm(T) erm(T) ermGT pGT633 (Tannock et al., 1994) Lactebacillus reuteri
J Erm(U) erm(U) ImrB pPZ303 (Peschke ez al., 1995) S. lincolnensis
o \;‘- Erm(V) erm(V) ermSY (Fujisawa and Weisblum, 1981) Streptomyces viridochromogenes
w Erm(W) erm(W) myrB (Inouye et al., 1994) Micromonospora griseorubida.
X Erm(X) erm(X) ermCD 99-100 99-100 pNG2 (Serwoid-Davis and Groman, 1988)  Corynebacterium diphtheriae
ermA pNG2 (Hodgson et al., 1990) C. diphcheriae
ermCX Tn5432 (Tauch et al., 1995) Corynebacterium xerosis
Y Erm(Y) erm(Y) ermGM pMS97 (Matsuoka ef al., 1998} S. aureus
Z Erm(2) erm(2) srmD (Pernodet ez al., 1993) S. ambofaciens

* When two or three gene names are listed under “Gene(s) Included” it means that the same gene was designated by two or three different names in the literature; for erm(B),

erm(C), and erm(M), muitiple related genes have been sequenced and a selection of these are listed. Table modified from Roberts ef al. (1999).




Classification, nomenclature and distribution of erm genes

Due to the large number of erm genes that had been described and
characterized in the literature, the classification and nomenclature of erm genes has
been very confusing. Originally the erm genes were divided into eight hybridization
classes, ErmA-ErmG and ErmQ, on the basis of DNA-DNA hybridization. These
classes were assigned according to the prototype gene in each class (Arthur ef al.,
1990; Hichler and Kayser, 1993; Leclercq and Courvalin, 1991; Mabilat and
Courvalin, 1988). It was common practice for investigators to give their e»m gene a
new name regardless of the nucleotide and predicted amino acid sequence similarity
to previously characterized erm genes and Erm proteins and without regard to
whether the gene resided in a different isolate, species or genus. The result was that
unrelated genes were often given the same name or very similar genes were given

different names (Roberts ef al., 1999), which has caused significant confusion about

the relationship between different erm genes.

In a recent review (Roberts et al., 1999) a more rational classification and
nomenclature system for the erm genes was proposed. This system dividec the erm
genes into 21 classes (fi\-I, N,0, Q-Z) on the basis of DNA and amino acid sequence
homology (Table 1.1). Genes that have g:reater than 80% amino acid sequence }
similarity have been placed in the same class and are now given the same gene and
protein name. For example, all gene-~ in class A are named erm(A) and the proteins %
encaded by these genes are ali named Erm(A). This system is based on the current
classificaiion and nomenclature system for identifying and naming tetracycline

resistance genes (Levy e al., 1999; Levy ez al., 1989) and serves to clarify the

relationships between the erm genes.
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In general each class of erm genes is loosely associated with a particular
bacterial genus with the exception of classes B, C and F (Table 1.2). The broad

distribution of the erm genes in these classes indicates that they are readily

transferable between different genéra. Many of the erm genes in classes B, Cand F
have been shown to be associated with either conjugative or non-conjugative
transposons and also with broad host range plasmids, which would provide a means

for transfer of the erm genes from one bacterial species to another.

Regulation of erythromycin resistance

The expression of several erm genes is induced by exposure to subinhibitory
concentrations of MLS antibiotics (Dubnau and Monod, 1986). Erythromycin
resistance is generally negatively regulated by attenuators. In the absence of
erythromyein, the requisite mRNA is either synthesized in an inactive conformation
in which translation cannot be efficiently initiated, or the synthesis of the requisite
mRNA is not completed owing to rho-factor-independent termination before
synthesis of the message is complete, In both cases, the state of association of
inverted complementary repeat sequences located between the transcriptional and
translational start signal of the resistance gene determines whether its transcription is
completed (transcriptional attenuation), and, if completed, whether the message is

translated (translational attenuation) (Weisblum, 1998). g

a) Translational attenuation

The best studied example of regulation of erythromycin resistance is that of
the translational attenuation mechanism exhibited by erm(C). Analysis of the
nucleotide sequence upstream of the erm(C) structural gene reveals an open reading

frame (ORF) that encodes a peptide referred to as the Erm leader peptide. The Erm |
| 13
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Table 1.2 : Gerus distribution of ribosomal RNA methyltransferases.

Gene Genuis or Genera
erm(A) Actinobacillus, Staphylococcus, Streptococcus
erm(B) Actinobacillus, Clostridium, Escherichia, Enterococcus, Klebsiella,
Neisseria, Pediococcus, Staphylococcus, Streptococcus, Wolinella
erm(C) Actinobacillus, Bacillus, Eubacterium, Lactobacillus, Neisseria,
Staphylococcus, Streptococcus, Wolinella
erm(D) Bacillus
erm(E) Streptomyces
erm(F) Actinobacillus, Actinomyces, Bacteroides, Clostridium,
Eubacterium, Fusobacterium, Gardnerella, Haemophilus, Neisseria,
Porphyromonas, Prevotella, Peptostreptococcus, Selenomonas,
Streptococcus, Treponema, Veillonella, Wolinella
erm(QG) Bacillus, Bacteroides
erm(H) Streptomyces
erm(]l) Streptomyces
erm(N) Streptomyces
erm(0) Streptomyces
erm(Q) Actinobacillus, Clostridium, Streptococcus, Wolinella
erm(R) Arthrobacter
erm(S) Streptomyces
erm(T) Lactobacillus
erm(U) Streptomyces
erm(V) Streptomyces }
erm(W) Micromonospora
erm(X) Corynebacterium
erm(Y) Staphylococcus
erm(2) Streptomyces
N.B. Table taken from Roberts ef al, (1999). ‘
i
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* leader peptide ORF is constitutively co-transcribed with the erm(C) gene and

contains a number of inverted repeats that enable the mRNA molecule to assume
different stable conformations (Figure 1.2). In the uninduced, or nascent state, the
erm(C) mRNA leader is expected to assume the conformation shown in Figure 1.2A.
In this state, translation of the Emn(C) protein is initiated at low efficiency because
the first two erm(C) codons, AUG and AAC, as well as the erm(C) ribosome binding
site, are sequestered by the secondary structure (Weisblum, 1998). Induction
provides conditions that favour a translationally active conformation of the erm(C)
mRNA leader, as shown in Figure 1.2B. Induction of erm(C) begins with the
binding of erythromycin to ribosomes that synthesize the 19 amino acid leader
peptide. This binding causes the ribosome to stall while transcribing the leader
peptide, thus preventing the antibiotic-bound ribosomes from completely translating
the leader peptide. The ribosome stops at a point i the leader peptide sequence and
causes a conformational change in the mRNA, making available the erm(C)
rtbosome binding site and the first codons of erm(C) (Mayford and Weisblum, 1990).
The result is increased efficiency of erm(C) translation. After induction, when the
concentration of erythromycin has been reduced and can no longer support induction
or when all available 23S rRNA molecules have been methylated (maximal

methylation), the leader region can refold to assume an inactive conformation shown

in Figure 1.2C.

Based on the similarity of the upstream region of other erm genes to the
leader peptide sequence upstream of erm(C), other erm genes have also been

proposed to be regulated by translational attenuation, including erm(A) (Murphy,

1985), erm(B) from Streptococcus sanguis (Horinouchi et al., 1983), erm(G) (Monod

et al., 1987), erm(S) (Kamimiya and Weisblum, 1988), and exm(V) (Kamimiya and

14




Figure 12: Proposed conformational transitions of the erm(C) leader sequence
during induction.

Early during induction by erythromycin, the erm(C) mRNA leader sequence is
proposed to take up the conformation shown in (A). The four major segments of the
erm(C) attenuator are paired as segment 1:2 and segments 3:4, reflecting the
temporal order of their synthesis. The ribosome is shown stalled during the addition
of isoleucine 9 to the growing peptide chain. In the fully induced state the erm(C)
leader is proposed to have the conformation shown in (B). As a consequence of
stable complex formation between the erythromycin-ribosome complex and the
erm(C) message, the association between segments 1 and 2 is prevented. Instead
association between segments 2 and 3 occurs, which uncovers the ribosome binding
site (SD-2) and first two codons of the erm(C) message encoded by segment 4, The
removal of erythromycin or maximal methylation of 23S rRNA is proposed to result
in the erm(C) mRNA. leader sequence taking up the inactive conformation shown in

(C). Figure taken from Weisblum (1995).
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Weisblum, 1997). Examination of MLS resistance determinants that express
erythromycin resistance constitutively has revealed that the leader peptide sequence
is either absent from the region upstream of the erm structural gene (Brehm et al.,
1987; Martin ef al., 1987) or has mutations that abolish its potential to take up the
conformation that sequesters the erm ribosome binding site (Brisson-Noél and
Courvalin, 1988; Kamimiya and Weisblum, 1988; Mayford and Weisblum, 1990;

Murphy, 1985; Rasmussen et al., 1986).

b) Transcriptional attenuation

Transcriptional attenuation has been shown to be the regulatory mechanism
that mediates expression of erm(D) from Bacillur licheniformis. This mechanism
contrasts with translational attenuation in that the ribosomal pause is linked
functionally to termination of transcription of the erm(DD) message. In the absence of
erythromyecin, the transcribed erm(D) mRNA consists of two truncated classes,
corresponding to rho-independent transcription termination sites located in the leader
sequence of erm(D). In response to erythromycin, ribosomes stall during the
translation of the leader peptide, resulting in a conformational change in the erm(D)

mRNA and transcription of full length erm(D) message (Kwak ef al., 1991).

The leader peptide sequence found upstream of a second erm(D) gene cloned
from B. licheniformis on plasmid pDB90 (Docherty et al., 1981) differs from the
erm(D} leader peptide sequence described by Kwak et al. (1991) at only three
nucleotide positions and would not be predicted to significantly alter the regulatory
mechanism. However expression of the pDB90-derived erm(D) gene appears to be
regulated by translational attenuation rather than transcriptional attenuation (Hue and

Bechhofer, 1992). Transcriptional termination is observed by these researchers,
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however, they find no difference in the amount of full length erm(D) message
produced in induced and non-induced cells, indicating that translational attenuation is
the more likely regulatory mechanism. The role of transcriptional termination in the

pDB90-derived erm(D) leader region is not well understood.

Production of Erm(S) in S. fradiae is also regulated by a transcriptional
attenuation mechanism. In the uninduced state, transcription terminates 27
nucleotides into the erm(S) coding sequence. Induction of erm(S) is proposed to
involve a ribosome-mediated conformational change within the mRNA leader that
allows transcription to continue beyond the attenuation site, resulting in transcription

of the full length erm(S) message (Kelemen er al., 1994).

Dissemination of antibiotic resistance genes

Bacterial antibiotic resistance is often caused By the acquisition of new genes
rather than by mutation. The way in which intibiotic resistance genes are acquired
and spread among different bacterial species is of interest as it furthers our
understanding of the emergence of resistant bacterial isolates (Recchia and Hall,

1997).

MLS resistance determinants have a widespread distribution amongst the
different bacteria isolated from humans, animals and the environment (Tables 1.1
and 1.2). In particular, the Erm B, Erm C and Emm F determinants appear to be
found in a diverse range of bacterial species and genera, indicating extensive
horizqntal transfer, which has occurred as a result of the association of the MLS

resistance determinants with either conjugative or mobilizable genetic elements.
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Conjugative transposons

Conjugative transposons are discrete DNA clements that are normally
integrated into either the bacterial chromosome or piasmids. They are characterized
by their ability to encode their own movement from one bacterial cell to another by a
process requiring cell to celi contact. They are found in both Gram-positive and
Gram-negative bacteria and range in size from 18 kb to greater than 150 kb. The
majority of these transposons carry antibiotic resistance determinants and therefore
have been shown to contribute signi.icantly to the spread of antibiotic resistance
genes between bacierial genera (Clewell and Flannagan, 1993; Clewell et al., 1995;

Rice, 1998; Salyers and Shoemaker, 1995; Scott and Churchward, 1995; Waters,

1999).

a) The Tn916/Tnul545 fumily of conjugative transposons
The best studied conjugative transposons are Tn916 (18 kb) from

Enterococcus faecalis (Franke and Clewell, 1981) and the closely related element,
Tni345 (25.2 kb), from S. pneumoniae (Courvalin and Carlier, 1986; Courvalin and
Carlier, 1987). Both elements carry the tef(M) tetracycline resistance gene, however,
Tni545 also carries kanamycin (aphA-3) and MLS (erm(B)) resistance genes

(Courvalin and Carlier, 1987). Related conjugative elements have been detected in
several bacterial genera and form a group of transposons that are collectively known
as the Tn916/Tnl545 family (Clewell ez al., 1995; Rice, 1998). This family of
transposons is widely distributed and its members have been found naturally, or have

been introduced into, over 50 different species and 24 bacterial genera (Clewell ef

al., 1995).
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The nucleotide sequence of Tn976 has been determined. It is 18,032 bp in
length znd contains 24 ORFs (Figure 1..3). Genes encoding proteins involved in
conjugative transfer make up most of the transposon (Figure 1.3) (Clewell et al.,
1995; Rice, 1998; Senghas et al., 1988; Yamamoto et al., 1987) and are located to
the left of the fet(M) gene. To the right of zef(M) are genes encoding proteins that
are involved in regulation and transposition , including int and xis (Celli and Trieu-

Cuot, 1998; Jaworski ef al., 1996).

The conjugative transposition of Tn9/6 has been shown to be stimulated in
the presence of tetracycline (Manganelli ef al., 1995; Showsh and Andrews Jnr.,
1992) and involves three distinct stages (Figure 1.4). The first stage involves the
excision of the transposon from the donor DNA. Staggered cleavage at both ends of
the element by the Int protein (Taylor and Churchward, 1997) results in 5° 6 bp
overhangs (Manganelli ez al., 1996; Rudy and Scott, 1994), which are referred to as
coupling sequences. Following excision, the coupling sequences covalently link to
circularize the transposon, resulting in a heteroduplex at the junction point (Caparon
and Scott, 1989). Transfer of one strand of the circularized transposon to a new host,
after it is nicked at the oriT site, then occurs (Jaworski and Clewell, 1995). In the
new host the complementary strand is synthesized (Scott ez al., 1994) and the
transposon then inserts into a target site, which is usually A-T rich (Lu and

Churchward, 1995).

In E. coli and Bacillus subtilis, Int has been shown to be required for the
integration and excision of Tn9/6 (Poyart-Salmeron et al., 1989; Rudy et al., 1997,
Storts et al., 1991; Su and Clewell, 1593). In E. coli, Int alone can carry out all the

functions of transposition but at a much lower frequency compared to when Xis is

18




Figure 1.3 : Genetic organization of the conjugative transposon Tn916.

The 24 ORFs and their direction of transcription are indicated as block arrows. ORF3 and ORF4 are located within OR¥?2 and are1 in the same frame.
Areas that have been identified as having specific functions are indicated by the boxes below the map. The tetracycline resistance gene, tet(M), is

shown in red and the excisionase and integrase genes, xis and int, are shown in blue. The origin of transfer is indicated by the black triangle. Figure

modified from Jaworski and Clewell (1995).

A o T T R _.,-:'_' _ T
B e A T el s TR A PR R R A TRt i

SR AR R e R e S s B e

oL ST L X 3 IO Teoze
242322 21 orir 29 191817 16 15 14 13 12 tet(M) 6 91078 51 _q_"?;__’
=
R
0 2 4 6 8 10 12 14 16 18 kb
intercellular and intracelivlar intercellular transposition tetracycline resistance trad xisfint

transposition




PRI Py Tty iy, oo
STV

AR
Rk

4
XXXXXX X~ ‘ndlé QQQQQQ+
Excision

Tn?I16 :
Circular
Intermediate v
QQQQQQ

adjacent to the transposon. Coupling sequences are indicated by the hypothetical ¢

it -

Figure 1.4 : Model for excision and integration of Tn916.

The thick green lines represent Tn9/6 and the thin black lines represent the DNA

complementary nucieotide pairs X-Y, Q-R and A-B. Excision involves staggered
New Target AAAAAA

GRS A A i

cleavages (small arrows) at the §’ side of the coupling sequence on both strands. The

a

ends are joined to create a circular intermediate, which contains a heteroduplex BBBBBB

)

Integration .
AAAAAA QQQQQQ
—__

S el

consisting of the base pairs present in the coupling sequences. Insertion of Tn9/6

o,

e a
o b AR T

L into a new target site involves staggered cleavages in the circular intermediate and

target site followed by ligation. This process results in a new insertion of Tn916

with a heteroduplex at each end. Replication resolves the heteroduplexes and

i
pARHEt

generates a pair of molecules in which each member is flanked by the target

sequence at one end and a coupling sequence at the other end. Figure based on Scott

e N S AR

(1992). YYYYYY BBBBBB
'~ Resolution ¢
1 AAAAAA QQQQQRQ
A S
BBBBBB RRRRRR
3
XXXXXX AAAAAA

YYYYYY BBBBBB




present (Poyart-Salmeron ef al., 1989; Su and Clewell, 1993). In Gram-positive
hosts, however, it has been shown that Int cannot act alone but requires Xis for the
excision of Tn?16 (Hinerfeld and Churchward, 2001; Jaworski et al., 1996; Marra et
al., 1999). Xis is not only required for excision of Tn9/6 but also, when in high
concentrations, negatively regulates the excision process by binding to the right end

of the transposon (Hinerfeld and Churchward, 2001).

In addition to being capable of catalyzing its own conjugative transposition
Tn916 has also been shown to be capable of enhancing the transfe~ nf other
homologous conjugative transposons that are co-resident in the cell (Flannagan and
Clewell, 1991), and of mobilizing non-conjugative plasmids (Jaworski and Clewell,
1995; Naglich and Andrews Jnr., 1988; Showsh and Andrews Jnr., 1999).
Mobilization of plasmids does not appear to be dependent on the plasmid possessing
a functional mob gene, but does require the presence of a sequence similar to the oriT
sequence present on Tn9/6. It is postulated that the same protein or proteins
involved in nicking of the Tn91¢ circular intermediates at oriT during transfer nicks
similar sequences present on co-resident plasmids. Once nicked at this site, the
plasmid then assumes a relaxed form that is capable of being transferred during
conjugation (Showsh and Andrews Jnr., 1999). ORF23 of Tn9/6 has similarity to
the MbeA mobilization protein of ColEl (Flannagan et al., 1994) and could be acting

as the necessary Mob protein in this process (Showsh and Andrews Jnr., 1999). ‘J

b) Bacteroides conjugative transposons

et

Conjugative transposons are not confined to Gram-positive bacteria. A
distinctive group of conjugative transposons, which are completely unrelated to the

Tn916/Tni545 family transposors, have been found in Gram-negative anaerobes
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belonging to Bacteroides sp. The Bacteroides conjugative transposons range in size
from 65 kb to over 150 kb and have considerable regions of sequence similarity, but
they are not identical (Salyers ez al., 1995a; Smith ef al., 1998) (Figure 1.5). Most of
them carry a tetracycline resistance gene, tet{Q), which is distantly related to te:(M).

Some elements also carry Erm F or Erm G MLS resistance determinants.

There are at least two distinct families of conjugative transposons in the
bacteroides. One family is exemplified by the elements CTnERL and CTnDOT
(Figure 1.5) (Salyers e al., 1995a). These elements are very similar to each other
and are virtually identical in the region that contains tet(Q), rted and rteB. CTnDOT
contains a 13 kb insertion that carries erm(F) and appears to have resulted from the
integration of mobilizable and non-mobilizable Bacteroides elements (Whittle ez al.,
2001). This family has at least one cryptic member, CTnXBU4422 (Salyers et al.,
1995a). The second family is typified by CTn7853 (Figure 1.5) (Nikolich et al.,
1994), which appears to be completely unrelated to the CTnERL/CTnDOT family

except in the region immediately around ter(Q).

The large conjugative transposon, CTnl2256 (also called Tn5030)
(Figure 1.5) (Bedzyk et al., 1992; Macrina, 1993), is a compound element that
consists of a CTnDOT type element inserted into another larger element. The latter

element appears different from CTnDOT and CTn7853 and could represent a third

family of Bacteroides elements.

The mechanisms of integration and excision are less well established for
Bacteroides conjugative transposons than they are for Tn976. Recent work has

suggested that the Bacteroides elements integrate and excise by a similar mechanism
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Figure 1.5 : The Bacteroides conjugative transposons.

Schematic representations of the known Bacteroides conjugative transposons are
shown. Areas of similarity between the different transposons are indicated by similar
coloring. CTnDOT has a 13 kb insertion that contains erm(F). CTn72256 is a hybrid
element with a CTnDOT-type element embedded in another similarly sized element.
CTnXBU4422 is a cryptic element that cross-hybridizes with CTnERL but is more
distantly related to it than is CTnRDOT. CTn7853 is unrelated to the other elements

except that it contairs ze#(Q). Based on Figure 3 of Salyers ez al. (1999).
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to Tn916 except that the coﬁpling sequences are only 4 or 5 bp long (Cheng et al.,
2000). However, the biochemical processes of CTuDOT and Tn9/6 excision are
different. CTnDOT requires the products of the inf and exc (predicted to encode a
topoisomerase) genes and also the rted, rteB and rteC genes. The transfer of
CTnDOT is regulated by tetracycline, with pre-exposure to this antibiotic resulting in
a 1,000-10,000 fold increase in the transfer frequency of the element. Tetracycline
regulation of CTnDOT transfer is mediated by the regulatory genes, rieA, rteB and
rteC. The rted and rteB genes are part of an operon that also contains the tet(Q)
gene and encode a two-component system in which RteA is the sensor and RteB is
the response regulator (Salyers et al., 1995c). Exposure of cells to tetracycline acts
by increasing transcription of the entire operon by an unknown mechanism that does
not require the participation of either RieA or RteB (Salyers et al., 19953),

subsequently RteB activates the expression of the rteC gene (Stevens et al., 1993).

Bacteroides conjugative transposons also appear to be more site specific than
Tn916. There are usually about five to eight preferred integration sites in the
Bacteroides genome (Salyers and Shoemaker, 1995). Site selectivity appears to be
mediated by a 10 bo segment that is about 5 bp from one end of the conjugative
transposon and which has a high level of sequence similarity to a 10 bp segment
adjacent to the site where the conjugative transposon integrates (Cheng et al., 2000).
Bacteroides conjugative transposons have also been shown to mediate the transfer of
co-resident plasmids, mobilizable transposons and the non-replicating Bacteroides

units (NBUs) (Salyers and Shoemaker, 1995; Salyers et al., 1995b; Smith and
Parker, 1993).

21




Mobilizable transposons and elements

Conjugative transfer of plasmids and transposons occurs as a multistep
process requiring specific DNA sequences angd multiple gene products. These
include a cis-acting origin of transfer, oriT, and ¢rans-acting mobilization or Mob
proteins, which are involved in the initiation of DNA transfer and replication in the
recipient. In addition, other frans-acting proteins that form the conjugation pore or
mating apparatus are also required. Conjugative plasmids and transposons encode all
of these required proteins and are said to be self-transmissible, since their proteins
can perform all initiation and termination functions and also can assemble the
conjugation apparatus. Unlike conjugative elements, mobilizable transposons and
elements only harbor an oriT site and genes required for the initiation and
termination of transfer (Vedantam et al., 1999). They generally carry antibiotic
resistance genes and are capable of cell-tc-cell movement only if there is a co-
resident conjugative plasmid or transposon present in the cell (Shoemaker ef al.,
2000; Tribble et al., 1999; Vedantam et al., 1999) to provide the mating pore
proteins, and, where a conjugative transposon integrates into a plasmid (cis
mobilization), the oriT site and proteins that initiate plasmid transfer (Salyers ef al.,

1995a). There are several examples of mobilizable transposons, which range in size
from ‘Tn5220 at 4.7 kb (Vedantam et al., 1999), to Tn4555 at 12.1 kb (Tribble et al.,
1999).

a) Bacteroides mobilizable elements

Many mobilizable elements are found in Bacteroides sp. (Smith et al., 1998)
and these include the NBUs, NBU1, NBU2, and NBU3, Tn4399, Tn4555, and
Tn3220 (Salyers et al., 1995b; Smith et al., 1998; Vedantam ez al., 1999). Tn5220,

the NBUs and Tn4J535, which are 5 to 12 kb in size, are integrated elements that can
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be excised and mobilized in rrans by the Bacteroides tetracycline-inducible

conjugative transposons (Salyers ¢ al., 1995b). The mobilization region is located
near the middle of these elements and consists of an oriT site and a single Mob

protein. This region is all that is required for the circular form of these elements to

be mobilized by the conjugative transposon.

In these elements the Mob proteins are multifunctional and appear to perform
most, if not all, of the reactions required for the initiation of DNA transfer
(recognition, binding, and specific cutting at the nick site) (Vedantam et al., 1999).
The multiple functions of these Mob proteins is somewhat unusual because most
mobilizable plasmids and other mobilizable elements encode at least two
mobilization genes, one that binds and nicks at the oriT site and one that encodes a
helicase, which aids in strand separation (Salyers ez al,, 1999). For example, Tn4399

encodes two such proteins involved in mobilization, MocA and MocB (Vedantam et

al., 1999).

While the mobilization regions of these elements are similar, the integration
mechanisms appear to be different. Tn4555 integrates and excises similarly to
Tn916 and integrates into many different sites (Tribble et al., 1997). By contrast,
NBUI integrates in Bacteroides in a site-specific manner into the 3’end of a leucine
t-RNA éene, which is typical of the insertion of lamboid phages (Salyers et al.,

1999). The integration mechanism used by NBU2 has not been determined.

b) Clostridial mobilizable transposons
A second family of mobilizable transposons exists in the clostridia, the

Tn4451/Tn4453 family. This family includes the elements Tnd45/ and Tn4452 from
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C. perfringens and Tnd453a and Tn4453b from C. difficile, all of which carry the
chloramphenicol resistance gene, catP. Like the Bacteroides mobilizable elements,

these mobilizable transposons also appear to encode only one mobilization protein,

TnpZ.

The nucleotide sequence of both Tn4451 and Tn4453a has been determined
(Bannam et al., 1995; Lyras and Rood, 2000). These elements are closely related
(89% identity at the nucleotide level) and have a similar genetic organization
(Figure 1.6). However, based on functional analyses using a transposition assay
system in E. coli, it has been shown that Tn4453a transposes at a higher frequency
than does Tn445/. The molecular basis for this difference is unknown (Lyras and

Rood, 2000).

In addition to the catP gene, both transposons carry a gene encoding a site-
specific recombinase, tnpX, a mobilization gene, tnpZ, and three genes of unknown
function, tnpV, tnpY and tmpW (Figure 1.6) (Bannam et al., 1995; Lyras and Rood,
2000). Upstream of the tnpZ gene is an RS, site (Bannam et al., 1995; Crellin and
Rood, 1998), which is essential for plasmid mobilization because it is the site of
nicking by the TnpZ mobilization protein. The TnpZ proteins and the RS, sites have
hexi sy 2 to be functional in E. coli, based on the mobilization of recombinant
plasnitids c2aying these elements in the presence of a chromosomally integrated copy

i th.c broad host range plasmid RP4 (Crellin and Rood, 1998; Lyras et al., 1998).

TnpX is 2 member of the large resolvase family of site-specific recombinases
and is responsible for the precise excision of the Tn4451/Tn4453 family of

transposons (Bannam et al., 1995; Crellin and Rood, 1997, Lyras and Rood, 2000).
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Figure 1.6 : The Tn4451/Tn4453 family of mobilizable transposons.

Tn4451, Tn4453a and Tn4453b are shown as linear maps. The approximate extent
of each of the ORFs is indicated by the arrows below the Tn445! map. The genes
encoding chloramphenicol acetyltransferase, catP, the large resolvase, tpX, and the
mobilization protein, tnpZ, are indicated by green, blue and orange arrows
segpectively. The RS, site at which the TnpZ prot~'n acts is indicated by a yellow
circle in the Tn445]1 map. Restriction sites for Cfol, EcoRV, Hindlll, Nsil and

Sau3 A are indicated. Modified from Figure 1 of Lyras et al. (1998).
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TnpX catalyzes the formation of 2 bp staggered nicks on either side of conserved GA
dinucleotides, which ure located on either end of both mobilizable elements (Bannam
et al,, 1995; Crellin and Rood, 1997; Lyras et al., 1998). Excision of the elements
results in the formation of circular transposition intermediates (Lyras and Rood,

2000) that carry a GA dinucleotide at their junctions {(Crellin and Rood, 1997).

Integrons

Integrons are specialized gene capture and expression elements that are
generally found in Gram-negative bacteria (Hall and Collis, 1995). They consist of
an integrase gene, int/, a recombination site known as atzl, a promoter, a 3’
conserved region and one or more gene cassettes, which are mobile elements in their
own right (Brown et al., 1996; Hall and Collis, 1995; Recchia and Hall, 1995).
Mobile gene cassettes normally encode only two functional components, a resistance
gene and a recombination site (known as a 59-base element, or 59-be) that is located
downstream of the gene (Recchia and Hall, 1997). Cassettes can exist in two forms,
either as a free circular molecule that is unable to replicate, or integrated at the ast/
site in an integron. Most cassettes include very little non-coding sequence and do not
contain a promoter. Therefore, the expression of cassette-associated genes is
dependent on integration of the cassette, via site-specific recombination between the
attl site and the 59-be, in the correct orientation into an integron that supplies an
upstréam promoter (Recchia and Hall, 1997). The majority of known cassette-
associated genes encode resistance to an antibiotic and include inner membrane
efflux pumps, acetyltransferases that modify chloramphenicol or aminoglycosides,
adenylyltransferases that modify aminoglycosides, trimethoprim-resistance

dihydrofolate reductases and B-lactamases (Recchia and Hall, 1997).
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There are four types of integrons, designated as groups I-IV (Recchia and
Hall, 1995). The basic integron, In0, includes no gene cassettes and consists of a 5’
conserved sequence, including the int/ gene, attl site and the promoter Py, followed
by a 3’ conserved sequence, which, in the case of Group I integrons, consists of a
sulphonamide resistance gene, suil, and several complete or partial ORFs of
unknown function (Bennett, 1999). Group I integrons encode IntI1 and normally one
or more gene cassettes. Group I integrons are well studied and have been shown to
excise and integrate their gene cassettes (Recchia and Hall, 1995). Group II
integrons consist of elements encoding a defective integrase gene, int/2, are found at
the left end of Tn7-like elements, and also lack the 3’ conserved region (Bennett,
1999). There is only one Group Il integron identified (Bennett, 1999), which
encodes the intI3 gene (similar to intil). However, the element has not been fully
sequenced and so further study is necessary (Recchia and Hall, 1995). The super-
integrons, or Group IV integrons, are so-called because of their extremely large size,
which is due to the presence of hundreds of integrated gene cassettes (Rowe-Magnus
et al., 1999). For example, Vibrio cholerae contains a super-integron that is 126 kb
in length and consists of at least 179 gene cassettes, corresponding to approximately
10% of the organism’s genome (Rowe-Magnus et al., 1999). An integrase gene,
intl4, is located upstream of the first céssette aiong with an at] site and a promoter
(Rowe-Magnus et al., 1999), similar to the structure of the other three integron

groups.

The Clostridia

The genus Clostridium consists of a diverse group of organisms that are

classically defined as Gram-positive, endospore-forming, anaerobic, rod-shaped
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bacteria (Stackebrandt and Rainey, 1997). Although most species within the genus
are obligate anaerobes, some are aerotolerant and a few, such as Clostridium carnis,
Clostridium histolyticum and Clostridium tertium are able to grow under aerobic

conditions (Wells and Wilkins, 1991).

Of the 120 species that make up the genus, 35 are considered pathogenic for
either humans or animals (Stackebrandt and Rainey, 1967). The major pathogens
include the neurotoxigenic clostridia, Clostridium botulinum and Clostridium tetani,

the enterotoxigenic C. difficile and the enterotoxic and histotoxic C. perfringens.

Clostridium perfringens

C. perfringens is commonly found in the gastrointestinal tract of humans and
animals as well as in the soil and sewage. C. perfringens is different from many
other clostridia in that it is non-motile and sporulation in vitro occurs only in
specialized culture media (Rood and Cole, 1991). It is the causative agent of a
number of human diseases, including gas gangrene (clostridial myonecrosis), food
poisoning, necrotizing enterocolitis of infants and enteritis necroticans (pigbel)
(Rood and Cole, 1991). It is also responsible for a number of animal diseases such

as lamb dysentery, ovine enterotoxaemia (struck) and ovine pulpy kidney disease

(Songer, 1996).

The ability of this organism to cause disease is due to the production of
numerous extracellular toxins and enzymes including o-toxin, B-toxin, e-toxin, 6-
toxin, k-toxin, A-toxin, 1-toxin, p-toxin and sialidase (Rood, 1998). Isolates of

C. perfringens can be divided into five types (A to E) based on the particular
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extracellular toxins which they produce, and each of these toxin types is responsible
for specific disease syndromes (Rood and Cole, 1991). Type A strains are generally
responsible for disease in humans and type B, C, D and E are associated with animal

syndromes (Rood and Cole, 1991).

C. perfringens is considered the paradigm species for genetic studies on the
pathogenic clostridia, primarily because of its oxygen tolerance, relatively fast
growth rate and ability t(; be genetically manipulated (Rood, 1998). The
development of methods for the introduction of plasmid DNA, such as
electroporation-mediated transformation (Allen and Blaschek, 1988; Scott and Rood,
1989) and E. coli-C. perfringens conjugation {Lyras and Rood, 1998), the
construction of several well characterized E. coli-C. perfringens shuttle vectors
(Bannam and Rood, 1993; Lyras and Rood, 1998; Sloan et al., 1992), and the
development of methods for transposon mutagenesis and homologous recombination
(Awad et al., 2000; Awad and Rood, 1997; Lyristis et al., 1994) has enabled the
analysis of genes involved in C. perfringens toxin production as well as many other

C. perfringens genes (Rood, 1997).

Clostridium difficile

C. difficile is commonly found in the intestine and faeces of healthy infants,
in the hospital environment and also in the soil (Brazier, 1998). It is ;10t a common
gastrointestinal tract inhabitant of healthy adults. C. difficile has been identified as
the causative agent of a spectrum of chronic gastrointestinal syndromes in humans,
ranging from mild diarrhoea, through moderately severe disease with watery
diarrhoea, abdominal pain and systemic upset, to life-threatening and sometimes fatal

pseudomembranous colitis (PMC) (Borriello, 1998). C. difficile-associated disease
: 28
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(CDAD) is also of veterinary significance and has been detected in hamsters (Bartlett
et al., 1977), dogs (Berry and Levett, 1986), horses (Madewell et al., 1995) and

captive ostriches (Frazier ef al., 1993).

C. difficile is unique among enteric pathogens in that disease development is
almost always associated with prior antimicrobial therapy. One of the main defences
against C. difficile colonization is the maintenance of a normal intestinal ecosystem.
Even when it is present in the colon, C. difficile is normally suppressed by other
components of the intestinal flora, so-called ‘colonization resistance’, and usually

produces no symptoms. The use of antibiotics disrupts this normal ecosystem and

allows C. difficile to become established and colonize the intestinal tract. Although
most antibiotics have been associated with predisposition to C. difficile infection, the
most commonly implicated have been clindamycin, cephalosporins and ampicillin
(Spencer, 1998b). Rarely implicated antibiotics include quinolones, rifampicin,
trimethoprim, aminoglycosides and the antibiotics that are normally used for

treatment of CDAD, vancomycin and metronidazole (Spencer, 1998bj}.

In hospitals, patients receive antibiotics in an environment where C. &{ﬁicile ;
is highly prevalent, and as a result it is the most commonly diagnosed cause of
infectious diarrhoea in hospitalized patients (Kelly ez al., 1994; McFarland e? al., ;
1989). C. difficile is recognized as the major cause of nosocomial diarrhoea in the ;

U.S.A. (Gorbach, 1999) and is a significant nosocomial nathogen in both British
(Wilcox, 1998) and Australian hospitals (Riley et al., 1995). It has a significant
economic impact, estimated at approximately $1 million per year for the average

regional hospital (Riley et al., 1995; Spencer, 1998a).
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C. difficile produces a number of factors that contribute to its virulence.
Some factors contribute directly to the pathology associated with infection, while
others enable C. difficile to colonize and produce the toxins that directly contribute to
disease. Adhesins mediating adherence to mucosa (Eveillard et al., 1993;
Karjalainen ef al., 1994; Waligora et al., 1999; Waligora et al., 2001), fimbriae
(Borriello et al., 1988), flagella (Tasteyre ef al., 20002; Tasteyre et al., 2000b;
Tasteyre ef al., 2001), capsules (Davies and Bomiello, 1990), S-layer proteins
(Kawata et al., 1984; McCoﬁbrey and Poxton, 2001; Sharp and Poxton, 1988) and
proteolytic enzymes (Poilane ef al., 1998; Seddon and Borriello, 1992) have all been
identified in various C. difficile strains but the function of these factors in
pathogenesis has not been elucidated. Presumably one or more of these factors

enable C. difficile to colonize and penetrate the intestinal mucosa.

In addition to these accessory virulence factors, C. difficile produces at least
five toxins (Borriello, 1998), although only toxins A and B have been studied in any
detail. The other three toxins are an unstable, enterotoxic protein (Banno et al.,
1984; Giuliano et al., 1988; Mitchell et al., 1987), a high molecular weight protein
that causes changes in electrical potential in isolated segments of rabbit intestine
(Justus et al., 1982), and an actin-specific ADP-ribosyltransferase (Popoff et al.,

1988; Braun et al., 2000, Giilke et al., 2001; Perelle et al., 1997; Stubbs et al., 2000).

Toxins A and B are the largest known single polypeptide bactérial toxins.
Toxin A is an exiremely potent enterotoxin and causes extensive damage to the
intestine (Lima et al., 1988; Lyerly et al., 1982). The villus tips of the epithelium are
initially disrupted, followed by damage to the brush border membrane. The mucosa

eventually becomes eroded. Damage to the intestinal mucosa is accompanied by
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extensive infiltration with inflammatory neutrophils, which probably plays an
important role in the extensive damage that is caused. The fluid response
presumably results from the tissue damage, however, it has been observed that the
cytotoxic activity of toxin A results in disruption of tight junctions and this alone
may play a role in the fluid loss (Hecht ez al., 1988). Toxin B is a potent cytotoxin,
however, it does not cause a fluid response in animal models (Lima et al., 1988;
Lyerly et al,, 1982). Toxin A, which is able to bind to specific carbohydrate
receptors on the surface of intestinal cells, initiates damage to the intestine and
toxin B then gains access to the underlying tissues and contributes to the extensive
damage during the course of disease (Moncrief ef al., 1997). Both toxin A and
toxin B are UDP-glucose dependent monoglucosyitransferases that glucosylate the
RhoA protein, a small GTP-binding protein that is required for actin polymerization
(Aktories et al., 1997; Just et al., 1995). The net result is F-actin depolymerization,

destruction of gastrointestinal tight junctions, and fluid loss to the intestinal lumen

and diarthoea.

Unlike C. perfringens, the genetics of C. difficile is poorly developed, which
has significantly hampered the analysis of the genes encoding the toxins and other
virulence factors. There are no transformation methods available and C. difficile
remains one of the . bacterial species that at this time is still not amenable to
electroporation. Two methods for the introduction of recombinant DNA molecules
into C. difficile have been reported. The first of these methods (Mullany ot al., 1994)
involves cloning of the required fragment into an E. coli plasmid that contains a
portion of the conjugative enterococcal transposon Tn916, introduction of the
recombinant plasmid onto the B. subtilis chromosome by homologous recombination

into a resident copy of Tn9/6AE, and the conjugative transfer of that derivative into
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C. difficile followed by its transposition onto the C. difficile chromosome. This
method is obviously very cumbersome and does not enable introduction of DNA at a

high frequency.

More recently a C. perfringens-E. coli shuttle vector has been constructed
that can be transferred by conjugation from E. coli to C. perfrizigens and is stably
maintained as a plasmid in both species (Lyras and Rood, 1998). The RP4-mediated
mobilization system can be used to transfer genes from E. coli to C. botulinum
(Bradshaw et al., 1998), Clostridium septicum and, most importantly, to C. difficile
(D. Lyras and J. Rood, unpublished results). Transfer to C. difficile occurs at a very
low frequency, with only a few trarisconjugants obtained from each mating, which is
not high enough to enable chromosomal mutants to be constructed by insertional
inactivation and homologous recombination. However, the conjugation method is
simple and reproducible and the introduced plasmid is stably maintained in at least

one strain of C, difficile (D. Lyras and J. Rood, unpublished results).

The first report of a targeted gene disruption in the C. difficile chromosome
was made eatlier this year (Liyanage et al., 2001). These researchers used ?
homologous recombination to inactivate the glycerol dehydrogenase gene, gld4, in
the chromosome of strain CD37. A copy of gld4 with an internal deletion was
introduced into C. difficile by conjugation on a plasmid that was unable to replicate

in Gram-positive organisms. The plasmid was able to integrate into the gld4 gene on

the C. difficile chromosome, thereby inactivating the chromosomal copy of this gene.
The development of this technique represents a significant advancement in

C. difficile genetics and may allow the analysis of many other genes. Unfortunately,
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CD37 is a non-toxigenic strain of C. difficile, however, this technique may prove to

be of value in more virulent isolates.

Antibiotic resistance determinants of C. perfringens and
C. difficile
The work undertaken in this thesis focused on erythromycin (MLS) resistance

determinants from C. difficile and C. perfringens. Antibiotic resistance determinants

that have been characterized from these organisms not only include those that

" mediate resistance to erythromycin, but also detenminants that mediate resistance to

chloramphenicol and tetracycline (Lyras and Rood, 1997).

Chloramphenico! resistance in C. perfringens and C. difficile

Chlorarphenicol inhibits bacterial growth at the level of protein synthesis by
binding to the 50S ribosomal subunit and blocking elongation of the growing peptide
chain by inhibiting peptidy! transferase (Gale et al., 1981). Resistance to
chloramphenicol is commonly mediated-by the enzymatic modification and
inactivation of the antibiotic, as a result of the action of chloramphenicol
acetyltransferase (CAT). This enzyme catalyzes the transfer of an acety! group from
acetyl coenzyme A to the primary hydroxyl group of chloramphenicol (Shaw and
Leslie, 1991). The acetylated chloramphenicol derivatives do not bind to bacterial

ribosomes and therefore do not exhibit antimicrobial activity.

Chloramphenicol resistance in C. perfringens is not as common as
erythromycin or tetracyciine resistance (Rood et al., 1985; Rood et al., 1978a) and

has been shown to be mediated by the production of CAT enzyines (Rood e al.,
33
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1978b; Steffen and Matzura, 1989; Zaidenzaig et al., 1979). Two resistance genes
from distinct hybridization classes have been identified, catP (Rood er al., 1989) and
catQ (Bannam and Rood, 1991). The carP gene is located on the mobilizable
transposons Tn4451 (Figure 1.6) and Tn4452, which are located on the large
conjugative plasmids pIP401 and pJIR27, respectively (Abraham and Rood, 1987,
Bannam et al., 1995). The cat(Q gene belongs to a different hybridization class, is
chromosomally located, and does not appear to be associated with a transposon

(Rood et al., 1989).

The catP gene is also found in C. difficile although it was originally called
catD in that ofga:ﬁsm. The C. difficile catP gene is identical to C. perfringens catP
and has been shown to be associated with two mobilizable transposons, Tn4453a and
Tn4453b, which are structurally and functionally similar to Tn4457 (Figure 1.6)
(Lyras and Rood, 2000; Lyras et al., 1998). Unlike the C. perfringens catP or catQ
genes, catP is present in multiple copies on the C. difficile chromosome (Lyras et al.,

1998; Wren et al., 1988).

Tetracycline resistance in C. perfiingens and C, difficile

The tetracyclines inhibit protein synthesis by binding to the 30S ribosormal
subunit thereby blocking the binding of aminoacyl-tRNA molecules (Levy, 1984).
Bacterial resistance to the tetracyclines is mediated by two major mechanisms
involving either the active efflux of the drug out of the cell (Levy, 1992) or
ribosomal modification, which protects the ribosomes from the action of the

antibiotic (Chopra and Roberts, 2001).
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a) The C. perfringens Tet P determinant

Tetracycline resistance is the most common antibiotic resistance phenotype
observed in C. perfringens (Rood, 1983; Rood and Cole, 1991). In most strains this
resistance is non-transferable. However, conjugative transfer of tetracycline
resistance has been shown to occur (Brefort ef al., 1977; Rood, 1983; Rood ¢ al.,
1983; Rood ef al., 1978b). In all the conjugative strains examined, transfer of
resistance is mediated by large conjugative plasmids, which are either identical or
closely related to the prototype conjugative C. perfringens R-plasmid, pCW3
(Abraham and Rood, 1985b). The best characterized tetracycline resistance
determinant from C. perfringens, Tet P, was isolated from pCW3 and has been found
on all known tetracycline resistance plasmids from this organism (Abraham et al,,
1988; Abraham and Rood, 1985a; Abraham and Rood, 1985b; Saksena and Truffaut,
1992}. The Tet P determinant encodes two functional tetracycline resistance genes,

designated tetA(P) and tetB(P) (Sloan et al., 1994). These genes overlap by 17 bp

and comprise an operon, which is transcribed from a single promoter located

'
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upstream of the tetA(P) start codon (Johanesen et al., 2001). The presence of two

functional tetracycline resistance genes in an operon represents a inuvel geneiic
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arrangement for tetracycline resistance determinants (Sloan ef al., 1994).
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The tet4(P) gene encodes a 420 amino acid, 46 kDa protein, TetA(P), which

TR TP T

is responsible for the active efflux of tetracycline from the cell (Sloan et al., 1994).
TetA(P) is predicted to have 12 membrane spanning helices, whick: is typical of

tetracycline efflux proteins, however, the prototype tetracycline efflux proteins all
have two related six transmembrane domains that are separated by a large central
hydrophilic loop. Instead, TetA(P) is predicted to have two major hydrophilic

domains that are not centrally locaisd (Bannam and Rood, 1999; Kennan et al., 1997;
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Sloan et al., 1994). Site-directed (Kennan ef al., 1997) and random mutagenesis
(Bannam and Rood, 1999) has identified many residues, which, when mutated,

abolish tetracycline resistance, suggesting they are important for tetracycline efflux.

The tetB(P) gene encodes a putative 72.6 kDa hydrophilic protein that has
significant amino acid sequence identity to Tet M-like cytoplasmic tetracycline
resistance proteins that mediate tetracycline resistance by ribosomal
modification/protection. Due to its sequence identity, TetB(P) is proposed to
function in a similar manner (Sloan et al., 1994), however, the function of TetB(P)
has not been experimentally proven. Note that tetB(P) does not hybridize with the
tet(M) gene from Tn916, indicating that terB(P) 1s significantly different from the
tet(M)-like ge)l_'nes and supporting its designation in a separate hybridization class

(Lyras and Rood, 1996).

In a study on the distribution of the Tet P determinant in C. perfringens, all
81 tetracycline resistant isolates examined were shown to carry the tez4(P) gene. Of

these strains, 93% were also found to carry a second tetracycline resistance gene,

with 53% carrying the tetB(P) gene and 40% carrying a ref(M)-like gene (Lyras and

Rood, 1996). Hybridization analysis with other tetracycline resistant clostridial
isolates has shown the presence of tet4(P) in Clostridium paraputrificum (Lyras and
Rood, 1996), Clostridium septicum (Sasaki et al., 2001) and Clostridium sordellii
(Sasaki et al., 2001), and the presence of the tetB(P) gene in C. septicum and

C. sordellii (Sasaki et al., 2001) indicating that these genes are not confined to

C. perfringens. No hybridization of the rezA(P) and tetB(P) probes was observed in
nine C. difficile isolates, all of which hybridized to the tet(M) probe (Lyras and

Rood, 1996).
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b) TheC. perfringens Tet M determinant

The detection of a tet(M)-like gene in C. perfringens (Lyras and Rood, 1996)

was unexpected as this resistance determinant had not been previously reported in

this organism. Due to the common association of the te¢(M) gene with conjugative

transposons, hybridization analyses were performed using probes specific for the left

4 and right ends of Tn976. These probes hybridized to tet(M) carrying strains,
indicating that the C. perfringens tet(M)-like gene may be associated with a
conjugative transposon (D. Lyras and J.I. Rood, unpublished data). Recently, the
; tetracycline resistance determinant from one of these strains, CW459, has been

cloned and analyzed. The tet(M)-liké geﬁe is associated with an element with
similarity to Tn9/6 and also to Tn5397 from C. difficile (Figure 1.7) (Roberts ez al.,
2001). This study réveajed that the three elements have similar conjugation regions
but different insertion and excision modules. In Tn916 the products of the xis and int
genes are essential for excision and insertion. In the clostridial eletﬁents, these genes

have been replaced with other genes that encode different site-specific recombinases,

D e S e S e T AL o g o el e L ST

tndX on Tn$5397, and int459 on the C. perfringens tet(M) element. However,

conjugative transfer of the C. perfringens tet(M) element has not been demonstrated
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so it appears that the int459 protein either is not produced, is not functional, or is not
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sufficient on its own for transposition (Roberts ¢f al., 2001).

¢) The C. difficile Tet M determinant

Studies on tetracycline resistance in C. difficile are not as well advanced as
those in C. perfringens, Three resistance determinants of classes L, K, and M have
been reported (Héchler et al., 1987b; Roberts et al., 1994), however, only the
presence of the tet(M) gene has been confirmed by cloning and sequence analysis.

Early studies on the tetracycline resistant strain, 630, revealed that resistance was
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Figure 1.7 : Genetic organization of Tn916, Tn5397 and the C. perfringens tet(M) element.

The genetic organization of the three tetracycline resistance elements is shown schematically to scale. The size of each of the elements is indicated by
the scale bar below each element. Each of the ORFs is indicated by a block arrow, with the proposed direction of transcription shown by the arrow.
The ORFs are labelled below the block arrows. The ORFs comprising the insertion and excision module for each element are colored red. The group

II intron in Tn5397 is colored green. The functional oriT sites on Tn9/6 and Tn5397 are indicated by black vertical arrows. Based on Figure 2 from

Roberts et al. (2001).
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transferable (Smith ez al., 1981; Wilst and Hardegger, 1983), and subsequent
experiments showed that the resistance determinant was encoded by a tef(M) gene
located on a Tn976-like conjugative transposon, Tn5397 (Hichler et al., 1987b;

Mullany et al., 1996; Mullany et al., 1990).

Tn$5397 is a modular transposon whose central region is very similar to that
of Tn916 but whose ends are different (Mullany et al., 1990) (Figure 1.7). As
previously mentioned, Tn5397 does not contain the xis and int genes that are
required for the excision and integration of Tn976. Instead, it contains the tndX
gene, the product of which is a member of the large resolvase family of site-specific
recombinases. TndX is most closely related to TnpX from Tn445! and, like TnpX,
is responsible for the excision and circularization of a transposon, Tn5397 (Wang
and Mullany, 2000). Tn3397 also differs from Tn976 in that it contains a group I
intron inserted into a gene that is almost identicat to orfl4 from Tn9/6 (Mullany et

al., 1996).

Hybridization analysis of other tet(M) carrying C. difficile isolates has
revealed that other Tn916-like conjugative elements, which differ from Tn5397, may
also be present in C. difficile, as some isolates, while hybridizing to probes specific
for the right and left ends of Tn916, do not hybridize to a Tn5397-specific probe
(D. Lyras, P. Mullany and J.I. Rood, unpublished results). Recently, a second
element, designated Tn9/6CD, has been characterized from an environmental isolate
of C. difficile and has been shown by PCR and sequence analysis to be identical to

Tn916 (Wang et al., 2000b).
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MLS resistance in C. perfringens and C. difficile

a) <. neriringens MLS resistance genes

Resistance to erythromycin was first reported in C. perfiingens (Sebald et al.,
1975) in strain CP590, which carried not only the conjugative tetracycline and
chloramphenicol resistance plasmid pIP401 but was also resistant to MLS antibiotics.
Further studies on this strain indicated that the MLS resistance determinant was
carried on a large nor_l-canjugative plasmid, pIP402, (Brefort et al., 1977), which is
not widespread in C. perfringens isolates. Cloning and molecular analysis of this
determinant indicated that it belonged to the Erm B class of MLS resistance
determinants and it was designated ermBP (ermBP is now called erm(B) in

accordance with the revised nomenclature (Roberts et al,, 1999)).

The C. perfringens erm(B) gene is identical to the erm(B) gene from the
promiscuous E, faecalis plasmid pAMP1 and has at least 98% nucleotide sequence
identity to other members of the Erm B class of MLS resistance genes (Berryman
and Rood, 1995). It is not preceded by a leader peptide sequence, which suggests
that like the erm(B) gene from pAMpP1 (Brehm et al., 1987; Martin et al., 1987) it is
constitutively expressed. The C. perfringens Erm B determinant consists of the
erm(B) gene flanked by two, almost identical, directly repeated sequences designated
DR1! and DR2, respectively (Figure 1.8) (Berryman and Rood, 1995). Downstream
of the erm(B) gene is a small ORF, designated orf3. Each DR contains an open
reading frame, orf298, flanked by the highly palindromic sequences pald and palB
(Figure 1.8)(Berryman and Rood, 1995). The putative protein encoded by orf298 has
léw leﬁcls of identity to ParA (Easter et al., 1998) and Soj (Sharpe and Errington,

1996) proteins, which are involved in plasmid and chromosomal partitioning,
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Figure 1.8 : Comparative genetic organization of the Erm B determinants.

The approximate extent and organization of the Erm B determinants from

C. perfringens (Berryman and Rood, 1995), pAMB1 (Martin et al., 1987),

S. agalactiae plasmid pIPS501 (Pujol et al., 1994), E. faecalis transposon Tn917
{Shaw and Clewell, 1985) and the E. coli plasmid pIP1527 (Brisson-Noé&l and
Courvalin, 1988) are shown, not neces.sarily to scale. Regions of similarity are
indicated by similar colors, The solid arrows represent the individual ORFs and their
respective directions of transcription. The approximate locations of the palindromic
sequences (pald and palB) are indicated by the black lines below the grey filled
rectangles. The palA’/palB’ and pall sequences represent the portions of the

C. perfringens derived pald and pa?B homologues that are present at the ends of the
deletions in the DRs from the pAMB1 and pIP501 variants. Functional and non-
functional leader peptide sequences are represented by the solid and open blue

triangles, respectively. Based on Figure 2 from Berryman and Rood (1995).
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Comparative analysis has shown that both the pAMP1 (E. faecalis) and
pIP501 (Streptococcus agalactiae) Erm B determinants have DR2 but have an
internal deletion in DR1 that removes 07298 (Figure 1.8). The deletion endpoints
are both located within the pal4 and palB sequences, but they appear to have arisen
from separate deletion events because the deletion points are different. It has been
suggested that the C. perfringens Erm B determinant represents the progenitor Erm B
determinant and that other Erm B determinants have arisen through homologous

recombination events between the pal4 and palB sites of the progenitor (Berryman

and Rood, 1995).

Examination of erythromyecin resistant C. perfringens strains that did not
hybridize with a C. perfringens erm(B) probe, or with probes from any of the other
Erm hybridization classes, led to the cloning and sequencing of the erm(Q) gene
(Berryman e? al., 1994). The Em Q determiiszont has between 31% and 57%
sequence identity at the nucleotide level, and 20% to 43% identity at the amino acid
level, with determinants from other Emn classes, confirming that Erm Q represents a
different class of MLS resistance determinant (Berryman et al., 1994). The Erm Q
determinant represents the most common erythromyecin resistance determinant in
C. perfringens, which may reflect differences in the mechanisms by which erm(Q)

and erm(B) are disseminated (Berryman ef al., 1994).

b) MLS resistance in C. difficile

Resistance to MLS antibiotics in C. difficile has been of great interest to
many researchers because of the association between clindamycin, and to a lesser
degree erythromycin, and the development of C. difficile antit:atic-associated

diarrhoea or colitis. Initial studies of erythromycin resistance in C. difficile
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demonstrated that MLS resistance could be transferred by conjugation to C. difficile
(Wiist and Hardegger, 1983), S. aureus (Héchler et al., 1987a) and B. subtilis
(Mullany et al., 1995) recipients. Transfer of MLS resistance was obscrved to occur
in the absence of detectable plasmid DNA (Héchler ef al., 1987a; Mullany et al.,
1995; Wiist and Hardegger, 1983) and appeared to involve a chromosomal
determinant, which was subsequently designated Tn5398 (Mullany et al., 1995).
This element has not been analyzed by cloning or sequence analysis and its size is
unknown. Tn5398 was identified in strain 630, which aiso caries the tetracycline

resistance transposon Tn3397.

The MLS resistance gene carried on Tn5398 has been shown to belong to the
Erm B class of MLS resistance determinants using the erm(B) genes from Tn55/
(Hachler e al., 1987a) and pIP402 (Berryman and Rood, 1989) as probes. The
C. difficile MLS resistance gene has oeen designated as erm(B) (Roberts et al.,
1999), but was previously known as ermZ (Hichler et al., 1987a) and ermBZ

(Berryman and Rood, 1989). The erm(B) gene has been cloned and sequenced from
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C. difficile strain 630 (Farrow, 1995). Hybridization analysis has shown that the

erm(B) gene is widespread amongst erythromycin resistant C. difficile isolates
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(Berryman and Rood, 1995, Hichler et al., 1987a; Roberts et al,, 1994), which is not

unexpected due to its putative association with a conjugative transposon.

Hybridization analysis of a large range of C. difficile isolates has also
suggested the presence of other MLS resistance deteyminants. These include both
the erm(Q) gene and erm(F) from Bacteroides fragilis (Roberis et al., 1994).

However, the presence of these genes has not been confirmed by either cloning or

sequence analysis (I.vr>~ and Rood, 1997).
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Aims and objectives

Cross resistance to MLS antibiotics is becoming an increasingly common
phenotype in many bacteria due to the acquisition of MLS resistance determinants.
Many of these determinants are located on transposable and mobilizable elements
that can be transferred both inter- and intra-generically, which may explain the large

number of bacterial species now exhibiting this phenotype (Roberts ez al., 1999).

Resistance to MLS antibiotics has been detected in both C. difficile and

C. perfringens and has been shown to be mediated, in some resistant strains, by the
presence of erm genes from the Erm B class of MLS resistance determinants. The
erm(B) gene from C. perfringens is located on the large mobilizable plasiid pIP402
and has been cloned and sequenced (Berryman and Rood, 1995). It shares
significant identity (>98%) to most other members of the Erm B c¢lass of
determinants, The work presented in Chapter Three of tlﬁs thesis aims to determine
functionally and stricturally important residues of the Enm(B) protein. Random
mutagenesis performed on an E. coli-C. perfringens shuttle vector carrying the

C. perfringens erm(B) gene identified several residues of the Exm(B) protein that,
when mutated, either significantly reduced or completely abolished erythromycin
resistance. The location of these residues in the structure of the Erm(B) protein
suggests that these amino acids are likely to be important in either the binding of the
substrate S-adenosylmethionine (SAM), the transfer of the methyl group from SAM

to the target rRWVA residue, or in the binding of the rRNA target.

MLS resistance in C. difficile has been shown by hybridization analysis to be
mediated by an erm(B) gene (Berryman and Rood, 1989; Hichler ef al., 1987a;

Mullany et al., 1995) that can be transferred both inter- and inira-generically in the
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absence of plasmid DNA (Héchler ef al., 1987a; Mullany et al., 1995; Wiist and
Hardegger, 1983). The erm(B) gene has been postulated to reside on a conjugative
transposon, Tn5398 (Mullany et al., 1995), however, neither the Erm B determinant
nor Tnj398 have been characterized. The work presented in Chapter Four of this
thesis aimed to clone Tn5398 from C. difficile strain 630, with the objectives of
delineating this conjugative elemeni and determining which genes were potentially
involved in its transfer, and analyzing the Erm B determinant that it carries. The
results showed that Tn5398 is approximately 9.6 kb in size and carries a novel Erm B
determinant that contains two identical erm(B) genes. Tn5398 does not appear to
encode proteins that are typically involved in conjugative transposition, such as
transposases, integrases, resolvases, or mobilization and transfer proteins. It appears
from this analysis that Tn5398 is not a conjugative transposon but may be a

mobilizable element.

It is not known if the erm(B) gene represents the most common MLS
resistance determinant in C. difficile. The work presented in Chapter Five aims to
give a broader view of the type of Erm determinants carried by C. difficile isolates
from different geographical locations. The results of PCR and DNA hybridization
studies conducted showed that there was considerable heterogeneity in the
arrangement of the erm(B) gene region in C. difficile isolates and, furthermore, that

not all erm(B) gene regions were associated with Tnj398-like elements,
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CHAPTER TWO

MATERIALS AND METHODS

FTT L

Bacierial strains and culture conditions

The E. coli, C. difficile and C. perfringens strains used in this study are listed
in Table 2.1. E. coli strains were cultured at 37°C in 2 x YT agar or broth (Miller,

1972), or in SOC broth (Sambrook et al., 1989), supplemented with ampicillin

(100 pg/ml), erythromycin (150 pg/ml) or chloramphenicol (30 pg/ml). C. difficile
strains were grown at 37°C in BHIS agar or broth (Smith et al,, 1981), supplemented
with erythromyein (50 pg/ml), tetracycline (10 pg/ml) or rifampicin (20 pg/ml).

C. perfringens strains were grown at 37°C in trypticase-peptone-glucose broth (TPG)

R R TR TR R AR

(Rood et al., 1978a), Brain Heart Infusion broth (BHI) (Oxoid, Hampshire, England), '

,;, fluid thioglycollate medium (FTG) (Difco, Michigan, USA) or nutrient agar (Rood,

1983) supplemented with erythromycin (50 pg/ml), chloramphenicol (5 pg/ml),

naladixic acid (10 pg/mi) or rifampicin (10 pg/mi). All agar cultures of C. difficile

A R TR T

or C. perfringens were incubated in an atmosphere of 10% (v/v) H,, 10% (v/v) CO;
in N3 in an anaerobic chamber (Coy Laboratory Products Inc., Michigan, U.S.A.) or
in anaerobic jars (Oxoid, Hampshire, England). All media were sterilized by

autoclaving at 121°C for 20 min.

S AR S B e i A
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E. coli and C. perfringens strains were stored in glycerol storage broth
(3.7% (w/v) BHI broth, 50% (v/v) glycerol) at -20°C, or as freeze-dried cultures at

room temperature. The latter were prepared by resuspending the cells from one agar
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Table 2.1 : Characteristics and origin of bacterial strains used in this study.

Steain Relevant Char«cteristics Reference/Origin
E. eoli
Di{Sa F $80 discZAM15A(lacZYA ~argF)U169 Bethesda Research Laboratories
endAl recAl hsdR17 (rymy NdeoR thi-1
supkdd” gyrA96 reldl
$17-1 RP4-2 (Tc::Mu, Kn::Tn7) Tp®, Sm* (Simon et al., 1983)
BL21(DE3) F ompT hsdSp{rg'"Mp)gal dem (DE3) Novagen
DHI128 merA(mrr-hsdRMS-merBC) ¢80 dlacZ Amis  Bethesda Research Laboratories
Alacx74 deoR recAl araD139 Aara, leu)
7697 galU galK X" nupG/E* prodB* lacFZ
Amis
XL1-Red endAl gyrA96 thi-1 hsdrl7 supE44 reldl lac Suatagene
mutDS mutS murT Tnl0 (Tet")
LT101 ¥ hsdS20 (rg'mp’) leu supE44 aral4 galK2  (Palombo 2t al., 1989)
lacYI proA2 rpsL20 xyl-5 mtl-1 recA13 merB
Sm~, Rif*
ITR5268 BL21(DE3)(pRSETA}, Ap® This Sudy
JIRE753 BL21(DE3)(pJIR1626), Ap* Em® This Study
C. difficile
630 Clinical solate, Em® Tet® Rif® Cm® (Wiist and Hardegger, 1983)
(Zurich, Switzerland)
CN37 Clir-ical Isolate, Em® Tof® Rif* Cm® (Smith et al., 1981) (U.S.A.)
JIR1162 630 X CD*37 Transconjugant, Era® Tet* Rif*  This Study
NR1164 §30 X CD37 Transconjugant, Em® Te® Rif*  This Stwudy
JIR1182 630 X CD37 Transconjszrnt, Em® Tett Riff  This Study
JIR1184 630 X CD37 Transconjugant, Em" Tet®* Rif*  This Study
1289 Clinical Isolate, Em" Tet® (Hayter and Dale, 1984)
(Surrey, U.K)
662 Clinical Isolate, Em® Tet® (Wist and Hardegger, 1983)
: (Zurich, Switzerland)
AM140 Clinicat Isolate, Em" Tet® Wilkinson, K. unpublished
(US.A}
AMA480 Clinical Isolate, Em" Tet® " Institute of Medical and Veterinary
’ Science (Adelaide, Australia)
AM1180 Clinica! Isotate, Em" Te® LaTrobe Valley Hospital (Sale,

Australia)
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AM1182

AM1185
$GC0545
Bl
KZ1604
KZ1610
KZ1614
XZ1623
KZ1655
660/2

685
24/5-507
R5948
19/5602
J9/5610
39/5627
19/4478
J9p2/5644
J9p2/5650

J7/4224

J7/4290

B1/832

Y4/1323

Clinical Isolate, Em® Tet®

Clinical Isolate, Em® Tet®
Clinical Isolate, Em® Cm"®
Clinical Isolate, Ep®

Clinical Isolate, Em® Tet® Cm®
Clinical Isolate, Em® Tet® Cm®
Clinical Isolate, Em® Tet® Cm"
Clinical Isolate, Em® Tet® Cm®
Clinical Isolate, Em® Tet® Cm®
Clinical Isolate, Em® Tet®
Clinical Isolate, Em® Tet®
Clinical Isolate, Em® Tet® Cm®
Clinical Isolate, Fm® Tet® Cm®
Clinical Isclate, Em® Tet®
Clinical Isolate, Em® TetS
Clinical Isolate, Em® Tet’
Clinical Isolate, Em® Tet®
Clinical Isolate, Em® Tet’
Clinical Isolate, Em" Tet®

Clinical Isolate, EmR Tet®

Clinical Isolate, Em® Tet®

Clinical Isolate, Em® Tet®

Clinical Isolate, Em® Tet®

Royal Melbourne Hospital
(Melbourne, Australia)

Royal Melbourne Hospital
(Melbourne, Australia)

(Wren et al., 1988)

(Brussells, Belgium)

(Borriello, 1998) (U.K.)
(Nakamura et al,, 1987) (Japan)
(Nakamura et al., 1987) (Japan)
(Nakamura et al., 1987) (Japan)
(Nakamura et gl., 1987) (Japan)
(Nakamura et al., 1987) (Japan)
Pasteur Institute (France)
Pasteur Institute (France)
Monash Medical Centre
(Melbourne, Australia)

Public Health Laboratory Service.
(Cardiff, UK.)

(Johnson et al., 1999)

{(New York, U.S.A)

(Johnson et al., 1999)

(New York, U.S.A))

(Johnson ef al., 1999)
(Massachusetts, U.S.A))
(Johnson et al., 1999)
(Massachusetts, U.S.A.)
(Johnson et al., 1999)

(Florida, U.S.A))

(Johnson et al., 1999)

(Florida, U.S.A.)

{(Johnson et al., 1999)
(Arizona, US.A\}

(Johnson et al., 1999)
(Arizona, U.S.A))

(Johnson et al., 1999)
(Minneapolis, U.S.A.)

(Johnson et al., 1999)
{Minneapolis, U.S.A.)




K12p/5672 Clinical Isolate, Em® Tet® (Johnson et af,, 1999)

{Chicago, U.S.A.)
E C. perfringens
JIR325 Strain 13 Nal® Rif* (Lyristis ef al., 1994)
CP592 CP590 (pIP402, pIP403), Em® Tet® Cm® (Brefort ef al., 1977)

Em®, Tet®, Rif%, Cm®, Nal®, Tp®, Sm®: resistant to erythromycin, tetracycline, rifampicin,
e chloramphenicol, naladixic acid, trimethoprim, and streptomycin respectively.
g Tet®, Rif®, Cm®: sensitive to tetracycline, rifampicin and chloramphenicol respectively.
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plate in 1 ml of Mist Dessicans solution [7.5% (w/v) D-glucose (Ajax Chemicals,
New South Wales, Australia) in horse serum (CSL Ltd., Victoria, Australia)). The
cells were freeze dried in Samco Freeze Drying Ampules (Crown Scientific
[Pharmaglass], Sydney, Australia) using a Spee” - Centrifugal Freeze Dryer,
model 5PS (Edwards High Vacuum Ltd., Cra.. igland). C. perfringens strains
were also stored in cooked meat media (Becton Dickinson, New Jersey, U.S.A.).

C. difficile strains were stored as freeze dried cultures at room temperature, or in
cooked meat media (Department of Microbiology, University of Melbourne,

Victoria, Australia).

Recombinant plasmids and cloning vectors

Routine cloning experiments were carried out using the E. coli vector
pWSK29 {(Wang and Kushner, 1991). The T7 expression vector, pPRSETA
(Invitrogen, Groningen, Netherlands), was used to facilitate the overexpression and
production of recombinant protein in E. coli cells. The C. perfringens-E. coli shuitle
vectors, pJIR418 (Sloan et al., 1992) and pJIR750 (Bannam and Rood, 1993), were
used for the introduction of recombinant plasmids into C. pe.fringens. All plasmids

used in this study are shown in Table 2.2.

Molecular methods

Isolation of chremosomal DNA from C. difficile and C. perfringens.

Chromosomal DNA was extracted from C. difficile and C. perfringens strains
using a sarkosyl lysis method (Abraham and Rood, 1985b) with a few modifications.

C. difficile strains were inoculated on to three BHIS plates (supplemented with the
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Table 2.2 : Characteristics and origin of recombinant plasmids,

Plasmid Relevant Characteristics** Reference/Origin
pWSK29  Cloning vector, 5.4 kb, Ap® {(Wang and Kushner, 1991)
pRSETA pUC derived expression vector, N-terminal 6xHis tag, Invittogen
2.9 kb, Ap®.
plTIR418 C. perfringens-E. coli shuitle vector, 7.3 kb, Em® Cm®t (Sloan et al., 1992)
' pJIR750 C. perfringens-E. coli shuttle vector, 6.5 kb, Cm® {Bannam and Rood, 1993)
pJIR883  pJIR418(erm(B)-E£58K), Em® Cm"® Hydroxylamine Random
Mutant
pJIR932  pJIR41Z {erm(B)-87*), Em® Cm® Hydroxylamine Random
\ Mutant
plIR934  pJIR418(erm(B)-P164S), Em® Cm® Hydroxylamine Random
Mutant
pJIR971  pJIR418(erm(B)-138%), Em® Cm"® Hydroxylamine Random
Mutant
plIR973 pIIR418(erm(B)-138*), Em® Cm* Hydroxyiamine Random
Mutant
plIRS77 pJIR418(erm(B)-P164S), Em® Cm® Hydroxylamine Random
Mutant
plIR1377  pUCI8Q(EcoRI: Tnd453 from C. difficile strain W1, (Lyras et al., 1998)
~6.0 kb), 8.7 kb, Ap® Cm®
pIIR1537  pSU39Q(EcoRUXbal: mdX from Tn3397, 2.3kb), Kn® (Wang et al., 2000a)
pJIR1551  pJIR4i8(erm(B)-138%), Em® Cro® Hydroxylamine Random
Mutant
plIR1570  pJR418(erm(B)-87%), Em® Cm* Hydroxylamine Random
Mutant
plIR1571  pJIR418(erm(B)-P164S), Em® Cm? Hydroxylamine Random
Mutant
plR1576  pJIR418(erm(B)-G37E), Em® CmR Hydroxylamine Random
Mutant
pIIR1594  pWSK29Q(Hindlll; C. difficile strain 630, 9.7 kb), Em®  Recombinant
plIR1595  piIR418(erm(B)-114+1*%), Ein® Cm* XL1-Red Random Mutant
pJIR1596  pJIR418(erm(B)-16+4*), Em® Cm* XL1-Red Random Mutant
plIR1597  pJiR418(erm(B)-114+]*), Em® Cm* XL1-Red Random Mutant
piIR1598  pJIR418(erm(B)-/6+4*), Em® Cm" XL1-Red Random Mutant
pJIR1599  pJIR418(erm(B)-9+2%), Em® Cm"® XX 1-Red Random Mutant
plIR1600  pJIR418(erm(B)-114+]*), Em® Coi® XL1-Red Random Mutant
pliR1602  piIR418(erm(B)-/47*), Em® Cm® XL1-Red Random Mutant
pJIR1603  pJIR418(erm(B)-L63P), Em® Crm® XL1-Red Random Mutant
pJIR1604  pJIR418(erm(B):114+9*), Em® Cm* XL1-Red Random Mutant
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pJIR1605
plIR1606
pJIR1607
pJIR1608
pNIR1609
pJIR1610
pJIR1611
pJIR1613
plIR1614
pJIR16135
pJIR1626
pHR1790
pJIR 1847

pIIR1848
pJIR1850
pIIR1851
pJIR1852
pIR1853

pIIR1874

pITR418(erm(B)-16+4*), Em® Cm®
pIIR418(erm(B)-Q148P), Em® Cm®
pIIR418(erm(B)-112+3*), Em®* Cm"
pJIIR418(erm(B)-203*), Em® Cm®
pHR418(erm(B)-203%), Em® Cm®*
pIIR418(erm(B)-229%), Em® Cm®
pJIR418(erm(B)-37*), Em® CmF
pJIR418(erm(B)-8170), Em® Cm®
pIIR418(erm(B)-229%), Em® Cm®*
plR418(erm(B)-H42Y), Em® Cm®
pRSETAQ(BamHI/Asp718: pJIR418 #6356/#6357 PCR
product, 0.76 kb), (erm(B) wild-type)
pWSK29Q(Asp718: C. difficile strain 630, ~23 kb), Em®
pIIR7500(4sp718: pIIR418 #10515/#6357 PCR
product, 0.79 kb), (erm(B) wild-type)
pJIR750Q(4sp718: pJIR883 #10515/#6357 PCR
product, 0.79 kb), (erm(B)-E58K), Em® CmF
pIIR750€(4sp718: pIIR 1576 #105154#6357 PCR
product, 0.79 kb), (erm(B)-G37E), Em® Cm*
pIIR750Q(Asp718: pIIR1606 #10515/#6357 PCR
product, 0.79 kb, (erm(B)-Q148P), Em® Co?
pIIR7500(Asp718: PIR1613 #10515/#6357 PCR
product, 0.79 kb), (erm(B)-$1700), Em® Cm®
pIIR750Q(4sp718: pJIR 1615 #10515/#6357 PCR
product, 0.79 kb), (erm(B)-H42Y), Em® Cm®
pJIR750Q(Asp718: pJIR977 #10515/#6357 PCR
product, 0.79 kb), (erm(B)-P164S), Em® Cm®

XLi-Red Random Mutant
X1.1-Red Random Mutant
XL1-RedRandom Mutant

XL1-Red Random Mutant
XL1-Red Random Mutant
XL1-Red Random Muzant
XL1-Red Random Mutant
XL1-Red Random Mutant
X1.1-Red Random Mutant
XL1-Red Random Mutant

Recombinant

Recombinant

Recombinant

Recombinant

Recombinant

Recombinant

Recombinant

Recombinant

Recombinant

*Random mutants of pJIR418 have either introduced stop codons (*), e.g. erm(B)-87*, or a frameshift
which leads to a certain number of normal Erm(B) residues plus residues following the frameshift up
to the next stop codon, €.g. erm(B)-9+2*, or missense mutations, ¢.g. (erm(B)-G37E)

*ap®, Em™, Cm®, Kn®: resistance to ampicillin, erythromycin,

respectively

chloramphenicol and kanamycin
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appropriate antibiotics), and grown anaerobically overnight at 37°C, The growth
from each plate was resuspended in BHIS broth and was then used to inoculate

100 ml of BHIS broth., C. perfringens strains were used to inoculate 6 m! of FTG
medium and were grown overnight at 37°C. The entire FTG culture was then used to
inoculate 100 ml of TPG broth. These cultures were grown at 37°C until late log
phase. The cells were harvested by centrifugation at 4100 g for 15 min at room
tempurature and the supematant discarded. The cell pellets were resuspended in

10 ml of TES buffer (500 mM Tris (pH 8.0), 5 mM Na;EDTA, 50 mM NaCl) and
washed by cenirifugation at 3000 g for 15 min at room temperature. The
supematants were discarded and the cell pellets were stored at -20°C overnight, or
until required. The ceils were thawed and resuspended in 2 ml of 25% (w/v) sucrose
in TES to which 0.4 ml of freshly prepared lysozyme solution (10 mg/ml in TES) -
was added. The suspension was incubated at 37°C for 30 min. EDTA (0.8 m],

0.25 M) was then added and the suspension was incubated for a further 30 min.

Finally, 3.6 m! of 2% (w/v) sarkosyl in TES was added and the suspension was

incubated for 10 min at 37°C to lyse the cells. Cellular debris was removed by

centrifugation at 27,000 g for 30 min at room temperature.

The supernatant was transferred to a graduated test tube to which 7.79 g of
caesium chloride (Cabot, Pennsylvania, U.S.A.} had previously been added. The

contents were mixed by inversion until all of the caesium chloride had dissolved and

the volume was then adjusted to 11 ml with TES. The solution was placedin a

Quick-Seal™ Centrifuge Tube (Beckman, California, U.S.A.) and overlayed with
paraffin oil. Ethidium bromss (0.25 ml of a 10 mg/m] solution) was then added and
the tube was heat sealed. Cenirifugation was carried out at 260,000 g for 20 h at

20°C in a Beckman L8-70M ultracentrifuge, using a 70.1 Ti rotor.
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After centrifugation the DNA v°~s visualized under ultraviolet light and the

chromosomal DNA tand was extracted using an 18 gauge needle. Ethidium bromide
vzas removed by repeated extraction with sedium chloride-saturated isopropano] until
the preparation was colourless. The preparation was dialyzed against weak TE
buffer (10 uM EDTA, 100 pM Tris, pH 8.0) to remove the caesium chloride and was
conc\entrated to approximately 200 to 500 ul by pervaporation at room temperature.

The DNA samples were stored at -20°C until required.

Plasmid DNA isolation and manipulation
a) Stall scale isolation of E. coli plasmid DNA
i) Alkaline lysis method
E. coli plasmid DNA was routinely extracted using an alkaline lysis method

(Morelle, 1989). The appropriate E. coli strain was grown overnight at 37°C in 10 ml
of 2 X YT broth supplemente- with the relevant antibiotics. The cells were har ssted
by centrifugation at 1,500 g for 10 min at room temperature and the supernatant
discarded. The cell pellet was resuspended in 200 pl of lysis buffer (50 mM glucose,
25 mM Tris-HC1 (pH 8.0), 10 mM EDTA), and 400 pl of freshly prepared alk.aline
solution ( 0.2 M NaOH, 1% (w/v) SDS) was then added. The solution was mixed by
inversion and then incubated on ice for S min, Ammonium acetate (300 plof a

7.5 M, pH 7.8 solution) was then added and the solution was again mixed by
inversion. The soltion was then incubated on ice for 10 min prior to centrifugation
at 12,000 g for 5 min. The supernatant was transferred to a fresh microfuge tube and
RNase A (Sigma Chemical Co., Missouri, U.8.A.) was added to a final concentration
of 20 pgsml. The sampie was incubzied at room temperature for 10 min prior to the

addition of 0.6 volumes of isopropanol to precipitate the DNA. The solution was
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incubated for a further 10 min at room temperature and then centrifuged at room
temperature for 10 min at 12,000 g to pellet the DNA. The DNA pellet was washed
with cold 70% (v/v) ethanol, dried under vacuum using a Savant Speedvac SVC100
for approximately 5 min, and then resuspended in 100 ul of distilled water (dH,0).
The DNA preparation was incubated at 37°C for 10 min, then centrifuged at 12,000 g
for 3 min at room temperature. The clear supematant containing the purified DNA

was transferred to a fresh tube and was stored at -20°C until use,

ii) Applied Biosystems method
When high quality plasmid DNA was required for cloning or automated

sequencing purposes, DNA was extracted using the modified alkaline lysis/PEG
precipitation procedure outlined in the PRISM™ Ready Reaction Dye Deoxy™
Terminater Cycle Sequencing Kit manual (Applied Biosystems, California, U.S.A)).
The appropriate E. coli strain was grown overnight at 37°C in 10 ml of 2 x YT broth
supplemented with the relevant antibiotics. The cells were harvested by
centrifugation at 1,500 g for 10 min at room: temperature and the supernatant
discarded. The cell pellet was resuspended in 200 pl of lysis buffer, andl 360 pl of
freshly prepared alkaline lysis solution was added as before. The sample was mixed
by inversion and then incubated on ice for 5 min before adding 300 pl of 3.0 M
potassium acetate, pH 4.8. The contents were mixed by inverting the tube, then
incubated on ice for 5 min. Cellular debris was removed by centrifugation at

12,000 g for 10 min at room temperature and the clear supernatant was transferred te
a fresh tube. RNase A was added fo a final concentration of 20 pg/ml and the
solution was incubated at 37°C for 20 min. The supsmmatant was extracted twice with
400 p! of chloroform, where the layers were mixed for 30 sec by inversion following

each extraction. The tube was centrifuged at 12,000 g for 1 min at room temperature
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to separate the phases and the aqueous phase was transferred to a new tube. An
equal volume of isopropanol was added to precipitate the DNA and the sample was
immediately centrifuged at 12,000 g for 10 min at room temperature. The DNA
pellet was washed with 500 ul of cold 70% ethanol, dried under vacuum, and then
resuspended in 32 pl of deionized water. The plasmid DNA was then selectively
precipitated by the addition of 8.0 pl of 4 M NaCl and 40 pl of 13% (w/v) PEGgage.
The sample was incubated on ice for 20 min and then centrifuged at 12,000 g for
15 min at 4°C. The supernatant was removed and the plasmid DNA pellet washed
with 500 ul of cold 70% ethanol. The pellet was dried under vacuum and then

resuspended in 50 pl of dH;O. The DNA preparaticn was stored at -20°C until

required.

b) Small scale isolation of plasmid DNA from C. perfringens

Plasmid DNA from C. perfringens strains was prepared as previously
described (Lyristis et al., 1994). A single colony of the appropriate C. perfringens
strain was used to inoculate 6 ml of pre-boited FTG medium and was grown |
overnight at 37°C. Twenty ml of pre-boiled BHI broth supplemented with
1.5% glucose was inoculated with 3 ml of the overnight culture and the cells were
grown at 37°C until mid-log phase before being harvested by centrifugation at
1,500 g for 10 min at room temperature. The supernatant was discarded and tae cell
pellet was resuspended in 200 pl of TES b;lffer. A sample (100 pl) of the cell
suspension was transferred to a microcentrifuge tube and 200 ul of 25% (w/v)
sucrose in TES containing 10 mg/ml of lysozyme was added. The suspension was
incubated at 37°C for 30 min after which 200 ul of 2% (w/v) sarkosyl in TES was
added. The suspension was incubated for a further 30 min at37°C , followed by the

addition of 200 pl of 2 M NaOH. The sample was mixed by inversion and 200 pl of
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neutralization solution from the Magic™ Mini Prep Kit (Promega Corporation,
Wisconsin, U.S.A.) was added to the suspension. Plasmid DNA was then isolated

according to the procedure provided by the manufacturer.

Ethanol and isopropanol precipitation of DNA

Chromosomal DNA was ethanol precipitated by the addition of 0.1 volumes
of 7.5 M ammonium acetate (pH 7.8) and 2.5 volumes of cold 100% ethanol. The
mixture was incubated at -70°C for 60 min. DNA was collected by centrifugation at
12,000 g for 30 min at 4°C. The DNA pellet was washed with cold 70% ethanol,
dried under vacuum and resuspended in the appropriate volume of dH,0 or TE

(1 mM EDTA, 10 mM Tris, pH 8.0).

Plasmid DNA was ethanol or isopropanol precipitated by the addition of
0.1 volumes of 3 M sodium acetate (pH 5.8) and 2.5 volumes of cold 100% ethanol
or 1.0 volumes of isopropanol, respectively. The mixture was then incubated at
-70°C for 60 min for ethanol precipitation or 30 min for isopropanol precipitatién.
DNA was collected by centrifugation at 12,000 g for 30 min for ethanol
precipitations or 15 min for isopropanol precipitations, at 4°C. The DNA pellet was |

washed and dried as before, and resuspended in an appropriate volume of dH,O or

TE.

Phenol-chloroform extraction of DNA

When required, DNA was further purified by phenol-chloroform extraction.
An equal volume of phenol:chloroform:isoamyl alcohol (25':24:1) was added to the

DNA preparation, vortexed vigorously and the phases separated by centrifugation at
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12,000 g for 1 min at room temperature. The aqueous phase was transferred to a new
tube, to which an equal volume of chloroform:isoamyl alcohol (24:1) was added and
the DNA extracted as before. The aqueous layer was transferred to a new tube and

the DNA was isolated by ethanol or isopropanol precipitation.

Recombinant DNA techniques

Restriction endonuclease digestion

DNA was digested with various restriction endonucleases under the
conditions outlined by the manufacturers (Roche Diagnostics Australia, New South

Wales, Australia, or New England Biolabs Inc. (NEB), Massachusetts, U.S.A.).

Reactions were terminated either by the addition of 0.2 volumes of stop mix
(0.1 M EDTA, 0.05% (w/v) bromophenol blue (Progen Industries Ltd., Queensland,
Australia), 50% (w/v) sucrose pH 7.0) or by heat inactivation for 15 min at 65°C,

followed by phenol-chloroform extraction and precipitation with ethanol.
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Agarose gel electrophoresis

DNA samples were analyzed by electrophoresis using 0.8%-1.0% (w/v)
agarose (FMC BioProducts, Maine, 1J.S.A.) gels in TAE buffer (1.0 mM EDTA,
38.2 mM Tris-HCl, 16.6 mM sodium acetate, pH 7.8). Mini sub-gel electrophoresis
was carried out at a constant voltage of 100 V for 30-60 min, while large gels were
subjected to 130 V for 2.5-3.0 h. Following electrophoresis, gels were stained with
lo.pg/ml ethidium bromide (Progen), destained in dH,O and the DNA visualized
under UV light using a Spectroline Ultraviolet Transilluminator (Medos Company

Pty. Ltd,, Victoria, Australia). DNA fragment sizes were estimated by comparison
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with AcI857 DNA (Promega Corporation) digested with HindIII or PCR markers
(Promega Corporation) as molecular size standards using the SEQAID II program

(D. Rhoads and D. Roufa, Kansas State University, U.S.A.).

Isolation of DNA fragments from agarose gels

When necessary, DNA fragments were isolated from agarose gels following
electrophoresis. The appropriate 2NA fragments were excised from the gel using a
scalpel blade. DNA was isolated using the QIAquick Gel Extraction Kit (Qiagen

GmbH, Hilden, Germany) according to the manufacturer’s instructions.

Dephosphorylation of plasmid DNA with alkaline phosphatase

Removal of 5° phosphate groups to prevent recircularization of digested
vector DNA was achieved by treatment of the DNA with alkaline phosphatase,
Following diges;tion of vector DNA with the appropriate restriction endonuclease,

6 pl of 10X dephosphorylation buffer (Roche Diagnostics Australia) (0.5 M Tris-
HCl, 1 mM EDTA, pH 8.5) and 20 units of calf intestine alkaline phosphaltase
(Roche Diagnostics Australia) were added. The volume was then adjusted to 60 pl
with dH,0 and the reaction incubated at 37°C for 1 h. The alkaline phosphatase was
inactivated by the addition of one-ninth volume of 10X TNE (100 mM Tris-HCl,

1 M NaCl, 10 mM EDTA, pH 8.0) followed by heat inactivation at 65°C for 15 min.
To remove the inactivated alkaline phosphatase and restriction endonucleases, the
reaction was extracted with phenol:chloroform:isoamyl alcohol and
cillorcfonn:isoamyl alcohol and the DNA was precipitated with ethanol as

previously described.
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DNA ligation

DNA ligations were carried out in reactions containing 3 units of T4 DNA
ligase (3 units/pl, Promega Corporation), 0.1 volumes of the 10X ligase buffer
(300 mM Tris-HCl pH 7.8, 100 mM MgCl,, 100 mM DTT, 10 mM ATP) supplied
by the manufacturer, and vector and insert DNA at a ratio of 1:5. Ligation of the
DNA was performed at 16°C overnight. The ligation reaction was terminated by heat
inactivation at 65°C for 10 min, and the ligated DNA was precipitated using

isopropanol, as previously described, prior to transformation into the appropriate

cells.

Synthesis of eligonucleotide primers

The oligonucleotide primers used in this study (Table 2.3) were synthesized

using a 392 DNA/RNA Synthesizer (Applied Biosystems). Following synthesis, the

RNy T e TR e S
e e S L et e T LT
R R R T G

oligonucleotide primers were deprotected by incubation at 55°C for 2 h and dried in a

Heto Maxi-Dry Plus vacuum concentrator. When required, the primer was

resuspended in 100 pl of dH,0 and the concentration determined by measufement of
the absorbance at 260 nm. An absorbance reading of 1.0 at 260 nm was equated to a
% single stranded DNA concentration of 33 pg/ml (Sambrook et al., 1989). Dried and

resuspended oligonucleotide primers were stored at -20°C until required.

i
P A

Nucleotide sequencing

a) Automated sequencing

Plasmid DNA to be sequenced was obtained using the Applied Biosystems

method previously described. PCR products to be sequenced were either purified

directly from the PCR reaction using the Magic™ PCR Preps Purification System
- 53
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Table 2.3 : Oligonucleotide primers.

~ Primer 5'-3° Sequence Characteristics/Reference/Use

UP GTTGTAARACGACGGCCAGT Universal Primer, SQ

RFP AGCGGATAACAATTTCACACAGGA Reverse Primer, SQ

#2980 AATAAGTAAACAGGTAACGTCT Internal erm(B), SQ & PCR

#2981 GCTCCTTGGAAGCTGTCAGTAG Internal orf3, SQ & PCR

#3046 GCTGCCAGCTGAATGCTTTCAT Internal erm(B), SQ

#3049 GAGACTTGAGTGTGCAAGAGCA Internal erm(B), SQ

#3105 CTTGGTGAATTAAAGTGACACG Internal erm(B), SQ

#3106 CGGGAGGARATAATTCTATGAG 3’ end erm(B)/5’ end o1f3, SQ

#3139 ACTTACCCGCCATACCACAGAT Internal erm(B}, SQ & PCR

#3140 ATTTTATACCTCTGTTTGTTAG Internal erm(B), SQ & PCR

#3226 AAGAATTACTGGAGGGAAAARGA Intergenic space between orf3 and ADR, SQ

#3248 TTACAACGGCATTGTAGGGCTT Internal DR sequence, SQ

#3715 TACCBAACCATACACCATCCTC Intergenic space between ADR and orf73, SQ

#3716 ARGTGATTTGTGATTGTTGATG Internal ADR, SQ

#4191 CGTTGTAAAAATTGGGGARAAG Internal DR sequence, SQ

#4192 CAAGTCGGCACGAACACGAALC Internal DR sequence, SQ & PCR

#4210 TCAATAGACGTTACCTGTTTAC Internal erm(B), SQ & PCR

#4348 GGTTCGTGTTCGTGCCGACTTG Internal DR sequence, SQ

#4349 CATGAGCGAGTTAATTTTGGCA Internal DR sequence, SQ & PCR

#4350 TGCCARAATTARCTCGCTCATG Internal DR sequence, SQ & PCR

#4451 CTGCTTGTAAARGGGATCATAAC Internal DR sequence, SQ

#4537 GTCAAGTAAGCAAACATAGTCG Intemal DR sequence, SQ & PCR

#4538 CGACTATGTTTGCTTACTTGAC Internal DR sequence, SQ & PCR

#6018 BATGGCTGGTTCTACARATACA Intemal ilvD, SQ & PCR

#6019 ACTCTGCCTGACARARCATCTG Internal efR, SQ

#6114 ACTGACACACTGACCTTGAGAT Intemal orf13, SQ

#6115 TGAAATAGAARATGAAGAAGTA Intemnal ilvD, 5Q

#6182 GCACTTCTTACTGATGGTCGTT Internal ilvD, SQ

#6183 GTCCCTAARATCTACGGTCACTT Intergenic space between ADR and orfl3, SQ

#6260 GTATGAAARACACAGCAAAATC Intergenic space between ilvD and hydR, SQ &

PCR

#6278 GATTTTGCTGTGTTTTTCATAC Intergenic space between ilvD and fiydR, SQ &
. PCR

#6306 CATTTTCACTATTTTCGTCTAA Intemal AydR, SQ & PCR

#6339 ATGCTCGTTTTTAGTATTGAT Intemal AydR, SQ & PCR

#6356  GCGGGGGATCCATGAACAARAATATAARAT 5 end erm(B), PP

#6357 CGCTTGGTACCTTATTTCCTCCCGTTA 3’ end erm(B), PP

#6371 GAAAGCAGAAGTAATGGGTGTT

Internal hydD, SQ




#6427
#6495

#6552
#6554

#6604

#6784 -

#6785

#6940
#7390
#7391

#7449
#1716
#7774
#8752

#8753
#3885
#9069
#9153
#9251
#9341
#9371
#9387
#9409
#9493
#9586
#9587
#9782
#9896
#10166
#10327
#10515
#11546
#11547
#11617

AGGGATTGGGACACGCTACATA
CTACTAATGAATGAGCCTTGAT

GCACTATCARCACACTCTT
GAAACTGCCTATTGCGTGAACA

TAAGAGTGTGTTGATAGTGC
ARGTTTGTATGAGAAGCAGTAT

TTAGGGACACTTACTGATGAAT

TAGCGTGTCCCAATCCCTCATA
AGTCACAGATARAAACGGCTCAG

ATCARGGCTCATTCATTAGTAG

CGTATTTATTTATCTGCGTA
GGCTAGCATGACTGGTGG
ATRAATCTCARGGTCAGTGTGTC
TATTGTTGTATTGGTAAAGCACT

TCAGCAACCGAARACAGACTATC
TGGTTCATTTTGTTCGTCTCC
TACTGGCTTTTAGACGCACCTG
CTTCTCGGTGCTGATAGTAATA
TATCGCTGTTGCCTATGGTGC
ACAAAGTTAGTGATGGTTAT
GATAGAAATACTCG /CAACAGA
ATTTTTTATTTTTAGGAGTCAT
TACTATTTTCACAGGTTTGCTIC
AACCATCAGACTTCCARAAR
CACACCCCTTTCGCTIATG
GGATGATTACGARRAGTGAC
CRAAGGGCTGATGATAAACTA
GCCGTCAGATAGATTCGTCACT
TTTCTTCATCAATAGTGGCTTC
CATARCGGACATAACARACAGCC

GGGGTACCAGATGCTAARARTTTGTA

ATGACTCCTARAAATAARAAAT
CGGCAAGCACATARATCTCCATA
CCAAACAGGARAGATAGCCATA

Internal AydD, SQ & PCR

Intergenic space between AydD and Erm leader
peptide, SQ

Erm leader peptide promoter region, SQ
Intergenic space between hydD and Erm leader
peptide, SQ

Erm leader peptide promoter region, SQ & PCR
Intergenic space between AydD and Erm leader
peptide, SQ

Intergenic space between ADR and orf13,8Q &
PCR

Intemal 5ydD, SQ & PCR

Intergenic space between ADR and orf13, SQ
Intergenic space between hydD and Erm leader
peptide, SQ & PCR

Internal Erm leader peptide, SQ

Upstream of multiple cloning site in pRSETA, SQ
Internal orf13, SQ

Intergenic space between AydD and Exm leader
peptide, SQ

Tnternal effR, SQ

S’end ¢ffD,5Q & PCR

Internal effD, SQ & PCR

Internal ¢ffD, SQ

Internal effD, SQ

Intergenic space between ¢ffD and orf9, SQ
Internal orf9, SQ & PCR _
Intergenic space between orf7 and ispD, SQ & PCR
Intergenic space between orfD and orf7, SQ & PCR
Internal orf7, SQ & PCR

5’ end orf7, SQ

Internal orf7, SQ

Intergenic space between orf? and orf7, SQ & PCR
Internal or/®, SQ

Intergenic space between ¢ffD and orf9, SQ
Intemal effD, SQ & PCR

5' end erm(B), PCR

Intergenic space between orf7 and ispD, SQ
Internal effC, SQ

Internal effD, SQ
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#11662
#11795
#11864
#11865
#12142
#12143
#12262
#16525
#16526
#16527
#16528
#16533
#16534

TGTGGGATGAAGGTTAT
AGGTAATAATGGAGATGGTGAT
AGTATCCATTTCCTTGTTC
GAACAAGGAAATGGATACT
GGAGTGGAACAGGARATAC
GTATTTCCTGTTCCACTCC
TTCCCCCAAGAGACATAG
TACTTCTTCATTTTCTATTTCA

AACGACCATCAGTBAAGAAGTGC

TTAGACGAAAATAGTGAAAATG
AACACCCATTACTTCTGCTTTC
ATCAATACTARARACGAGCAT

TTCAAAARCARCATTAAATTAT

Internal ispD, SQ & PCR
Internal ispD, SQ
Internal ispD, SQ & PCR
Internal ispD, SQ & PCR
Intemnal fIxD, SQ

Internal fIxD, SQ & PCR
Internal ispD, SQ
Intemal ilvD, SQ

Internal iivD, SQ
Internal AydR, SQ
Internal AydD, SQ
Intemal AydR, SQ
Intergenic space following fixD, SQ

*3Q: Sequencing; PCR: Polymerase Chain Reaction; PP: Protein purification.
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(Promega Corporation) according to the manufacturer’s instructions, or were isolated
from agarose gels using a QIAquick Gel Extraction Kit (Qiagen). Cycle sequencing
reactions were carried out on a GeneAmp PCR System 2400 (Perkin Eimer
Corporation, California, U.S.A), using a PRISM™ Big Dye™ Terminator Cycle
Sequencing Ready Reaction Kit with AmpliTaq DNA polymerase, FS (Applied
Biosystems) abcording to the manufacturer’s instructions. Excess dye terminators
were rer;loved by ethanol/sodium acetate precipitation using a protocol supplied by
the manufacturer, with the exception that extension products were precipitated at
room temperature for 15 min prior to centrifugation. Sequencing samples were

resolved and analyzed on a 373 DNA STRETCH Sequencer (Applied Biosystems).
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b) Sequence analysis
o Nucleotide sequences were compiled using Sequencher™3.1 software
% (GeneCodes Corporation, Michigan, U.S.A.). Nucleotide and amino acid sequence
i% database searches were performed using the BLAST program (Altschul et al., 1997) at
i the National Centre for Biotechnolo gy Information (NCBI)

2

(http://www.ncbi.nlm.nih.gov/). Amino acid sequences were analyzed using Network

m@’&%"&‘iﬁf"

Protein Sequence @nalysis (NPS@) (http://npsa-pbil.ibep.ft/) and the Expert Protein
Analysis System (ExPASy) proteomics server of the Swiss Institute of Bioinformatics
(http:/fwww.expasy.ch/). Multiple nucleotide and amino acid sequence alignments
were achieved using the CLUSTAL W program (Thompson et al., 1994) at NPS@.
Prediction of transmembrane regions was conducted using the SOSUI System

(Takatsugu ef al., 1998) (http://sosui.proteome.bio.tuat.ac.jp/).
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Amplification of DNA by Polymerase Chain Reaction (PCR)
a) PCR

PCR amplification was carried out using 7ag DNA polymerase (5 units/pl,
Roche Diagnostics Australia) in a total volume of 100 pl. Each reaction consisted of
10 pl of the 10X reaction buffer supplied by the manufacturer, 0.2 mM dNTP’s,
0.4 pM of each oligonucleotide primer, between 0.05 and 1.0 pg of template DNA
and sterile dH,O. Amplification was performed in a GeneAmp PCR System 2400
(Perkin Elmer Corporation). The DNA template was first dénatu.red at 94°C for
3 min, then the temperature'held at 70°C , at which time 5 units of Tag DNA.
polymerase was added to the reaction mixture. Amplification was carried out over
30 cycles consisting of a 94°C denaturation step (1 min), 50°C annealing step (2 min)
and a 72°C extension step (3 min). The final cycle consisted of 2 min annealing at
50°C and § min of extension at 72°C. When required, the specificity of the PCR
reaciion was either increased or decreased by changing the annealing temperature to
55°C or 47°C, respectively. PCR products were detected by running a sample (5-

10 pl) on an agarose gel.

b) Capillary PCR

A capillary PCR method was occasionally used for initial screening of
recombinant clones. Crude cell extracts were obtained from selected colonies by
resuspending the cells in 50 pl of sterile dH,0, vortexing the suspension vigorously
for several seconds and then lysing the cells by boiling for 10 min. The cellular
debris was then removed by centrifugation at 12,000 g for 10 min at room

temperature. The clear supematant was removed and stored on ice or at -20°C until

required.
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A PCR master mix was prepared and aliquoted into 18 ul reaction mixtures
that consisted 61‘ 2 pl of 10X PCR reaction buffer, 0.2 mM dNTPs, 1 unit of Taq
DNA polymerase, 0.4 pm of each oligonucleotide primer and the appropriate amount
of sterile dH,O. To each reaction, 2 pl of the cellular extract was added as the DNA
template and the reaction mixture was then drawn up in a capillary PCR tube by use
of a CP-1 Cycle Prep Auto Gun (Corbett Research, New South Wales, Australia).
The tubes were then placed in a FTS-1 Thermal Sequencer (Corbett Research) and
the products were amplified. The PCR program consisted of an initial cycle of
denaturation at 94°C for 5 min, annealing at 47°C for 2 min and extension at 72°C for
3 min. The program then continued for a further 30 cycles of denaturation at 94°C
for 1 min, annealing at 47°C for 1 min and extension at 72°C for 2 min. A final cycle
consisted of denaturation at 94°C for 1 min, annealing at 47°C for 1 min and
extension at 72°C for 5 min. The amplification of PCR products was detected by

examining the entire 20 pl reaction by agarose gel electrophoresis.

¢) Parification of PCR products
PCR products were purified for cloning or sequencing either directly from the
PCR using Magic™ PCR Preps Purification System (Promega Corporation), or were

extracted from agarose gels using the QIAquick Gel Extraction Kit (Qiagen),

according to the manufacturer’s instructions.

d) Digoxigenin labelling of prc;bes using PCR

PCR fragments to be used as probes were labelled with digoxigenin-11-dUTP
(DIG-dUTP) during PCR amplification. PCR amplification was carried out using
5 units of Tag DNA polymerase (5 units/pl, Roche Diagnostics Australia) in a total

volume of 100 ul. Each reaction consisted of 10 pl of the 10X reaction buffer
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supplied by the manufacturer, 0.2 mM dNTPs, 0.4 uM of each oligonucleotide
primer, between 0.05 and 1.0 pg of template DNA and sterile dH;O. In addition,

2 ul of DIG DNA Labelling Mix (1mM each dATP, dCTP, dGTP, 0.65 mM ¢TTP,
0.35 mM DIG-dUTP)(Roche Diagnostics Australia) was added to each reaction. The
DNA was amplified in a GeneAmp PCR System 2400 (Perkin Elmer Corporation) as
previously described. Amplification of DNA was confirmed by electrophoresis in
agarose gels and the PCR product was then purified directly from the reaction using
the Magic™ PCR Preps Purification System (Promega Corporation). The efficiency
(ng labelled DNA/ul) of the labelling reaction was determined using the quantitation

protocol supplied by the manufacturer (Roche Diagnostics Australia).

DNA hybridization analysis

@) Southern hybridization analysis

‘Southern hybridization anlaysis was performed by the method of
Southern (1975) with several modifications. Restriction endonuclease digested DNA
was subjected to electrophoresis alongside DIG-labelled A HindIIl DNA molecular
size markers (Roche Diagnostics Australia), stained with ethidium bromide
(10 pg/ml), and the agarose gel photographed. To prepare the DNA for transfer to a
nylon membrane, the DNA fragments of high molecular weight were first
depurinated by incubating the agarose gel (at a slight angle such that the high
molecular weight DNA end of the gel was fully submerged, but the low molecular
weight DNA end of the gel was out of the solution) in 0.25 M HC] for 10-15 min at
room temperature on a shaker. The gel was rinsed briefly in dH,O and then
incubated in denaturation solution (0.2 M NaOH, 0.6 M NaCl) for 30 min at room

temperature on a shaker, The gel was again rinsed briefly in dH,0 and was then
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neutratized by incubating twice in neutralization solution (165 mM tri-sodium citrate,
1.5 M NaCl, 0.25 M Tris-HC! (pH 7.5)) for 20 min. Each incubation was carried out

at room temperature on a shaker.

Once the gel was prepared, the DNA was transferred to a Hybond-N+
membrane (Amersham Pharmacia Biotech, Buckinghamshire, U.K.) overnight on a
support covered with a wick of Whatman 3MM chromatography paper placed within
a container that held 500-600 ml of 10 x SSC (165 mM tri-sodium citrate,

1.5 M NaCl). The gel was placed upside down on the wick and the nylon membrane,
which was presoaked in 2 x SSC, was placed over the gel. Two pieces of Whatman
3MM paper presoaked in 2 x SSC, a stack of paper towels and a weight
(approximately 300 g) were then placed over the membrane. The DNA was allowed
to transfer from the gel to the nylon membrane by capillary action overnight.
Following transfer, the nylon membrane was removed and air-dried. The DNA was

cross-linked to the membrane by exposure to UV light (312 nm) for 3-5 min.

For hybridization, the membrane was pre-hybridized for é. minimum of 3 h at
65°C in pre-hybridization solution (83 mM tri-sodium citrate, 0.75 M NaCl,
0.05% (w/v) Blocking Reagent (Roche Diagnostics Australia), 1% (v/v)
N-lauroyisarcosine, 0.02% (v/v) SDS). Between 10-50 ng of probe DNA was added
to 5 ml of pre-hybridization solution (to create the hybridization solution) and
denatured by boiling for 10 min followed by immediate incubation on ice for 5 min.
Following pre-hybridization, the pre-hybridization solution was removed from the
membrane and the hybridization solution was added. Hybridization was carried out

overnight under high stringency conditions (65°C ). Following hybridization the
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membrane was washed twice for 5 min at room temperature in 2 x SSC, 0.1% SDS,

and twice for 15 min at 65°C in 0.2 x SSC, 0.1% SDS.

DNA-DNA hybrids were identified by chemiluminescent detection using
CDP-Star™ (Roche Diagnostics Australia) in accordance with the manufacturer’s
specifications. When necessary, following detection, the membranes were stnipped
and reprobed as follows. The membrane was rinsed for 1 min in sterile H,O,
followed by two 10 min washes at 37°C in a freshly prepared solution of
0.2 M NaOH, 0.1% SDS. The membrane was then rinsed thoroughly for 5 min in

2 x SSC, placed back into pre-hybridization solution and then hybridized with a

different probe.

b) DNA dot blots

DNA sampies were applied to a Hybond-N+ nylon membrane (Amersham
Pharmacia Biotech) using a dot blot apparatus (SRC 96D Minifold I, Schieicher and
Schuell, Dassel, Germany) as follows. Two pieces of Whatman 3MM paper pre-
soaked in 2 x SSC were placed over the base of the manifold, a pre-soaked nylon
membrane (Amersham Pharmacia Biotech) cut to the appropriate size was then
added and the apparatus assembled, The wells of the apparatus were washed twice
with 2 x SSC, and the DNA samples, which had been adjusted to a volume of 100 ul,
were then applied to the membrane. After application of the DNA samples, the
apparatus was disassembled, the membrane removed and air dried at room
temperature. The DNA was crosslinked to the membrane by exposure to UV light
(312 nm) for § min. Pre-hybridization and hybridization were carried out as
described for Southemn hybridization analysis, When necessary, blots were stripped

and reprobed using the procedure outlined before.
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Genetic methods

Transformation procedures

a) Preparation and transformation of rubidium chloride-competent E. coli cells
Rubidium chloride (RbCl)-competent E. coli cells were prepared using the
method described by Hanahan (1985). The appropriate E. coli strain was subcultured
on SOB (10 mM Na(l, 2.5 mM KCl, 2% (w/v) Tryptone, 0.5% (w/v) Yeast Extract)
(Sambrook et al., 1989) agar and grown at 37°C for 16-20 h. Ten colonies were
resuspended in 1 m! of SOB broth, mixed thoroughly by vortexing and subsequently
used to inoculate a 2 L flask containing 100 ml of SOB broth, to which 1 ml of a
Mg?* solution (1 M MgCl, 1 M MgSO4) had been added. The cells were grown at
37°C with moderate agitation until the turbidity of the culture at 600 nm was 0.3.
The culture was then transferred to sterile 50 ml tubes and chilled on ice for 10-
15 min. The tubes were then centrifuged at 12,000 g for 15 min at 4°C , the
supematant was discarded and the cell pellet thoroughly drained by inverting the
tube. The pellet was resuspended in 0,33 volumes of filter sterilized RF1 (10 mM
RbCl, 50 mM MnCl;, 30 mM potassium acetate, 10 mM CaCl;.2H,0, 15% glycerol,
pH 5.8 with 0.2 M acetic acid), mixed by moderate vortexing and incubated on ice
for 1 h. The cells were centrifuged as before and the resulting cell pellet was
resuspended in filter sterilized RF2 (8 mM RbCI, 75 mM CaCl,.2H,0, 10 mM 3-(N-
Morpholino) propane-sulfonic acid (MOPS), 15% glycerol, pH 6.8) to 1/12.5 of the
original volume. The suspension was then incubated on ice for 15 min, dispensed as
100 pl aliguots into pre-chilled microfuge tubes and snap frozen in a dry ice/ethanol

bath. The cells were stored at -70°C until use.
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Transformation experiments were conducted essentially as previously
described (Hanahan, 1985). RbCl-competent cells were thawed on ice prior to the
addition of plasmid DNA. The plasmid/competent cell mixture was incubated on ice
for 60 min. The cells were heat shocked at 37°C for 2 min and then immediately
chilled on ice for 5 min. To allow the expression of antibiotic resistance genes,

900 pl of 2 x YT broth was added and the cell mixture was incubated, with shaking,
at 37°C for 1 h. Several dilutions of the transiormation mixture were prepared and
100 pl aliquots were spread onto 2 x YT agar supplemented with the appropriate
antibiotic. To facilitate ‘blue-white’ selection of recombinant clones, 50 pl of

2% (w/v) 5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside (X-Gal) (Progen
Industries Ltd.) and, when required, 10 ul of 100 mM isopropyl-B-D-thiogalactoside
(IPTG) (Progen Industries Ltd.), were spread onto the surface of agar plates prior to

inoculation with the transformation mixture. The cultures were then incubated for

24-48 hat 37°C.-

b) Preparation and transformation of electrocompetent E. coli cells
Electrocompetent E. coli cells were prepared using the procsdure outlined by
Smith et al., (1990) with several modifications. A single E. coli colony was used to
inoculate 10 ml of SOB uroth supplemented with appropriate antibiotics. The cells
were grown overnight at 37°C and 1 ml of the resulting culture was used to inoculate
500 m! of SOB broth. The culture was grown at 37°C with moderate agitation untit
the turbidity at 550 nm was approximately 0.8. The cells were harvested by
centrifugation at 4,000 g for 10 min at 4°C. The supernatant was discarded and the
pellet resuspended in 250 m! of ice-cold 10% (v/v) glycerol. The cells were
harvested as before, the supernatant was discarded and the cell pellet was again

resuspended in 250 mi of ice-cold 10% (v/v) glycerol. The cells were collected by
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centrifugation as before and the cell pellet was resuspended in a final volume of 2 ml
of ice-cold 10% (v/v) glycerol. The cells were snap frozen as 100 pl aliquotsina

dry/ice ethanol bath and were stored at -70°C until use.

Prior to use the cells were thawed on ice. Ethanol or isopropanol precipitated
DNA was then added to a 20 pl aliquot of electrocompetent cells and mixed gently.
The mixture was transferred to a pre-chilled 0.1 cm electroporation cuvette (Bio-Rad
Laboratories, California, U.S.A.), which was subsequently placed in a Bio-Rad Gene
Pulser™ and subjected to electroporation at 1.8 kV/cm, a resistance of 200 ohms and
a capacitance of 25 pFD. The cells were then subcultured into 2 ml of SOC broth
(SOB broth supplemented with 20 mM glucose) and incubated at 37°C with shaking
for 1 h. The transformation mixture was then plated, in 100 pl aliquots, onto 2 x YT
agar plates supplemented with the appropriate antibiotic. When required, 50 plof
2% X-Gal and/or 10 pl of 100 mM IPTG was added to the agar prior to inoculation
with the h‘ansfc;\nnation mixture, to facilitate ‘blue-white’ selection of recombinant

clones as before. The cuitures were incubated for 24-48 h at 37°C.

c) Preparation and transformation of electrocompetent C. perfringens cells

Electrocompetent C. perfringens cells were prepared and transformed as

before (Scott and Rood, 1989). A single colony of the chosen C. perfringens strain
was used to inoculate 6 ml of pre-boiled FTG broth and was grown ovemight at
37°C. The overnight culture was then used to inoculate a pre-boiled 100 ml TPG
broth supplemented with 1.5% (v/v) glucose. The culture was grown until the
turbidity at 600 nm was between 0.15 and 0.2. The cells were then harvested by

centrifugation at 16,300 g for 15 min at room temperature and the supernatant

discarded. The cells were then washed with 10 ml of SEB buffer (272 mM sucrose,
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7 mM Na,HPO; (pH 7.4), 1 mM MgCl,) and centrifuged as before. The pellet was
resuspended in 10 ml of SEB buffer containing 10 pg/ml lysostaphin (Sigma
Chemicat Co.) and incubated at 37°C for 1 h. The cells were then washed twice in
10 ml of SEB buffer and pelleted by centrifugation at 12,000 g for 10 min at room
temperature after each wash. Following the final wash the cell pellet was

resuspended in 10 ml of SEB buffer.

The rcéuspcnded‘bells were then used immediately in transiormation
experiments. An appropriate amount of plasmid DNA (5-10 pg) was mixed with
400 pl of the electrocompetent C. perfringens cells. The mixture was transferred to
pre-chilled 0.2 cm electroporation cuvettes and incubated on ice for 10 min.
Electroporation of the cells was carried out at 2.5 kV/em, a resistance of 200 ohms,
and a c;apacitance of 25 uFD in a Bio-Rad Gene Pulser™. Following
electroporation, the cells were incubated on ice for 10 min, before being used to
inoculate 20 ml of pre-boiled BHI broth supplemented with 1.5% glucose. The
cultures were ir;cubéted overnight at 37°C to allow the cells to recover and to express
antibiotic resistance genes. The following day, the cells were harvested by
centrifugation at 1,500 g for 10 min at room temperature and resuspended in 3 ml of
BHI diluent (one-tenth strength BHI broth). Dilutions of the transformation mixture
were made and 100 pl aliquots of the cell suspensions were spread onto nutrient agar

supplemented with the appropriate antibiotics. The cultures were incubated

overnight at 37°C under anaerobic conditions.
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Conjugative transfer experiments

a) C. difficile filter matings

Transfer of DNA from C. difficile strains to C. difficile recipients was
performed using a filter mating protocol as described previously (Mullany et al,
1990) with a few modifications. Where possible, all manipulations were conducted
in an anaerobic chamber. The donor and recipient strains were grown overnight at
37°C on BHIS agar supplemented with appropriate antibiotics. Five colonies from
the overnight culture were :sed to inoculate a pre-boiled 20 ml BHIS broth and were
grown at 37°C until the turbidity at 650 nm was approximately 0.45 (mid-exponential
phase). The cells were then harvested by centrifugation at 1,500 g for 10 min at
room temperature. The supematant was discarded and the resulting cell pellet was

resuspended in 1 ml of BHIS broth, Aliquots (100 pl ) of the donor and recipient
suspensions were mixed together on sterile 0.45 pm nitrocellulose filters_(Whatman
International Lid., Kent, U.K.), which had been placed on the surface of thick
(approximately 40 ml of agar per plate) BHIS agar plates. As controls, 100 pl of the
donor and recipient suspensions were added separately to nitrocellulose filters dn
thick BHIS agar plates. The plates containing the filters were then incﬁbatcd at 37°C
for 24 h. Following incubation, each filter containing bacterial growth was removed
to separate sterile bottles containing 1 ml of BHIS broth. The growth from the filter
was resuspended by moderate vortexing. Transconjugants were selected by plating
100 pl aliquots of the resuspended cultures onto BHIS agar supplemented with
appropriate antibiotics and then incubating the plates for 48 h, As negative controls

100 gl aliquots derived from filters containing the donor or recipient cells only were

also plated on to the selective media.
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b) E. coli filter matings

Filter matings were carried to out mobil.ze shuttle vectors by conjugation
from E. coli strain S17-1 to an appropriate recipient strain. These matings were
performed essentially as previously described (Palombo et al., 1989). The donor and
recipient strains were cultured separately on suitable selective media. After
overnight incubation, individual colonies were used to inoculate 10 ml of 2 x YT
broth supplemented with appropriate antibiotics and were grown overnight at 37°C.
A 500 pl aliquot from each of tﬁe ovemight cultures was used to separately inoculate
10 ml 2 x YT broths supplemented with appropriate antibiotics. The cultures were
incubated at 37°C with shaking until mid-exponential phase (approximately 3-4 h).
Following incubation, 500 ul of the donor and recipient cultures were fiitered
through the same 0.45 pm nitrocellulose filter (Whatman Intemational Ltd.), which
was then incubated, bacteria side up, on 2 X YT agar at 37°C for 2 h. The growth
was then resuspended in 2 ml of 2 x YT broth by moderate vortexing and appropriate

dilutions were plated on to 2 x YT agar supplemented with antibiotics.

Ip :uovien experiments

Induction experiments were performed based on the method of Rood (1983).
Eac C. difficile stra... - gty >n BHIS agar containing erythromycin (50 pg/ml)
and a single colony tiren used te mosulate a 20 ml pre-boiled BHIS broth. The
culture was grown ovenught at 37°C in an anaerobic chamber. To provide starter
cultures, 5 ml aliquots of the overnight cultures were used to inoculate two 90 ml
BHIS broths, one containing ervitwomyein (50 pg/ml) and the other without
antibiotic selection. The cultures were grown in the anaerobic chamber at 37°C until

they had grown to the mid-exponential phase (approximately 3-4 h). The turbidity of
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each culture at 600 nm was determined and the starter cultures diluted so that the
same mass of cells was used to inoculate subsequent cultures (inoculum volume =
2.5 / turbiditygogam). The diluted starter cultures were inoculated separately into

90 ml of BHIS broth and 90 ml of BHIS broth containing erythromycin (50 pg/ml).

Growth was monitored by measuring turbidity at 600 nm for 4 to 10 h as required.

/

Determination of Minimum Inhibitory Concentrations {MICs)

MIC assays were performed inboth E. coli and C. perfringens based on the
method of Kennan et al., (1997). E. coli strains were inoculated into 10 ml 2 x YT
broths supplemented with chloramphenicol (30 pig/ml) and grown overnight at 37°C.

The cultures were then diluted 1 in 25 into fresh 2 x YT broth containing

chloramphenicol (30 pg/ml) and grown at 37°C until the turbidity at 550 nm was 0.7-
0.8. Cultures were then diluted 1 in 100 in fresh 2 x YT broth. Duplicate aliquots of
10 pl wer= placed on 2 x YT agar containing chloramphenico!l (30 pg/iml) and
erythromycin at concentrations ranging from 0 to 1280 pg/ml. The cultures were
incubated for 18-20 h at 37°C, after which the MIC was determined as the lowest
concentration of erythroz.:y=in that completely inhibited growth. The assay was
repeated three times for each strain. For C. perfringens strains, ar: identical
procedure was used with the exception that BHI media was substituted for 2 x YT

media, the cultures were grown anaerobically at 37°C, and the turbidity was

determined at 600 nm.
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Random mutagenesis
a) Random mutagenesis using the mutator strain XLI1-Red

Mutagenesis of pJIR418 was achieved by passage of the plasmid through the
E. coli mutator strain XL-1 Red (Stratagene, California, U.S.A.) according to the
manufacturer’s instructions, with a few modifications. The Epicurian Coli® XL1-
Red competent cells were thawed on ice, 3.4 pl of the f-mercaptoethanol provided
with the kit was added to 200 ul of the thawed cells and mixed gently by inversion,
The cells were aliquoted in 40 pl volumes in pre-chilled 15 mi Falcon polypropylene
tubes and the contents of the tubes were swirled gently every two minutes while
incubating on ice for 10 min, pJIR418 DNA (26 ng), which had been isolated using
the Applied Biosystems method, was added to the cells, the contents were swirled
gently, and the tube incubated on ice for 30 min. The cells were heat shocked at
42°C for 50 sec and immediately chilled on ice for 2 min. Pre-heated (42°C) SOC
broth (0.9 ml) was added and the transformation mixture was incubated at 37°C for
1 h with moderate agitation. The transformation mixture was concentrated by
centrifugation at 12,000 g for 10 min at room temperature, the supernatant discarded
and the resulting cell pellet resuspended in 100 pl of ﬁ'eshl SOC broth. The entire
transformation mixture was plated onto a single LB (1% (w/v) NaCl, 1% (w/v)
Tryptone, 0.5% (w/v) Yeast Extract, 2% (w/v) agar, pH 7.0) agar plate, which was

supplemented with chloramphenicol (30 pg/ml), and incubated for 24-30 h at 37°C.,

Following incubation, approximately 200 of the resulting colonies were used
to inoculate 10 ml of LB broth supplemented with chloramphenicol (30 pg/ml) and
were grown overnight at 37°C. Plasmid DNA was extracted from the overnight
culture using the Applied Biosystems method and 2 pl of the resulting plasmid DNA

was used to transform £. coli DH5a cells to chloramphenicol resistance.
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Appropriate dilutions of the transformation mixture were made and 100 pl aliquots

were plated on 2 x YT agar supplemented with chloramphenicol (30 pg/ml), and

incubated at 37°C overnight.

The resultant colonies were patched on to 2 x YT agar supplemented with
either chloramphenicol (30 pg/ml) or erythromycin (150 pg/ml) to screen for
erythromycin-sensitive mutants, and the cultures incubated overnight at 37°C.
Plasmid DNA was extracted and analyzed from those £. coli isolates that displayed a

chloramphenicol-resistant, erythromycin-sensitive phenotype. 1

b) Random mutagenesis using hydroxylamine

Hydroxylamine mutagenesis of pJIR418 was carried out essentially as
previously described (Humphreys et al., 1976). Plasmid DNA was extracted from
500 ml E. coli cultures using a modified large-scale alkaline lysis method (Sambrook
et al., 1989) and was further purified by equilibrium cent;-ifugation on caesium
chloride-ethidium bromide density gradients. Samples of plasmid DNA (3 pg) were
added to S volumes of 0.1 M sodium phosphate buffer (pH 6.0) containing 1 mM
EDTA and 4 volumes of hydroxylamine hydrochloride (1 M adjusted to pH 6.0 with
NaOH). The mixtures were incubated at 70°C for periods of 120 or 180 mins, after
which the reaction was terminated by ethanol precipitation. The mutated plasmid
DNA was further purified by phenol/chloroform extraction. T he DNA was used to
transform E. coli DH50 cells to chloramphenicol resistance (30 pg/mi).
Chloramphenicol resistant colonies were then cross-patched on to 2 xYT agar

containing either chloramphenicol (30 pg/ml) or erythromycin (150 pg/mi) to screen

for erythromycin-sensitive mutants as before.
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Analysis and detection of proteins

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

To visualize purified proteins and whole cell lysates, protein samples were
separated by electrophoresis in 0.75 mm thick, 12% denaturing polyacrylamide gels
(Laemmli, 1970). Mini gels were prepared in a mini Protean II casting stand (Bio-
Rad Laboratories), which was assembled as described by the manufacturer. The
12% resolving gel solution consisted of 4 ml of resolving gel buffer (1.5 M Tris-HCI,
0.4% (w/v) SDS, pH 8.8), 4.8 ml of 40% acrylamide solution (Amresco, Ohio,
U.S.A)) (acrylamide: N,N’-methylene bis-acrylamide, 37:5:1) and 7.2 mi of dH,0.
To catalyze polymerization, 60 pl of 10% ammonium peroxodisulfate (AP)
(MERCK KgaA, Darmstadt, Germany) and 17.5 pl of N, N, N, N'-
tetramethylethylenediamine (TEMED) (Amresco) were added to the acrylamide

solution, which was subsequéntly poured between the glass plates and overlaid with

H,0.

Once the resolving gel had set, a 4% stacking gel was prepared from 1.25 ml
of stacking gel buffer (0.5 M Tris-HC, 0.4% (w/v) SDS, pH 6.8), 500 pul of
40% acrylamide solution and 3.25 ml of dH,0. To initiate polymerization, 30 ul of
10% AP and 5 pl of TEMED were added to the stacking gel solution. The mixture

was then poured over the resolving gel and a 10 well Teflon comb was inserted

between the glass plates into the stacking gel solution.

While the stacking gel was polymerizing, the protein samples were prepared
by the addition of an equal volume of 2X sample buffer (0.013% bromophenol blue,
10% {-mercaptoethanol, 20% glycerol, 2.5% SDS, 4 ml stacking gel buffer). Cell
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lysates were denatured by boiling for 5 min, followed by centrifugation at 12,000 g
for 2 min to pellet the cellular debris. Samples from pretein purification fractions
were incubated at 37°C for 10 min immediately before loading the gel, as the acid
labile bonds in samples containing imidazole are partially hydrolyzed when boiled

(QIAexpressionist Protein Purification Manual, Qiagen).

Protein samples were applied to the gel, which was then subjected to
electrophoresis in Tris-Glycine protein gel electrophoresis buffer (12.5 mM Tris-
HCIl, 100 mM Glycine, 0.05% SDS, pH 8.3) in a mini Protean II Electrophoresis Cell
(Bio-Rad Laboratories) at 200V until the bromophenol blue dye front had reached
the bottom of the gel. To estimate protein sizes, 5 pl of low molecular size standards
from the LMW Electrophoresis Calibration Kit (Amersham Pharmacia Biotech), or
15 pl of SeeBlue™ pre-stained standards (Invitrogen) were run alongside the protein

samples for coomassie stained gels, and for gels used in Western blot analysis,

respectively.

To visualize the protein bands, the gels were stained with coomassie brilliant
blue (0.2% coomassie brilliant blue (BDH Chemicals Australia Pty. Ltd., Victoria,
Australia), 25% (v/v) isopropanol, 7% (v/v) glacial acetic acid) for 30 min at room
temperature, followed by destaining in a 33% (v/v) methanol, 7% (v/v) glacial acetic
acid solution. Alternatively, the proteins were transferred to a nitrocellulose

membrane (Schieicher and Schuell) for Western blot analysis.
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Western blot analysis

Proteins that had been separated by SDS-PAGE were transferred to
nitrocellulose membranes using a mini Trans-Blot® Electrophoresis Transfer Cell
(Bio-Rad Laboratories). Prior to transfer, the stacking gel was removed from the
protein gel and discarded. Transfer was performed in transfer buffer (12.5 mM Tris-
HCl, 100 mM glycine, 15% methanol, pH 8.3) at 100V for 1 h. Following transfer,

the membrane was incubated overnight in blocking solution (5% instant skim milk

; (Bonlac ™:..vi. * .-.-ia, Australia) in TBS-Tween [5 mM Tris-HCI, 15 mM NaCl,

b

or .1 g SV T

1.7 ,ve all traces of blocking solution, TBS-Tween was used te wash the
membrane once for 15 min and then twice for 5 min at room temperature. The
washed blot was then incubated for 1 h at room temperature with the primary
; antibody, which was either mouse monoclonal T7 tag antibody (Novagen,

'f Massachusetts, U.S.A.) that had been diluted 1/3000 with TBS-Tween, or polyclonal
Enn(B) antiserum that had been diluted 1/5000 with TBS-Tween. After washing, the
membrane was incubated in a 1/2000 dilution of affinity isolated, horse radish
peroxidase (HRP) conjugated, anti-mouse or anti-rabbit immunoglobulin (Silenus,
Victoria, Australia) in TBS-Tween for 1 h at room temperaﬁue. To remove excess
secondary antibody, the membrane was washed with TBS-Tween once for 15 min

and four times for 5 min at room temperature,

The bands were developed using the Renaissance® Western Blot
Chemiluminescence Reagent (NEN™ Life Science Products, Massachusetts,
U.S.A.). Equal volumes of the detection solutions, sufficient to cover the blot, were

mixed and incubated with the membrane for 1 min at room temperature. To
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visualize the immunoreactive band, the blot was then wrapped in plastic film and the
membrane exposed to Fuji X-Ray film for an appropriate amount of time

(approximately 30 sec to 5 min).

Protein purification

Solubility analysis of the Erm(B) protein

The following protocol was performed to check the solubility of the
recombinant Erm(B) protein. A single colony of strain JIR5735 was used to

inoculate 10 ml of 2 x YT broth supplemented with ampicillin (100 pg/mi) and

erythromycin (150 pg/ml), and incubated overnight at 37°C. This culture was diluted
1:10 in fresh medium and grown at 37°C for 1 h. To induce production of the
Erm(B) protein, IPTG was added to a final concentration of 2 mM. Afier incubation
at 37°C for 3 h, the cells were harvested by centrifugation at 12,000 g for 10 min at
4°C. The cells were resuspended and washed with 10 ml of phosphate buffered
saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPOy, 1.4 mM KH,PO,) and

centrifuged as before. The cells were finally resuspended in 1 ml of PBS.

The cells were lysed by passing the cell suspension through a French Press.
The cell lysate was then centrifuged at 12,000 g for 15 min at 4°C to separate soluble
and insoluble proteins. The supernatant was transferred to a new tube and the
volume adjusted to 1 ml with PBS, before being stored on ice. The pellet was

washed with 1 m] of PBS, centrifuged as before, and resuspended in 1 m! of PBS.

Equal volumes of each protein sample were combined with 2X sample buffer,

boiled for 5 min and centrifuged at 12,000 g for 2 min at room temperature. Aliquots
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of each sample were separated by SDS-PAGE and the immunoreactive proteins were

anlayzed by Western blotting as previously described.

Induction of Erm(B) production and preparation of whole cell lysates

E. coli BL21(DE3) cells (Novagen) harbouring pJIR1626 were cultured
overnight at 37°C in 100 ml of 2 x YT broth supplemented with ampicillin
(100 pg/ml) and erythromycin (150 ug/ml). Following incubation, the culture was
used to inoculate 900 ml of the same medium and grown at 37°C for 1 h. The
production of His-tagged protein was induced by the addition of 2 mM IPTG (final
concentration) and the culture was grown at 37°C for a further 3 h, The cells were
harvested by centrifugation at 16,360 g for 10 min at 4°C and the supematant
discarded. The cell pellet was resuspended and washed in 10 ml of PBS and
centrifuged as before. The supernatant was discarded and the cell pellet stored
overnight at -70°C. The cell pellet was thawed and resuspended in 10 ml of lysis
buffer (20 mM Tris-HCl, 0.3 M NaCl, 10% glycerol, 5 mM imidazole, pH 7.9) and

lysed by passage twice through a French Press. Cellular debris was removed by

centrifugation at 4°C at 12,000 g for 10 min.

Purification of His-tagged Erm(B)

The cell lysate was added to 1 ml of Talon™ (ClonTech, California, U.S.A.)
affinity resin, which had been previously equilibrated with lysis buffer. The cell
lysate and resin were mixed and sealed in a Poly-prep chromatography column (Bio-
Rad Laboratories). Proteins were allowed to bind under rotation for 1 h at 4°C, the
column allowed to settle, and the unbound proteins eluted from the column. The

column was then washed three times with 5 ml of lysis buffer to remove all of the
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unbound protein. His-tagged proteins were sequentially eluted with 5 ml of elution
buffer (20 mM Tris-HC), 0.3 M NaCl, 10% glycerol, pH 7.9) supplemented with

20 mM, 60 mM, 100 mM, or 200 mM imidazole and 1 mtl fractions were collected.

Samples of each fraction were mixed with equal volumes of 2X sample
buffer and subjected to SDS-PAGE. The 12% SDS-PAGE gels were stained with
coomassie brilliant blue as described previously. Fractions containing highly
purified His-tagged protein were then pooled and dialyzed ovemnight in dialysis
buffer (100 mM NaCl, 20 mM Tris pH 7.5, 1 mM EDTA, 10% glycerol) at 4°C to
remove the imidazole, Dialyzed protein samples were concentrated by use of a
Biomax-10 Ultrafree®-15 centrifugal filter device (Millipore Corporation,
Massachusetts, U.S.A.) as per the manufacturer’s instructions and stored at —20°C in

1 ml aliquots until use.

Determination of protein concentration

Protein concentrations were determined using the microwell plate protocol
from the BCA Protein Assay Kit (Pierce, Illinois, U.S.A.). The bovine serum
albumin (BSA) standards (Pierce) were prepared for the enhanced protocol as per the
manufacturer’s instructions. A 25 pl aliquot from each standa- " and also from the
appropriately diluted protein sample, was transferred o the wells of a microtitre
plate. The working reagent was prepared by mixing BCA reagents A and B (Pierce)
at a 50:1 ratio. The working reagent (200 pl) was then dispensed into each of the
wells containing the protein samples, and mixed by shaking for 30 5. The covered
microtitre plate was incubated at 37°C for 30 min, cooled to room temperature, and

the absorbance of each well at 570 nm determined in a microtitre plate reader. The
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concentrations of the unknown protein samples were determined by interpolation

from a standard curve prepared from the analysis of the BSA standards.

Production of Erm(B) antiserum

Antiserum to the purified His-Erm(B) protein was raised in two female New
Zealand White rabbits. Pre-bleed samples were taken from each rabbit via the
central ear artery (approximately 10 ml). Rabbits were initially injected
intramuscularly with approximately 50 pg of His-Erm(B) protein emulsified in
Freund’s complete adjuvant. Four weeks later the rabbits were boosted by
intramuscular injection of approximately 50 pug of His-Erm(B) protein emulsified in
Freund’s incomplete adjuvant. Following a two week interval, test bleed samples
were taken from each rabbit via the central ear artery. The sera from these samples
and from the pre-bleed samples were diluted 1 in 500 and to determine if antibodies
were being produced were used in Western blot analysis, as previously described;
using purified His-Erm(B) protein. A subsequent boost of approximately 50 ug of
His-Erm(B) protein emulsified in Freund’s incomplete adjuvant was administered

and, following a two week interval, approximately 100 m1 of blood was collected

from each rabbit via cardiac puncture.

Adsorption of the Erm(B) antiserum

To remove non-specific antibodies the Erm(B) antiserum was adsorbed
against a whole cell lysate prepared from the base strain, BL21(DE3) carrying
pRSETA (designated JIR5268). A single colony of JIR5268 was cultured overnight
at 37°C in 10 m! of 2 X YT broth supplemented with ampicillin (100 pg/mi).

Following incubation, 5 ml of the culture was used to inoculate 45 ml of the same
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medium and was grown at 37°C for 1 h, After the addition of IPTG (2 mM final
concentration) the culture was grown at 37°C for a further 3 h. The cells were

harvested by centrifugation at 16,300 g for 10 min at room temperature and the

supernatant discarded. The cell pellet was resuspended and washed in 10 ml of PBS

and centrifuged at 12,000 g for 10 min at room temperature. The supernatant was

discarded and the cell pellet was resuspended in 10 ml of PBS. The cells were lysed

by passage twice through a French Press. Cellular debris was removed by

centrifugation at 4°C at 12,000 g for 10 min. The supematant was transferred to a

Blue Max™ 50 ml Polypropylene Conical Tube (Becton Dickinson), and two pieces

of nitrocellulose (Schleicher and Schuell), cut to 10 cm X 10 em, were added. |
Proteins were allowed to bind to the nitrocellulose under rotation for 20 min at 4°C.
The antiserum was diluted 1 in § in a sterile petri dih using TBS-Tween. One piece
of nitrocellulose was added to the diluted antiserum and incubated at 4°C with
shaking to allow antibodies to bind. After 1 h, the nitrocellulose was replaced with
the second filter and the solution incubated for a further 1 h. The adsorbed antiserum

was removed to sterile 5 ml polypropylene containers (Disposable Products Pty. Ltd.,

South Australia, Australia) and stored at -20°C until use.
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CHAPTER THREE

IDENTIFICATION OF FUNCTIONALLY AND
STRUCTURALLY SIGNIFICANT RESIDUES OF THE Erm(B)

METHYLTRANSFERASE FROM C. perfringens

Introduction

Methyltransferases are enzymes that can methylate DNA or RNA (mRNA,
IRNA and iRNA) using S-adenosyl-L-methionine (SAM) as the universal methyl
donor and releasing S-adenosyl-L-homocysteine (SAH) as a reaction product
(Bussiere et al., 1998) (Figure 3.1). A structure guided analysis of over 40 DNA
methyliransferases proteins (Malone et al., 1995) revealed the presence of nine
conserved sequence motifs that are important in target sequence specificity, catalysis
and SAM binding of these enzymes (Figure 3.2). Motif1 is highly conserved and
formas a secondary structure known as the G-loop, which binds the methionine
moiety of SAM. Motifs IT and III are less conserved, with Motif Il containing a
negatively charged amino acid that interacts with the ribose hydroxyls of SAM, and a
bulky hydrophobic side chain that makes van der Waals contacts with the SAM
adenine, and Motif III containing a conserved residue that interacts directly with the 1
exocyclic amino group of the SAM adenine (Bussiere ¢ al., 1998). Motif IV i
contains a string of highly conserved amino acid residues and creates a structure

- known as the P-loop, which along with Motifs V1 and VIII forms the active or

catalytic site of the enzyme. Motif V contains a conserved consensus sequence that -

is involved in van der Waals contacts to the SAM adenine and also interacts with
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Figure 3.1 : Methylation of target adenine residues,
Methyiiransferase proteins catalyze the transfer of a methyl group (shown in red)
from th2 substrate S-adenosylmethionine (SAM) to an adenine residue in either RNA

or DNA targets, yielding a methylated adenine restdue and S-adenosylhomocysteine

(SAH) as the reaction products.
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Figure 3.2 : Sequence alignment of the DNA. methyltransferases M-Tagql and M-Hhal, and the rRNA methyltransferases Erm(B) and Erm(C).
The amino acid sequences of M-Taql(JN0257) and M-Hhal (AAA24989) are aligned with the Em(B) methyltransferases from C. perfringens
(S16033) and &, preumoniae (Yu et al., 1997) and the Erm(C) methyltransferase from B, subtilis (P13956). The position and extent of each of the
consuived motifs, I-VIII and X, are indicated by dark blue arrows below the sequence alignment. The superscript numbers to the left of the start of
each M-Taql or M-Hhal sequence indicate the starting residue number. Regions of identity between the DNA and rRNA methyltransferases are
indicated in red. Amino acids in the C. perfringens Erm(B) sequence that differ from the §. pneumoniage Erm(B) amino acid sequence are indicated in

light blue. Amino acid mutations that were obtained in this study are indicated by a green asterisk above the mutated residue and the single letter code

of the residue to which the amino acid was mutated. Modified from Bussiere et al. (1998).
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Motif VII to form the SAM binding site. Motif VI consists of a cluster of three
hydrophobic residues, which have been suggested to be involved in placing the target
adenine ring on the side opposite Motif IV. Motif VII is not strongly conserved but
is believed to be involved in the folding of the catalytic region (Cheng, 1995). Motif
VII is highly conserved and contains a phenylalanine residue, which is proposed to
interact with the target adenine residue. This region forms a loﬁp that hangs over the
active site and is referred to as the “adenine-binding loop” (Bussiere et al., 1998).
Motif X is not well defined, however, in all methyltransferases the loop formed by
Motif X, along with the G-loop of Motif I and the P-loop of Motif IV, forms the

sides of the binding pocket for the methionine moiety of SAM.

Motifs I, II, IIT and X are primarily responsible for binding SAM (Cheng et
al., 1993; Klimasauskas et al., 1994; Labahn et al., 1994; Schluckebier ef al., 1995)
and have been collectively termed the SAM-binding region (Malone et al., 1995).
Motifs IV, V, VI, VH and VIII are primarily responsible for catalysis (Schluckebier
et al., 1995) as they form the active site and have been collectively termed the
catalytic region (Schluckebier et al., 1995). Previous work has also shown that the
methyltransferases belong to three groups that are distinguished by differences in the
order of the conserved motifs in the relative linear order of the SAM-binding region,
the catalytic region and the target recognition region (Malone et al., 1995). Group o
is arranged in the order (amino to carboxy terminal) SAM-binding iegion, target
recognition region, and then catalytic region. In Group B the catalytic region is
followed by the target recognition region and then the SAM-binding region. Group y
is arranged in the order SAM-binding region, catalytic region and then target

recognition region (Malone et al., 1995).




In C. perfringens MLS resistance is mediated by the Erm(B) rRNA
methyltransferase (Berryman and Rood, 1989), which, baéed on its amino acid
sequence and motif order, belongs to the y group of methyltransferases. This chapter
presents the results of mutational analysis of the C. perfringens erm(B) gene and
identifies several amino acid residues located in conserved motifs that are important

for either the structure or function of the Erm(B) protein.

Results

Mutagenesis of pJIR418

Mutagenesis was performed on the E. coli-C. perfringens shuttle plasmid
pJIR418 (Figure 3.3), using in vitro hydroxylamine mutagenesis (Koutsis, 1993) and
random mutagenesis via passage through the mutator strain XL1-Red. After
mutagenesis, purified plasmid DNA was used to transform competent E. coli DHS«
cells to chloramphenicol resistance, which is encoded by the catP gene located on
pJIR418 (Figure 3.3). The resultant chloramphenicol resistant colonies were patched
onto medium containing either chloramphenicol or erythromycin. Colonies that
grew on chloramphenicol but not on erythromycin were selected as potential erm(B)
mutants. Over 9000 chloramphenicol resistant E. coli colonies that were derived
from three independent hydroxylamine and three independent random mutagenesis
reactions were screened in this manner, resulting in the isolation of 38

chloramphenicol-resistant, erythromycin-sensitive colonies.

To reduce the possibility that the erythromycin-sensitive phenotype had
resulted from gross changes to pJIR418, plasmid DNA was extracted from each of

the 38 strains and restriction endonuclease analysis was used to check the overall
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Figure 3.3 : Physical map of pJIR418.

Plasmid pJIR418 (Sloan et al., 1992) is a shuttle vector which contains origins of
replication for E. coli (oriEC) and C. perfringens (oriCP) (indicated by orange
boxes) and the replication gene from the C. perfringens plasmid pIP404 (rep)
(indicated by the green arrow). It encodes resistance to both erythromycin (erm(B))
and chloramphenicol (catP) (shown as blue arrows). It also contains a pUC18-

derived multiple cloning site. The positions of restriction sites are indicated, relative

to the single EcoRI site.
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profile of the plasmids. Digestion of pJIR418 with Smal should result in two DNA
fragments of 4967 bp and 2391 bp. The results showed that the plasmids from eight
of tiie strains no longer had the correct profile (data not shown). These strains were

eliminated from the study. The remaining plasmids all had the expected profile.

Sequence analysis of the mutated pJIR418 derivatives

The remaining derivatives were sequenced using the oligonucleotide primers
#2981, #3049 and #4210 (Figure 3.4) to identify the erm(B) mutation. When
mutations were found, a second sequencing reaction was conducted using an
appropriately positioned oligonucleotide primer on the opposite strand to confirm the

mutation (Figure 3.4).

Two categories of erythromycin-sensitive mutants were identified. The first
contamned nine pJIR418 derivatives, each of which contained a single mutation in the
erm(B) structural gene (Table 3.1). These mutations were scattered throughout the
erm(B) gene. Three of these derivatives, pJIR977, pJIR934, and pJIR1571, were

found to contain the same mutation.

The second category contained 19 of the mutated pJIR418 derivatives. These
plasmids were found to have nucleotide changes that resulted in the introduction of a
stop codon, or led to a frameshift resulting from the insertion or deletion of a single
base (Table 3.2). These mutations would result in the production of truncated
Erm(B) proteins (Table 3.2, Figure 3.5). Many derivatives in this category contained
the same mutations. Two additional pJIR418 mutants were not studied further

because they either contained multiple mutations (pJIR1573) or had no detectable

mutations (pJIR972) (data not shown).
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Figure 3.4 : Sequencing aud amplification of the erm(B) gene.

Sequencing and amplification of the erm(B) gene (blue arrow) was undertaken using
oligonucleotide primers that bound either within the erm(B) structural gene or within
the downstream ORF, orf3 (white arrow). The approximate binding sites, and
polarity of these oligonucleotide primers, are indicated by their number and an

amwow,
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Table 3.1 : Characteristics of E. coli and C, perfringens strains carrying mutated

pJIR418 derivatives that contained single missense mutations in the erm(B)

gene.
Plasmid Nucleotide Erm(B) Erythromycin MIC (ug/ml)
Autation” derivativet
E. coli C. perfringens

pIIR418 N/A Wild-type >1280 >1280
pJIR750 N/A Negative Control 160 <5
pIIR1576 G1620A G37E 160 . e <5
pJIRR1615 C1634T H42Y 160 <5
pJIR883 G1682A E58K 80 <5
plIR1603 T1698C L63P 640 640
plIR 1606 A1953C Q148p 320 <5
pJIR977,
pIIR934, C2000T P164S 640 <5
pIR1571 '
pJIR1613 G2019T $1701 640 <5

"Nucleotide pos:tions refer to the previously published sequence of the erm(B) gene region from

C. perfringens (Berryman and Rood, 1995) (GenBank accession no. U18931). Nucleotide position
1511 is the first base of the erm(B) structural gene.

tOriginal Erm(B) residue, number of the residue, mutant residue.
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pJIR418 derivatives that contained nonsense mutations in the erm(B) gene.

Plaesmid Nucleotide Erm(B) Erythromycin MIC (ug/ml)
5 Mutation derivativef
g E. coli C. perfringens
pIIRA418 N/A Wild-type 1280 >1280
pIR750 VA Neganive Control 160 5
PIRI599 1536AA  Emm(B)9+2¥ 160 <3
FTIRTS9E, 60 35
§ pIIR1598, 1554AA  Em(B)i6+4* 160 <5
pIIR1605 160 <5
PIIRO32, 80 35
pIIR1570, C1772T  Em(B)87* 80 <5
pJIR1611 80 <5
pJIR1607 1841+A Erm(B)112+37 640 <5
pIIR1595, 160 <35
% pITR1597, 185i+T  Em(B)114+1* 160 <5
pIIR 1600 160 <5
PTIRIG04 TB5IAT BB 1499¢ 760 3
PIROTL, 320 T <5
plIR973, C1925T  Erm(B)138* 320 10
pITR1551 160 <5
TpARY T T CI19s1IT Erm(B)147* 160 <5
" pIIRTE0S, CI130T  Em(B)205* 760 3
pIIR1609 320 <5
3 pIIK1610, C2198T Erm(B)225% 320 <5
pJIR1614 320 <5

“Nucleotide positions refer to the previously published sequence of the erm(B) gene region from

C. perfringens (Berryman and Rood, 1995) (GenBank accession no. UJ18931). Nucleotide position
1511 is the first base of the erm(B) structural gene,

tMutations have introduced either stop codons, ¢.g. Exrm(B)88*, or a frameshift which leadsto a
certain number of normal Erm(B)-encoded residues plus residues following the frameshift up to the
next stop codon, e.g. Erm(B)8+3%, where * indicates a stop codon,
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Figure 3.5 : Truncated Erm(B) derivatives produced in this study.

A diagrammatic representation of the truncated Erm(B) derivatives is shown. The blue bar represenis the wild-type Erm(B) protein (245 amino acids).
The remaining bars represent truncated derivatives of the Erm(B) protein. Where the amino acid sequence of the derivative is the same as the wild-
type protein the bar ic colored grey. Where the amino acid sequence of the derivative is different from the wild-type protein the bar is colored red. For

example, the truncated derivative Erm(B)9+2* is an 11 amino acid Erm(B) derivative of which the first eight residues are the same as the wild-type

protein and the remaining three residues are different.
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Effect of the erm(B) mutations en erythromycin resistance

To examine the quantitative effect of each of the erm(B) mutations on
erythromycin resistance, MICs were determined in both E. coli and C. perfringens.
MIC experiments were first performed on those E. coli and C. perfringens strains
that carried pJIR418 derivatives with single point mutations. Each of the E. coli and
C. perfringens strains carrying these mutated pJIR418 derivatives had an MIC of
between 80 and 640 pg/ml in the E. coli background and <5 pg/ml in the
C. perfringens background, with the: exception of strains carrying pJIR1603, which
had MICs of 640 pg/ml in both backgrounds (T'able 3.1). The negative control
plasmid used in these experiments, pJIR750 (Bannam and Rood, 1993), is a
derivative of pJIR418 from which the Avall-§cal fragment containing the erm(B)

gene has been deleted.

To ensure that the erythromycin-sensitive phenotype exhibited by these
derivatives resulted from the single base mutations in the erm(B) genes and not from
mutations elsewhere on pJIR418, the erm(B) gene from pJIR418 and from ali of the
missense mutants, except pJIR1603, were PCR amplified using the oligonucleotide

primers #10515, which binds immediately upstream of the ezm(B) RBS, and #6357,

which binds immediately downstream of the erm(B) stop codon (Figure 3.4). These

oligonucleotice primers introduced Asp718 sites to the ends of the erm(B) PCR
products, enabling them to be cloned into the unigue 4sp718 site of pJIR750,
adjacent to the Jac promoter, Each of the pJIR750 derivatives were then sequenced
across the erm(B) gene to ensure that no additional mutations had been introduced
during PCR. These plasmids were used to transform E. coli DH50. ells to
chloramphenicol resistance and the erythromycin MIC of each of the resultant strains

was determined (Table 3.3). All pJIR750 derivatives carrying the mutated erm(B)
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Table 3.3 : Characteristics of E. coli strains carrying pJIR750 derivatives into

which mutated erm(B) genes were cloned.

Plasmid Erm(B) derivative Erythromycin MIC (ug/ml)
in E. coli
pJIR1847 Wild-type 1280
pHIR750 Negative Control 80 h
pJIR1850 G37E 80
pJIR1853 H42Y 80
plIR1848 ESSK 80 -
pIIR1851 Q148p 320
pJIR1874 P164S 160

pIIR1852 S1701 80




genes conferred resistance to erythromycin at 320 pg/ml or less (Table 3.3),
indicating that the mutations in the erm(B) gene were producing the

erythromycin-sensitive phenotype in the mutated pJIR418 derivatives.

MIC experiments were also performed on the nonsense mutants (Table 3.2).
These mutants conferred little or no resistance to erythromycin, depending on the
position at which the erm(B) gene was truncated. Generally, those derivatives
truncated within the first two-thirds of the erm(B) gene did not confer resistance,
while those truncated in the last third of the erm(B) gene conferred a low level of
resistance in the E. coli background (Table 3.2). In the C. perfringens background

none of the iruncated derivatives conferred resistance (Table 3.2).

Detection of mutant Erm(B) proteins by immuuoblotting

The erythromycin-sensitive phenotype exhibited by the missense mutants
could result from the production of either a stable but non-functional Erm(B) protein,
or an unstable Erm(B) protein. To determine which of these possibilities was
responsible for the phenotype, it was necessary to examine the proteins produced by

these erm(B) derivatives. To detect the protein that was being produced, an Erm(B)-

specific antiserum was required.

a) Production of the Erm(B) protein

To raise an Erm(B) specific antiserum it was first necessary to purify the
Em(B) protein. The erm(B) gene was amplified from pJIR418 using the
oligonucleotide primers #6356 and #6357. Primer #6356 binds at the 5’ end of the

erm(B) structurai gene and introduces a BamHI site immecdiaiely preceding the ATG

start codon, while primer #6357 binds at the 3’ end of the erm(B) structural gene and
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introduces an 4sp718 site immediately following the TAA stop codon (Figure 3.4).
Feliowing amplification, the PCR product was digested with BamHI and Asp718 and
cloned into the BamHI/Asp718 sites of the expression vector pPRSETA. Sequencing
of the resulting plasmid construct, pJIR1626, using oligonucleotide primer #7716,
which binds upstream of the multiple cloning site in pRSETA, confirmed that the
erm(B) gene had been cloned in the correct location for expression from the T7
promoter. Sequencing of the remainder of the gens confirmed that no mutations had

been introduced during PCR amplification.

The plasmid pJIR1626 was introduced into the IPTG-inducible E. coli
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expression strain BL21(DE3). Erm(B) production from the resultant strain, JIR5753,

was monitored over a 3 h time course following induction. The production of the
His-Erm(B) protein was detected by immunoblot analysis of whole cell extracts
using antibodies to the T7 tag, which: is fused to the N-terminus of proteins produced
from pRSETA. The results showed that a protein of 36-38 kDa was produced at all
time points sampled and appeared to be produced in increased amounts as time
orogressed following inductior: (Figure 3.6A). The predicted molecular weight of
the His-tagged Erm(E) protein is 37.92 kDa, which is in agreement with that

observed in the T7 tag immunoblot.

T;') determine the solubility of the His-Erm(B) protein, a whole cell lysate was
prepared from a culture of JIR5753 that had been induced and grown for 3 h. The
lysate was separated into pellet and supernatant fractions by centrifugation.
Immunoblot analysis of these fractions using fhe T7 tag antibodies (Figure 3.6B)
revealed that the majority of the His-Erm(B) protein was in the supernatant,

indicating that it was soluble and therefore suitable for use in purification studies.
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Figure 3.6 : Production of the Erm(B) protein.

(A) An overnight culture of E. coli strain JIRS753 was diluted 1 in 10 in 2YT broth
containing ampicillin, The culture was grown for 1 h at 37°C, a 0 min (To) sample
was removed, and protein production was then induced by the addition of IPTG

(2 mM finai coner tration). Further samples were removed at 30 min (Tso),

60 min (Teg), 1. : min (T}20) and 180 min (T50) after induction, to determine when
the His-Erm(B) protein was maximally produced. Celis were harvested by
centrifugation (see Chapter 2), and the pellet resuspended in 2X sample buffer and
boiled, to prepare whole cell extracts. The proteins present in the extracts were
separated on 12% SDS-PAGE gels alongside appropriate size markers, and were
then transferred to nitrocellulose. The production of the His-Erm(B) protein was
detected by immunoblotting using thé T7-tag antibody.

(B) Cells from a culture of JIR5735 that had been induced for 3 h were harvested by
centrifugation at 4°C, and the pellet resuspended in PBS. The cells were then lysed
using a French Pressure cell and the resultant lysate centrifuged at 4°C. The pellet
was resuspended in PBS, and a portion of the supernatant retained. Proteins present
~ in sampleg of the pellet and supematant were separated on 12% SDS-PAGE gels
alongside appropriate size markers, and were then transferred to nitrocellulose. The

His-Enn(B) protein was detected by immunoblotting using the T7-tag antibody.
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b) Purification of the Erm(B) protein

The His-Erm(B) nrotein was subsequently purified under non-denaturing
conditions using Talon™ Metal Affinity Resin (Chapter 2) from a 1 L culture of
JIR5753, which had been induced with 2 mM IPTG and grown at 37°C for 3 h. The
His-Erm(R) protein was eluted from the Talon™ column in five 1 m1 fractions using
20 mM, 60 mM, 100 mM, 140 mM and 200 mM imidazole. Proteins present in
samples of each fraction were separated on a 12% SDS-PAGE gel and the gel stained
with coomassie brilliant blue to detect the purified His-Erm(B) protein (Figure 3.7).
A single protein species, which appeared *o run at the expected molecular weight of
His-Erm(B), was observed in all fractions, with the exception of the 200 mM
imidazole fraction. Most of the His-Erm(B) protein appeared to be eluted in the
60 mM and 100 mM fractions, with small amounts being eluted at 20 mM and
140 mM (Figure 3.7). The 60 mM, 100 mM, and 140 mM imidazole fractions were
pooled and, to remove the imidazole, were dialyzed against 20 mM Tris Buffer
(pH 7.5) containing glycerol. The protein was then concentrated by centrifugation
through a Millipore Ultrafree-15 Centrifugal Filter Device in a Beckman TJ-6

centrifuge to a {inal conceniration of 875 pg/ml.

c) Production of Erm(B) antiserum

Antiserum to the purified His-Erm(B) protein was raised in two female New
Zealand White rabbits (Chapter 2). The rabbits were initially injected
intramuscularly with approximately 50 pg of His-Erm(B) protein emulsified in
Freund’s complete adjuvant and were given two boosts, consisting of approximately
50 pg of His-Erm(B) protein emulsified in Freund’s incomplete adjuvant,
administered at four weekly intervals. Two weeks following the second boost,

approximately 100 ml of blood was collected from each rabbit via cardiac puncture.
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Figure 3.7 : Purification of the His-Erm(B) protein.

A whole cell lysate was prepared from a culture of JIR5735 which had been induced
by the addition of 2 mM IPTG and grown at 37°C for 3 h. The His-Erm(B) protein

- was purified from this lysate by metal affinity chromatography on a Talon™ column.
The protein was eluted from the column in five 1 ml fractions using buffer
containing 20 mM, 60 mM, 100 mM, 140 mM, or 200 mM imidazole. Proteins
present in equivalent samples of each fraction were separated on a 12% SDS-PAGE

gel alongside appropriate size standards, and the ge! stained with coomassie brilliant

blue to detect the purified His-Erm(B) protein.
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Prior to use, the His-Erm(B) antiserum was adsorbed (Chapter 2} against the base
strain, JIR5268, to remove non-specific antibodies. The adsorbed antiserum was

then used at a 1 in 5000 dilution in all subsequent immunoblot analyses.

d) Detecting the Erm(B) proteins encoded by the mutated pJIR418 derivatives
The ability to produce an Erm(B) protein was examined for each of the
missense erm(B) mutants, Whole cell lysates were prepared from E. coli strains
carrying plasmid derivatives encoding the wild-type Erm(B) protein (pJIR418), or
the mutant Erm(B) proteins (Table 3.1) and also from a strain carrying a plasmid that
did not encode the Erm(B) protein (pJIR750). The lysates were examined by
Western blotting using the adsorbed His-Erm(B) polyclonal antiserum. The results
showed that all six of the mutated derivatives that were tested produced similar levels
of an immunoreactive protein that was the same size as the wild-type protein
(Figure 3.8), suggesting that the erythromycin-sensitive phenotype exhibited by the
E. coli and C. perfringens derivativ‘cs carrying these plasmids resulted from a
difference in the structure or function of the Erm(B) protein rather than failure to

produce Erm(B) or the production of an unstable Erm(B) protein.

e) Analysis of truncated Erm(B) mutants

Western blots were also carried out on cell extracts from strains carrying the
erm(B) nonsense mutants. Whole cell lysates were prepared from E. coli strains
carrying plasmid derivatives that encoded the wild-type Erm(B) protein, a selection
of the nonsense mutants (Table 3.2), and from a strain carrying a plasmid that did not
encode Erm(B), as before. The plasmids encoding Erm(B)9+2* and Erm(B)16+4*
both contained a single base insertion in the erm(B) gene, resulting in a frameshift

that would lead to the production of Erm(B) variants of only 11 (~1.5 kDa) and
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Figure 3.8 : Western blot analysis of Iysates from E. coli strains carrying

plasmid derivatives encoding mutant Erm(B) proteins.

E Proteins present in standardized amounts (10pg) of whole cell lysates prepared from

E. coli strains carrying plasmids encoding wild-type Erm(B), G37E, H42Y, E58K,

Q148P, P164S, S1701, or no Erm(B) protein (negative control), were separated by

electrophoresis on a 12% SDS-PAGE gel and then transferred to nitrocellulose. The

Erm(B) derivatives were detected using the adsorbed His-Erm(B)-specific polyclonal

antiserum.




20 (~2.8 kDa) amino acids, respectively. The plasmids encoding Erm(B)87*,
Erm(B)138*, Erm(B)147*, Erm(B)203* and Erm(B)229* contained point mutations
that introduced stop codons and would result in the production of Erm(B) variants of
87 (~10.0 kDa), 138 (~16.0 kDa), 147 (~17.0 kDa), 203 (~23.8 kDa) and

229 (~26.9 kDa) amino acids, respectively.

Western blots showed that the Erm(B) antiserum detected most of these
truncated variants (Figure 3.9). As expected, the antiseram was not able to detect the
Erm(B)9+2* or the Erm(B)16+4* variants, which represent the two smallest
truncated variants. The Erm(B)87*, Erm(B)138*, Em(B)147*, Em(B)203* and
Erm(B)229* variants were detecied, indicating that truncated Erm(B) variants that

include as little as a third of the full length protein can be detected using this

antiserum.

Two immunoreactive proteins were detected in extracts derived from strains
carrying the plasmid encoding the Erm(B)138* variani. One band was the correct
size (~16 kDa) for the predicted Erm(B) truncated variant, and the other
corresponded in size to the full length Erm(B) protein. Two other mutated pJIR418
plasmid derivatives in this study, pJIR973 and pJIR1551, were found to contain the
same point mutation as pJIR971 and would therefore also encode the Erm(B)138*
variant. The production of Erm(B) was also examined in lysates from E, coli strains

carrying these plasmids and the same two bands were produced (data not shown).

Structural modelling of the Erm(B) protein

The crystal structure of the rRNA methyltransferase Erm(C), formerly

referred to as ErmC’, from B. subtilis (Bussiere et al., 1998) and the NMR structure
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Figure 3.9 : Western blot analysis of lysates from E. coli strains carrying
plasmid derivatives encoding truncated Erm(B) proteins.

Proteins present in standardized amounts (10ug) of whole cell lysates, prepared from
E. coli strains carrying plasmids encoding wild-type Erm(B), Erm(B)9-+2*,
Erm(B)16+4*, Erm(B)87*, Ern(B)138*, Erm(B)147*, Erm(B)203*, Erm(B)229*, or
no Erm(B) protein (negative control), were separated by electrophoresis on a 12%
SDS-PAGE gel and then transferred to nitrocellulose. The truncated Erm(B)
derivatives were detected using the adsorbed His-Erm(B) specific polyclonal

antiserum.
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of the closely related rRNA methyltransferase Erm(B), formerly referred to as
ErmAM, from §. pneumoniae (Yu et al., 1997), have been determined. The Erm(B)
protein from S. pneumoniae is nearly identical to the Erm(B) protein from

C. perfringens, differing in only three amino acid residues (at positions 100, 118, and
226, Figure 3.2), and is therefore a very good model for the C. perfringens Erm(B)
protein. The Erm(B) and Erm(C) proteins have approximately 50% amino acid
sequence identity and therefore the structure of Erm(C) also provides a reliable basis

for a model of the C. perfringens Erm(B) protein.

Based on the NMR model for ErmAM (PDB entry 1YUB) and the crystal
structure of Erm(C) (PDB entry 1QAO) the structure of the Erm(B) protein. was
modelled, by our collaborator, Dr. Galina Polekhina, using Program O (Jones et al.,
1991) (Figure 3.10). The predicted structure is bilobal, meaning that it consists of
two main domains; the catalytic domain that contains the SAM-binding region and
the catalytic region, and the RNA recognition domain, Based on this structure, as in
all other methyltransferases, Motifs [-VIII and X would form the SAM-binding

region and the catalytic region.

Each of the six mutations we obtained in the erm(B) gene result in a change
to an amine acid either in or close to a conserved motif (Figure 3.2). We obtained
two mutations within or close to Motif I (G37E and H42Y), two mutations in or
close to Motif Il (ES8K and L63P), one mutation in Motif VII (Q148P), z;nd two
mutations in or close to Motif VIII (P164S and S1701). With the exception of L63P,
the location of each of the mutated residues in relation to the structure of the Erm(B)
protein, and the side chains of the nomal residues at these positions, are shown in

Figure 3.10. The fact that each of the mutations we obtained occurred within or
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Figure 3.10 : Structural model of the C. perfringens Erm(B) protein. :
The C. perfringens Erm(B) protein has a bilobate structure consisting of two |
domains. The upper domain, consisting mainly of o-helices, is the RNA recognition

domain. The lower domain, containing the putative SAM-binding region and the

putative catalytic region, is the catalytic domain. The conserved motifs, Motifs I-

VIII and X are shown in green, and the positions of the residues mutated in this study

are shown by indicating the side chain of the naturally occwrring residue at these

.
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positions. A molecule of the substrate, SAM, is shown in complex with the

structure.
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close to a conserved methyltransferase motif suggests that derivatives producing

these proteins exhibit an erythromycin-sensitive phenotype because the Erm(B)

k. proteins are impaired in their ability to either bind SAM, to bind to the rRNA target,
e or to catalyze the transfer of the methyl group from SAM to the adenine residue in

the RNA target.

SAM binding assays

Researchers working on DNA methyltransferases including the Dam
methyltransferase (Wenzel et al., 1991) and the EcoKI methyltransferase (O'Neill et

al., 1998) have been successful in showing specific SAM binding using a cross-

linking assay. These assays involve incubating the methyltransferase protein and
either *H- or 1*C-labelled SAM on ice, and then exposing the samples to UV
radiation for varying lengths of time. During this procedure, iabelled SAM is
specifically crosslinked to proteins that have an affinity for the substrate, whereas
SAM is not crosslinked to proteins to which it is unable to bind. The samples are

then run on SDS-PAGE gels and proteins with bound SAM can be visualized by

autoradiography.

To determine whether the Erm(B) mutant derivatives were able to bind SAM,
purified wild-type C. perfringens Erm(B) protein (both His-Erm(B) and Erm(B) from
which the His tag had been removed by enterokinase cleavage) and purified BSA as
a negative control, were analyzed in a SAM binding assay using ‘H-labelled SAM.
The experiment was conducted several times, varying conditions such as the
concentration of Erm(B) protein and *H-labelled SAM, the length of time the
samples were exposed to UV radiation, the distance of the sample from the UV

source, the method of autoradiography used to detect the sample, and the length of
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exposure. Despite these attempts it was not pos:ible to detect the crosslinking of

SAM to the wild-type Erm(B) protein.

Discussion

To develop specific inhibitors of the Erm methyltransferases it is first
necessary to determine which residues of these proteins are critical for their function.
In this study seven pJIR418 derivatives that contained single point mutations in the
erm(B) gene, were isolated after random mutagenesis. These mutations resuited in
the production of Erm(B) proteins with single amino acid changes that either
abolished or reduced erythromycin resistance in both C. perfringens and E. coli
backgrounds. Each of the amino acid changes in the Erm(B) variants G37E, H42Y,
ES8K, L63P, Q148P, P1648S and S1701, occurred within or close to conserved
methyltransferase motifs that in other methyltransferases are either involved in SAM

binding, RNA binding or catalysis of the methylation reaction.

Motif [ creates part of the binding pocket for the methionine and ribose
regions of SAM (Figure 3.11). The motif is centered around residues G-X-G
(Figure 3.2), and is typically preceded by a D or E residue four residues toward the
N-terminus (Bussiere et al., 1998). It forms a secondary structure known as the
G-loop, which binds the methionine moiety of SAM (Malone et al., 1995). QS? and
H42 are located within Motif I. Upon binding of SAM, a change in the backbone
conformation of G37 allows the main chain carbonyl oxygen of this residue to accept
a hydrogen bond from the a:-amino nitrogen of SAM (Schluckebier ez al., 1999)
(Figure 3.11), implying that flexibility in the structure is very important at this

particular residue. In addition, the torsion angles of G37 lie in the area of the left-
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Figure 3.11 : Interactions between SAM and residues in motifs I and II.
The structure of the Erm(B) protein in the region surrounding the SAM molecule is
shown. The location of the conserved motifs I-VI and VIII are shown in green. The




handed helix region of the Ramachandran plot, which suggests that no other amino
acid will be tolerated in this conformation. Therefore, the first mutant we obtained,
G37E, is unlikely to be able to bind SAM either due to the lack of flexibility in
Motif I, or due to the steric hindrance caused by the glutamate side chain partially
occupying the region of the SAM binding site that is rormally occupied by the
methionine portion of SAM (Figure 3.12A). The second mutant we obtained in
Motif [, H42Y, is not as easily explained. The mutation occurs in a histidine residue
that is not well conserved among methyliransferases. The C. perfringens Erm(B)
model (Figure 3.10) predicts H42 to be exposed, and the mutation to Y42 can easily
be accommodated into the mode! without significant alterations to the structure
(Figure 3.12A). However, structurally, H42 is in the vicinity of both Motif VIII and
the SAM-binding site and it may influence the binding of RNA substrate either

directly or indirectly through long distance structural changes.

Motif I, like Motif I, forms part of the SAM binding pocket. This motif
contains a negatively charged residue that hydrogen bonds to the ribose hydroxyl
groups of SAM, and is followed by a hydrophobic residue, which is within van der
Waals contact of the adenine ring of SAM (Bussiere e al., 1998). In Erm(B), E58 is
the negatively charged residue and L59 is the hydrophobic residue (Figure 3.2,
Figure 3.11). The mutation of the negatively charged E58 residue to K58, which is
positively charged, is therefore highly likely to interfere with SAM binding (Figure
3.12B). A second mutant, L63P, was also obtained near Motif II. The Erm(B)L63P
protein is partially functional, resulting in resistance to erythromycin, but not to wild-
type levels (Table 3.1). L63 is not well conserved amongst methyltransferases and
has not been shown to be involved in interactions with SAM. The reduction in

erythromyecin resistance exhibited by strains producing Erm(B)L63P is most likely
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Figure 3.12 : Stereo views of the environment around mitations in motifs I and II.
Key residues are shown in ball-and-stick format. The top panel in each figureis a
stereo view of the wild-type structure and the lower panel shows the mutation. (A)
Motif I mutations (G37E and H42Y). (B) Motif Il mutation (E58X). These figures
were produced using BOBSCRIPT (Esnouf, 1999) and should be examined using the

glasses provided at the back of the thesis.




due to minor structural changes to the SAM binding pocket, as proline residues

commonly introduce bends in proteins.

Motifs IV, VI, VII and VIII are believed to be involved in the formation and
foiding of the catalytic site and in RNA binding. Motif IV is located in a region
known as the P-loop (Malone et al,, 1995). The P-loop, along with Motif VI and
Motif VIII, forms the active site of the protein, Motif IV of Erm{B) contains the
sequence GSIPY, which corresponds to the catalytic sequences GNIPY in Emm(C)
and GNPPY in M-Taql (Figure 3.2) (Bussiere et al., 1998). These sequences are
thought to be involved in binding the target adenine residue via interactions between
the N/S residue of the motif and the target adenine residue (Malone ef al., 1995). In
addition, the Y residue in this motif, in conjunction with the F residue in Motif VIII
and hydrozhobic side-chains in Motif VI, could function in properly orientating the

target DNA adenine (Malone et al., 1995).

Motif VII is weakly conserved among methyltransferases, however, credible
candidates can be found in most proteins (Malone et al., 1995). This motifis
believed to play a role in the folding of the catalytic region (Cheng, 1995). In this
study we obtained a Motif VII mutant in which the Q148 residue was changed to
P148 (Figure 3.13A). This change should not cause any steric clashes in the
structure, however, as Motif VII is proposed to play a role in folding of the catalytic

region, mutation of Q148 to P148 may influence the binding of RNA due to changes

in the folding of the catalytic site.

Motif VIII is believed to be involved in recognition of the adenine residue in

the target RNA. It contains a phenylalanine residue that has been proposed to
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Figure 3.13 : Stereo views of the environment around mutations in motifs VII
and VIII.
Key residues are shown in ball-and-stick format. The top panel in each figure is a
stereo view of the wild-type structure and the lower panel shows the mutation. (A)
Motif VII mutation (Q148P), (B) Motif VIII mutations (8701 and P164S). These

| figures were produced using BOBSCRIPT (Esnouf, 1999) and should be examined

using the glasses provided at the back of the thesis.
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interact with the target adenine (Schluckebier ez ai., 1995) and to play a role in
catalysis via cation- interactions (Schluckebier et al., 1998). This motif occurs in a
loop that forms a prominent arched feature over the catalytic domain (Bussiere et al.,
1998) and 1s comprised of the residues 16 1-FHPKPKVNS-171 in Emn(B). This
motif hangs over the active site and has been referred to as the adenine binding loop
(Bussiere et al., 1998). This motifis very well conserved amongst methyltransferase
proteins and appears to have the consensus sequence FxPxPxVxS (Bussiere et al.,
1998). The first proline residue in this sequence is one of the key residues in the
adenine-binding loop. This proline residue is conserved throughout the Err -~ .+
of methyltransferase enzymes and is found in the cis conformation (Schlue.. ...
al., 1999), which is important for the conformation of the adenine binding lo. - !
this study two mutations in Motif VIII, P1648 and S170], were obtained. The
mutation of P164 to S164 would alter the conformation of Motif VIII and therefore is
highly likely to disrupt RNA binding (Figure 3.13B). The effect of mutation of S170
to 1170 is probably more difficult to understand. Based on the predicted Erm(B)
structure two possible explanations exist to account for the loss of erythromycin
resistance. S170 is in van der Waals contact with the conserved F162 residue, which
is predicted to be involved in the correct positioning of the target adenine.

Therefore, mutation of $170 to 1170 could perturb the binding of the target adenine
due to subtie changes in the binding pocket, which in turn would probably be
sufficient to prevent transfer of the methyl group from SAM to the target adenine
(Figure 3.13B). Secondly, S170 may form a hydrogen bond with E127, which in
turn interacts with Y103, the conserved tyrosine residue in the catalytic sequence
formed by Motif IV. Mutation of S170 to 1170 may therefore destabilize the

structure in the catalytic region and could result in these mutants being unable to




catalyze the transfer of the methyl group from SAM to the target adenine (Figure
3.13B).

Recent studies have reported several potential inhibitors of the Erm
methyltransferases, which are essentially based on the ability of the end product of
the methylation reaction, S-adenosyl-L- homocysteine (SAH), to inhibit the
methylation reaction (Hajduk ez al., 1999; Hanessian and Sgarbi, 2000). These
potential inhibitors bind to the active site of the Erm protein, thereby competing with
the substrate of the methylation reaction, SAM. In this study we have identified
several residues that are potentially involved in either binding of S "M (G37 and
E58) or binding of RNA (H42, Q148, P164 and S170), which are critical for function
of the Erm(B) methyltransferase from C. perfringens. These residues, and the motifs
they are part of, are generally well conserved among most Erm methyliransferase

proteins and may represent good targets for the development of inhibitors to this

important family of enzymes.
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CHAPTER FOUR

IDENTIFICATION AND ANALYSIS OF THE C. difficile

ELEMENT Tn5398

Introduction

Because C. difficile causes disease almost exclusively as a result of
antimicrobial therapy, the antibiotic susceptibility of clinical isolates has been the
subject of many studies. Generally, collections of C. difficile strains react fairly
homogeneously to a given antimicrobial agent, with wide variations in susceptibility
observed only against chloramphenicol, clindamycin, erythromycin, rifampicin, and
tetracycline (Roberts et al,, 1994; Wiist and Hardegger, 1988). Resistance to
erythromycin and clindamycin in C. difficile has always been of particular interest

because clindamycin often seems to trigger the development of disease.

The Enm B resistance determinant from C. difficile was first detected by
hybridization analysis (Berryman and Rood, 1989; Hichler et al., 1987a). It has
been shown to be transferred both intragenerically (Wiist and Hardegger, 1983) to
C. difficile recipients, and intergenerically to both S. aureus (Héchler et al., 19872a)
and B. subtilis (Mullany et al., 1995). In addition, B. subtilis transconjugants have
been shown to be able to transfer the determinant back to C. difficile (Mullany et al.,
1995). Transfer occurs in the absence of detectable plasmid DNA. Integration of the
determinant has been shown to occur at a specific site in C. difficile and in various

chromosomal locations in B. subtilis (Mullany et al., 1995). Because of these
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observations it has been proposed that the C. difficile Erm B determinant resides on a

conjugative transposon, which has been designated Tn5398 (Mullany et al., 1995).

The objectives of the research presented in this chapter were to identify and
characterize the putative conjugative transposon Tn5398, and to determine the

genetic organization of the Erm B determinant carried on. this element.

Results

Cloning of Tn5398 {from the chromosome of C. difficile strain 630

Prior to this study, little was known about the size or genetic content of
Tn5398, other than the fact that it encoded the Erm B determinant. Consequently, a
shotgun approach was used to clone Tn5398 from the genome of C. difficile strain
630. Preliminary Southem hybridization analysis was conducted on chromosomal
DNA digested with a variety of enzymes. A DIG-labelled C. perfringens erm(B)

probe was used to detect potential erm(B) genes. Southern hybridization analysis

revealed that the erm(B) gene was located on approximately 9.7 kb HindIlI and

20 kb Xbal fragments in the genome of strain 630 (data not shown). Accordingly,
DNA from strain 630 was digested with HindHI or Xbal and ligated with similarly
digested pWSK29 DNA. The ligated DNA was then used to transform E. coli DH5«
cells to erythromycin resistance. Potential recombinants were selected on media

containing erythromycin (150 pg/ml).

Two recombinant plasmids were isolated. The first plasmid, pJIR1594,

contained an approximately 9.7 kb HindIlI insert, the second, pJIR1790, contained

the 20 kb Xbal fragment.
95




Sequence analysis of pJIR1594 and pJIR1790

Restriction endonuclease analysis of pJIR1594 and pJIR1790 revealed that
the cloned fragments had common restriction fragments, which encompassed a
region commencing at the Xbal site at the beginning of the pJIR1790 insert and at
nucleotide position 1507 in the pJIR1594 insert, extending downstream to the
HindIIl site at nucleotide 8159 in the pJIR1790 insert and nucleotide 9666 in the
pJIR1594 insert (Figure 4.1). Consequently, pJIR1594 was sequenced on both
strands, firstly using the oligonucleotide primers UP and RP and then using a primer
walking approach (Figure 4.1). The insert in plasmid pJIR1790 was sequenced on
both strands, using a primer walking approach, across a region that extended from

the Asp718 sites common to both plasmid inserts to approximately 5.8 kb

downstream (Figure 4.1).

Analysis of the sequence using the BLASTX algorithm (Altschul et al., 1997)
revealed the presence of fifteen complete and one incomplete ORFs. The déduced
amino acid sequence of each of these ORFs was analyzed using the BLASTP

algorithm (Altschul et al., 1997) to determine their similarity to known proteins in

the databases.

a) ilvD

The first ORF detected in pJIR1594 was incomplete (nucleotides 1 to 1040,
Figure 4.2). No start codon, RBS, or promoter elements were found upstream of this
ORF (Table 4.1). BLASTP analysis of the amino acid sequence showed homology
to IlvD proteins from several organisms. IlvD is a dihydroxy acid dehydratase, that

catalyzes the conversion of dihydroxyacids to branched-chain keto acids (Fink,
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Figure 4.1 : Sequence analysis of pJIR1594 and pJIR1790.

A 14992 bp region from the recombinant plasmids was sequenced using the oligonucleotide primers shown. The exten

each primer is indicated by the arrow below the number of the oligonucleotide primer. The location of the ORFs are shown as colored block arrows

above the scale bar. The extent of the sequenced DNA in each recombinant plasmid, and the restriction enzyme profile of each DNA insert, is show

below the scale bar. The dashed arrow in the pJIR1790 DNA restriction profile indicates DNA that was not sequenced
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Figure 4.2 : Nucleotide sequencé of Tn35398 and its flanking regions.

Nugcleotide positions are stated at the end of each line of sequence. The start and stop
codons of each ORF are indicated in bold type face above the nucleotide sequence.
The arino acid sequence of each predicted ORF is given below the appropriate
nucleotide sequence. Potential RBS, -10 and -35 promoter sequences are underlined
in bold. Ths potential right and left hand ends of Tnj398 are indicated in boid above
the nuclzotide sequence. The beginning and end of regions encompassed by DR
sequences are shown in bold above the nucleotide sequence. Palindromic sequences
pald and palB are indicated by bold arrows below the nucleotide sequence. Potential
oriT sites are shown as bold type face nucleotides within the sequence. The site at
which a deletion event has removed the promoter sequences upstreamn of erm2(B) is

marked by a black triangle (A ) beneath the nucleotide sequénce. The GenBank

accession number for the the Tn5398 element and flanking sequence is AF109075.

TAGGCATGGGGATACCATATAATGGTACTGCTGCGTCACATTCTGGAGAAAGAAANANGGA
¢ M &6 1 P Y N G T A A 5 H § G E R K R
TAGCAAAATATGCAGGTATGTATGTTATGGAGT TACTTAAGARACGACATAAAACCTAGAG

I 2 K Y A 6 M Y V M E L L K N D I K P R
ATATTTTAACRATAGATGCYTTTAAAAATGCTATAGCTGTGGATATGGCAATGGCTGGTT
pbfr .. I D A F K N A I A ¥V D M AM A G
CTACAAATACAGTACTTCACTTACCTGCAATAGCT YATGAATCAGGAATAGAGCTTAACT
s T N T V L ®H L P A I A ¥ E 8§ 66 I E L N
TAGATTTTTTTGATGAAR TAAGTGAAAARRCTCC T TG TTAACAAARTTAAGTCCAAGTG
L b r F D I 8§ E K T PF CIL T KL $§ P 8
GABMAACATCATATTGAAGATTTACATATGGCAGGAGGAATACCAGCTATAATGAACGAGC

¢ K H H I E » L H M A G ¢ I P B I M N E

L § K I N &6 I N L D T K TV T G K T I R
AARAATATAAGAAAT TGTGAAATACAANN"™ "THRAGAAGTAATACATACATTAAAGAATCCAT
E N I R N T 8B I E N & E V I H T L K N P
ATAGTAACCAAGGTCGHAGCTTGCAATATTGARAGGAARTCTTGCTCTARATGGAGCTGTTG
¥y 5 N O &G 6 L A I L K G N L A L N G A V
TAAAAAATCAGCAGTTGCAGRAGAATGTTAGTTCCATGAAGGACCCAGCAAGAATTTTTA
Voo g ¢ Lo g KNV S S5 M K D é A R I F
P CAGAAGAAGAAGCTGTAAATGCTATTTTTGGTAAARARATAAACAAAGGTGATGTTA
M 3 E E E A V¥V N A T F G K K I N K 6 D V
TAGTTATEAGATATCAAGGTCCARAAGGGTGGTCCAGGAATGARAGARATGCTATCTCCTA
t v I Y E GG P K & G P G M K E M L S P
CATCAGCAITTGCAGGAATGGGACTTGATAAGCATGTAGCACTTCTTACTGATGGTCGTT
TS » VvV AGM GL D K H V A L L T D G R
TTTCAGGGGCAACTACAGGAGCATCTATAGGCCATATTTCTCCAGAAGCTATGGAAGGTG
$ 6 AT T G A 5 I G H I 58 P E A M E G
GrTTAATCGGACTAGTTGAAGAAGGAGATATAATTTCTATAAACATACCAGACARAAAAT

s L I & L v E E & D T I 8 I N I P D K K
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TAGAGTTARAAGTAGATGAARGTTGAAATAGAAAATAGAARATTAAARTTTAARCCTTTAG

L L K v D E V E I ENER KL K F K P L

L

AACCGAAAATAAAGCATGGATACTTAAGTAGATATGCTARATTGGTARCATCAGCAAATA

E & L K v b E V E I E N F K L K F K P L
Stop ilvD
CAGGAGCAGT TTTAAAATAGTAGACTATATTTATGTAAATTAGAAAAAGTTAAGAAAATA

T & A Y L K

EcoRV
TTAATTGGATATCTCAGGTGTTATATCACTAATGAGGTATCCTTTTTATTTTGTATGAAR
AACACAGCAARATCTTGATTATCTTTGAAAACAATACATCTCTATTATAAGGAATACGAG
TACAGCATAGAGATGTATCTT TTAGACCTTGTTGAGGTAATACAACTTTTTAARAGTTTG
ATGTGGAATGCTTTTCGTTCCATCTGARCTATGAAGARAATTGAAAGTCAGTTAATTCTTG

RBS
ACATAATAAATATTAARAATGTTTAATARAAARACAAACAGACAGTCTGTTTTTAGGAGGGG

Start hydR
AATATGARATAGAGAAGAAARAAGTAAAAATAGTARAGARRANAATTATCCAATCAGCATTT

M N R E E K § K NS K E K I I ©Q 8 a F
TCACTATITTCCTCTARAGGATATGATTCAACATCTACACAAGATATTATCAATTTATCT
s L F 8§88 K 66Y DS T s T @ D I I N L 8§

Xbal
GGTCTATCTAGAGGTGCAATGTATCATCACTTTAAMAACTARAGAAGATATACTGAGAAGT
G L S R GG A M Y HHF KT K E DI L R 8
GTCACAARAGAACTTTACTCACARATGAATAATTTTT TAGAGTATCTTGTTGCTGATGAC
v T K E L ¥ S ¢ M N N F L E Y L V A D D
ACCCTTACAGCAAATGARAAAATAATAGAATTGCTTGTTCATAGTGCGAATGATTACACA
T L T A NE K I I E L V V H S A N D Y T
CGTAGAAAAATGGTACATTGTAGCTGGTTAGAARAAATCCCATTCGCTTTAATAGAGGAA
R R KM V HC S wilL E K I P F A L I E E
GTTCGTAATCTCAACBATGTAGTTGCACCCAATATTGCTAAGATRATTAAACAAGGTGTT
V R NL NNV V A P NTOAIEKTITIZK QG V
GAAARTARAGRATTTTCTTGTGAATATCCAGAGGAATTAGCTGAAATGCTCGTTTTTAGT
ENKEVF S CUE Y P EETLAIEMTIL V F S

ATTGATATTTTACTTGACCCTGTAT TATTTARACGTGAATACAGTGALAGTATGTAATAGG

1 D1 L L O PV L F KURE Y S E V C N R
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TTGGATTTTTTATTATTCATGT TAAAAAARATGGATATTCCTCTAATTGATGAGTACGGT
L »p F L L FM L K KM D I P L I D E
Stop hydR | RBS

ATTCARAAATTTAAAGATTTATTTARACAATGATAATAGGARADGTGAGGAATAGACTAT
I O K F K D L F K @ M
GTTTTATAATGCAARAAGCTGTCAAATGATGATAGGAAGTAATACAGTGAATTATATTGA
F YNAEK S CQMMTIGSNTUVNYIE
ATTTGGTAGTGGTAAGAAGACACTAATTATT TTACCAGGATTAGGAGATGGTTTATTTCC
F G S ¢ KX TTJLTITIUILPGTULGDGTLF P
TTTACATGGAARRATACAGGCGAT TGCTTTTGCTTTTAGATATAAGCAATTTGCARRAGA
L HG K I QA TIATFATFT RTYXKOTFA ATZEKD
TTATARGGTTTATGTATTTAGTAGAAARAAATCAAATTACAGAAAAATATTCCACARGGGA
Y K v ¥y v F § R K N I T E K Y & T R D
TATGGCTAARGACCAACCAGATATAATGAAARAMCT TGGAATTATGAARGCAGARGTAAT
M A K D QQ A D I M K KL 6 I M K A E V M
GGGTGTTTCTCAAGGTGGAATGATAGCTCAATATCTGGCAATTGATTATCCTGAGTTAGT
G V 5 ¢ ¢ 66 1T A ¢ Y L A I D Y P E L V
TGAGAAACTTGTGTTGGCAGTTACT TCTTCAAAGCAAAATGATACTATCCAARATGTTAT
E K L v L A VvV T 8§ & K Q N D T I ¢ N V I
TTGTAGCTGGATTGATATGGCGAAGAAGCAGARTTACAATGATTTAATGATTGACACAGC
C S W I DMABAEKTI K QNTYNDTULMTIDT A
ABRGARATCCTATTCTGAAAGATATTTAAARAARATACCAATTATTTATTCCTTTTTTAGG
K K 8 ¥ §8 E R Y L K K Y 0L F I P F L G
AMAAGTAGGTAAACCAAAGGATTTTAAACGATT TATTAT TCAARGCGACCTCTTGCATAGA
K v 6 K P K D F XK R F I I Q A T S C I E
ACATAATGCCTTTTCCGAATTAAATAAAATAACATGTCCAACCTTAATTATAGGAGGTGC
H N A F 5§ E L N K TI T CUPT UL I I G G A
TAATGATAARATTGTTGGARATAATGCTTCTTTTCAT TTAGCAGAARRGATTAARAAAAG
N D K I VvV 6N N A S F HL A E K I K K S
CGAAATATTTATCTATGAGGGATTGGGACACGCTACATATGAAGAAGCACAGGATTTTAR

E I F T Y ®B GL GHATYEU EAQDF N

1980

Gsuu1hyd0

2040

2100

2160
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2280

2340

2400

2460

2520

2580

2640

2700
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Stop #ydD |
TGAAAGAGTTTTAGAGTTTTTAAATAARGTAAACACCTITGTTAARARATATACATATGAAG

E R VvV L E F L N K
ATTGGAAATTTAATGT TARAAATAGARACATGAAAATATGCTTAACTGGTATTTTTACTA
TTCATAACCAATTTTTAATACATTATCTACTATAARARTACAARTATAGCTTCAATGTGATT

ATATATTGTTGTATTGGTAAAGCACTTATACAAACAGAGGAATTTTGTAAATTCAGATTA

2880

2940

3000

3060

Hindll | Left End of Tn5398

TATCCACATTTGTTARCT TATGAAAATATAATCAAAATTTTTATGAGCTTTTTATATAAR
AARRCGCCCTAAARATCTGATTATCCCCATAAACACTGTATCTACRRGCATATTCAATAG
GAAATAAATCGTGATATTACTACGAATTTACTACTAATTTACTACTAATGAATGAGCCTT
GATACGTCTTATTTCCCAGATATGCAARGATATGGCATGGCACATCAGTARAAATTGAAT
ACTTATATAGACTATGGAACGTACACTTTTGGCGTTCCTTTTCTATTTCCAGACGTTCTT
TTCAGAGCGTCTTTTTTTCATACCCAARATCGAARGGAGAAAGAGAAARTATGAATAAGC
TAGTAAAGCGATTGCTGACAGGGACGCTCGCCATTGCAACCATTCTTACCGCATTGCCTG
TGACGGTGGTTCATGCTTCTGGCAATTARTACTGGACAGAAT CAGCAGARCGTGTCGGCT
ACATTGAACATGTTATGAATGATGGTTCTATCAARATCCARATTAARTGAGGGACACATGA
ARGTTGAGGGCGARAACTGCCTATTGCGTGAACATCAATACARATTTCAAAAATGGATATA
AAACAAGGTATGACGCAAGCTCCCATATGAGTAGCGATCAGATTGCGGACATTGCTCTTT
CCTTAGAGTACGTCAAGTAATATACTGCTTCTCATACARACTTGAATTACAAGCAGGGTT
ACTTATTGGAACAGTGTGTTGTCTGGCAGAGATTGAGTGAACAGCTCGGCTGGCAATGTG
ATARCGTCAGRGCCTCCTATAATGARATCTCACAGGCGGTACAGAATARAGTTTACGCTG
GTGCGAARGCATTTGTGAARGCAAATAAGGGGTGCTATGAATGTGGCGGTTACATCTACA
CTGGCGARGGACAGGACATTGGACAGTTCTGGGCGAGT TGAATGTAGGAARTGAARRAGGT

| Start DR sequence
CAARAAGACTTCTTCCAAATCATAAARATCGAAACAGCARAGARTGGCGGARACGTARAA

Stop DR sequence)| 35
GAAGTTATGGAAATRAGACTTAGAAGCAAACTTABGRGTGTGTTGATAQEQCRTTATCTT

-10 RBS
ARAATTTTGTATAATAGGRATTGARGTTARATTAGATGCTARAAATTTGTAAT TARGAAG

L§gy1e#ﬂ)

GAGGGATTCGTCATGTTGGTATTCCAAATGCGTTATCAAATGCGTTATGTAGATARRACA

M L Vv F 9 MRY 0 MU R Y V D K T

3120

3180

3240

3300

3360

3420

3480

3540

3600

3660

3720

3780

3840

3900

3960

4020

4080

4140

4200

4260




Stop elpD I
TCTACTGTTTTGAAACAGACTAAAAACAGTGATTACGCAGATARATARATACGTTAGATT 4320

S T v L K @ T K N S D Y A D K
AATTCCTACCAGTGACTAATCTTATGACTTTTTAAACAGATAACTAAAATTACAAACAAA 4380
I_S:a’rt erml(B)
TCGTTTAACTTCTGTATTTGT TTATAGATGTAATCACTTCAGGAGTGATTACATGAACAA 4440
11 N K
AAATATAAARATATTCTCAABACTTTTTAACGAGTGAAAAAGTACTCAACCAAATAATAAR 4500
N I K ¥ s Q N F L T 8 E K V L ¥ 0 I I K
ACAATTGAATTTAAAAGAARACCGATACCGTTTACGRAATTGGAACAGGTARAGGGCATTT 4560
Q L N L K ETD TV Y E I G T G K G H L
AACGACGAAACTGGCTAAAATAARGTAAACAGGTAACGTCTATTGAATTAGACAGTCATCT 4620
T T K L. A K I 8 K QQ v T S I E L D S H L
ATTCAACTTATCGTCAGARAAATTAAAALTGAATACTCGTGTCACTTTAATTCACCAAGA 4680
F N L S 8 E K L KL " TRV T UL I HBH @ D
TATTCTACAGTTTCAATTCCCTAACAAACAGAGGTATAAAATTGTTGGGAGTATTCCTTA 4740
I L. F Q F P N K QR Y K I V G S8 I P Y
CCATTTAAGCACACAAATTATTAAAAAAGTGGTTTTTGARAGCCGTGCGTCTGACATCTA 4800
H L 5 T ¢ I I K K v v F E 8 R & 8 D I Y
TCTGATTGTTGAAGAAGGATTCTACAAGCGTACCTTGGATATTCACCGAACACTAGGGTT 4860
L T v EE G F Y KR TUL DI HRTUL G L
GCTCTTGCACACTCAAGTCTCGATTAAGCAATTGCTTAAGCTGCCAGCTGAATGCTTTCA 4920
I LH T ¢ V S I K L L K L P A E C F H
TCCTAAACCARAAGTAABCAGTGCCTTAATAARACTTACCCGCCATACCACAGATGTTCC 49380
P K P K ¥V ¥ 35 A L I K L T R H T T D V P
AGATARATATTGGARACTATATACGTACTTTGT' I TCAARATGGGTCAATCGAGAATATCG 5040
b K ¥ W K L ¥ T Y F V 8 KW YV N RE Y R
Hindll
TCAACTGTTTACTAAARATCAGTTTCATCAAGCAATGARATACGCCAAAGTAAACGATTT 5100
Q L F T KN Q F HQ A M K Y B KV N D L
e T -1¢
AAGTACCGTTACTTATGAGCAAGTATIGTCTATTTTTAATAGTTATCTATTATTTARCGG 5160

$ T v T ¥ E Q VL $§ I F N S Y L L F N G




Start orf3a
Stop ermI(B) - &
GAGGARATARATTCTATGAGTCGCTTTTTTAAATTTGGARAGTTACACGTTACTARAGGGA
RBS
R K M 8§ R F FF K F G K L H v T K ¢

ATGGAGATAARATTATTAGATATACTACTGACAGCTTCCARAGAAGCTARAGAGGTCCCTAG
N G D K L. L p 3 L L T aA 3 K K L K R § L
Stop orf3a
CGCCTACGGGGARTTTGTATCGATAAGGGGTACARATTCCCACTAAGCGCTCGGGACCCC
A P T G N L Y R
TTGTAGGAAAATGTCCTARGTGTGGCAACAATATTGTATTARAARRAATCGTTTTATGGTT
GTTCARATTATCCTGARTGTAAGTTTACTTTAGCTGARCATTTTAGAAAGAAAARARCTAR
CCApARCGAATGTAARAGAATTACTGGAGGGARARGARACCCTGGTAARAGGAATCAAAR
| Start DR sequence

ACAAAGAGAARAAGCCCTACAATGCCGTTGTAAARATTGGGGARAAGGGATATATTGATT

TTATATCTTTCTCAAARTAAATATAARAGCCCTTTAAAGAGGGCTTTTATATATTAATCA

CAAATCACTTATCACARATCACAAGTGATTAATCACAARTCACTTGTGATTTGTGATTCT
y—-—-b*—-—-b-ﬁ—th > —> 4— <
—» pald <4

TAATGATACAATATTACTATACAAARAARGAATGGGGCGTAGTTATGGAGAAGGAAARAC

M I O Y Y Y T K K E W ¢ VvV vV M E K E K
TARAAATACTTGAAGAATTAAGACGTATT TTAAACAATAAAAAT GARGCAATTATTATCT
L K I L BE E L R R I L N N K N E A I I I

oriT (1)
TGARTAATTACTTTAAAGGTGGTGTTGGAAAGTCCAAATTATCGACTATGTTTGCTTACT
L N N Y F K G G V 6 K 8 K L 5 T M F A Y
TGACAGACAAATTGAATTTAAAAGTTTTAATGATCGATAAGGACTTACAGGCAACATTGA
LT p ¥ L N L K V L M I D K D L ¢ A T L
CAAAAGACTTAGCAAARACTTTTGAGGTAGAATTGCCACGTGTCAATTTTTATGAAGGCT
T ¥ ¢+ L A ¥ T F E V E L P R V N F Y E G
TGAAAAATGGAAACTTGGCTTCT TCTATTATECATTTGACTGATBATTTAGACT TGATCC
L K N G N L A S 8 I I HL T DUNL D L 1
CTGGCACGTTTGATTTGATGTTACTGCCARAATTARCTCGCTCATGGACGTTTGAARATG
P ¢ T F D L M L L P K L TR S W T F E N
AAAGTAGAT TGCTTGCTACTCTTTTAGCACCT T TARAAAGTGACTATGATCTTATTATTA

ES R L L A T L L A P L K S D Y DL I I

5220
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5400

5460

5520

5580

5640

5700

5760

5820

5880

5940

6000

6060

6120

€180




TTGATACTGTACCAACGCCAAGCGTTTATACAAATAATGCAATCGTGGCGAGTGATTACG 6240
I D T V P T P S V Y T NN ATIUV A S DY 1
TTATGATCCCTTTACAAGCAGAAGARGARAGTACAAACAACATTCARAACTATATTTCCT 6300
v M I P L Q A EEE S T NINTI QN ¥ I 5
ATTTGATTGATTTGCAAGAACAGTTTAACCCTGGACTAGATATGATTGGTTTTGTTCCTT 6360
y L, 1 DL Q E Q FNPGULDMMTIGTF V P
ATTTAGTTGATACGGACAGCGCAACGATARAATCAAACCTGGAAGAACTGTACRARGAAC 6420
y L v DT D S A T I K § N L E E L Y K E
ATARAGAGGATAATTTGGTTTTCCGARATATTATCAAGCGAAGTAATARAGTARGTACTT 6480
H K EDNLV F RN I I KRS N KV S T
GGTCTAARAATGGCATTACAGAACACAARAGGCTATGACARAAAAGTTTTGTCTATGTATG 6540
W S KN G I T EHI K G Y D KZ KV L S M Y

Stop orf298
AGAACGTATTTTTTGAAATGATTGAGCGAATCATTCAATTAGAAAATGAAAAAGAATAGE 6600

E N V P F EM I E R I I O L E N E K E

ATCACAAATCACAAGTGATTAATCACAAATCACTTGTGATTTGTGATAGGTGATGATARA 6660
« > > <4 < kA
b palB 4 *

ATAAATAGTAAGAAGAAATAGAAAGBAAGTGAGCGATCGTGGGAAATTTAGGCGCACAGAA 6720
AGCAAAACGAAATGATACGCCAATCAGCGCAAAAANAGATATAATGGGGGATAAGACGGT 6780
Stop DR Sequence| |_§tgrt erm(B) .
TCGTGTTCGTGCCGACTTGCACCATATCATAAAAATCGAAACAGCTSQGGAGTGATTACA 6840 i
TGAACAAAAATATAAAATATTCTCAAAACTTTTTAACGAGTGAAAAAGTACTCAACCARA 6900
M N K N T K Y § Q N F L T S E K V L N Q
TAATAAAACAATTGAATTTAAAAGAAACCGATACCGTTTACGARATTGGANCAGGTAARG 6960
I T K Q L N L K E T D T Vv ¥ E I 6 T G K
GGCATTTAACGACGAARACTGGCTAAAATAAGTARACAGGTAACGTCTATTGAATTAGACA 7020
G H L TTTE KU LAI KTI S K OQQV T S I E L D
GTCATCTATTCAACTTATCGTCAGAARAATTAAAACTGAATACTCGTGTCACTTTAATTC 7080
S H L FN¥NL S S E KL KUILNTU RV T L I
ACCAAGATATTCTACAGTTTCAATTCCCTARCAAACAGAGGTATAARATTGTTGGGAGTA 7140

H Q 0D I L ¢ F @ F P N K Q R Y K I VvV G S




TTCCTTACCATTTARGCACACAAATTATTAARARAAGTGGTTTTTGAARAGCCGTGCGTCTG
I P ¥ HL 8§ T Q I I K KV V F E & R A S
ACATCTATCTGATTGTTGAAGAAGGATTCTACARGCGTACCTTGGATATTCACCGAACAC
D I ¥ L I Vv EE G F Y KR T L D I H RT
TAGGGTTGCTCTTGCACACTCAAGTCTCGATTAAGCAATTGCTTARGCTGCCAGCTGAAT
L G L LL HTOGQEV S I K OQILTILI KTULUPAE
GCTTTCATCCTAAACCARAAGTAARACAGTGCCTTAATARAACTTACCCGCCATACCACAG
C FH P K P KV N S AL I KL TU RHTT
ATGTTCCAGATAAATATTGGAARACTATATACGTACTTTGTTTCAAAATGGGTCAATCGAG
D V P DK Y W KL ¥ T Y F V 58 K W V N K
Hindil

AATATCGTCAACTGTTTACTAAAAATCAGTTTCATCAAGCAATGAAATACGCCARAGTMA

E Y R Q L F T KN Q FH g AMIE K Y A KV
-35 10

ACGATTTAAGTACCGTTACTTATGAGCAAGTATTIGTCTATTTTTAATAGTTATCTATTAT

¥ DL S TV TXY LR O VL S5 I F N S Y L L

Stop erm2(B) | |§t§rt orf3b
TTALCGGGAGCAAATARTTCTATGAGT CGCTTTTTTAARATTTGGARRGTTACACGTTACT
RBS
F N G R K M 8§ R F F K F G K L H V T

ARAGGGAATGGAGATARATTATTAGATATACTACTGACAGCTTCCAAGAAGCTARAGAGG
K 6 N G D KL L DI L L TA S K KL K R
Stop o/3b |
TCCCTAGCGCCTACGGGGAATTTGTATCGATAAGGGGTACAAATTCCCACTAAGCGCTCG
S & A P T G N L Y R
GGACCCZTTGTAGGAARATGTCCTAAGTGTGGCAACAATATTGTATTARAAAAATCGTTT
TATGGTTGTTCARATTATCCTGAATGTAAGTTTACTTTAGCTGARCAYTTTAGARAGARAL
AAACTAACCAARACGAATGTARAAGAATTACTGGAGGGARAAGAAACCCTGGTAAAAGGA
| Seart DR Sequence
ATCAARAMCGAAAGATAAAAAGCCCTACARTGCCGTTGTARRRRATTGGGGAARAGGGATAT

ATTGATTTTATATCTTTCTCARAATARACATAAAAGCCCTTTARAGAGGGCTTTTATATA

TTAATCACAAATCACTTATCACAAATCACAAGTGATT TGTGATTGTTGATGATAAAATAR
—> P > > « | <

* »
palA palB

GAATAAGAAGAAATAGARAGAAGTGAGTGATTGTGGGAAATTTAGGCGCACAAAAAGAAA

ARCGAAATGATACACCAATCAGTGCAAAAAAAGATATAATGGGAGATAAGACGGTTCGTG
Stop DR Sequencc|
TTCGTGCTGACTTGCACCATTCCCACCCTCTACAGATGGCAACGTCAATTATTCCTTTGA

7200

7260

7320

7380

7440

1500

7560

7620
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7740

7800
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7920

7980

8040

8100

8160

8220

8280



GGGGGCAACATTTGGCGAATCCCATATTGTAGTCACAGATAAAAACGGTC?GTTCTCTAC
TGCTTCAAGTTGGGCTTCCCGTAAGATAAATACAAAEACTGGABAAICg:g;é;GGATGG
TCTATGETTTIGCTACTTCTGAACCAGACGACAGTAAAGGTGCATTACTTTATGATACCTG
TGTGATTGAGGAATTAAAGTGTGATTCCAARCGCCGGATTTAAGCTGATTCCAGCTTTTGA
GGTGMTCGTATCCAGAAADRAARAGTGACCGTAGATTTAGGGACACTTACTGATGAATACGA
AAAAGAAATCACAATCCATACCACAGCTACCGACARGRARRCAGGCGAARARMATGATTGT
TGCCGGAARAGACRTCAAGATCGTGGACAARGTCACACTTGATGGCTTGEGAANCTGGCAG
Startorf13
TCACAGARAGATTACACCGTGACCGTTCATCTGTATACAGATGGTGCAATGGGTCATTACC
M ¢ I 0 M VvV Q W VvV I T
CAGAATCCTACCCTTGCTCCAGTGGTACAGAAATCAAAGTATGAACCGARAGCACAGGA
N P TL AP V V Q K S K Y E P K A& Q@ G
GCAGATGTCAGCGTCAGCTCCGLATACGGTCAAAGACGCTACTACTTTCTTGGAAACATTC
A DV 8 v § 5§ DTV K Db ATTF L E TF
TTTARACTCTATCCGACAGCTACAGAAAAAGAACTTGCCTATTATGTCAAAGA 'GTGTG
¢ K L Y ¢ T A T E K E L A Y Y V K D G V
CTTGCTCCTGTTTCCGGCGACTACGTATTTTCGGAACTGGTAARTCCTGTCTTTACCAAA
L APV S GDYV F S5 EULV NPV F T K
GATGGCGATAATCTCAAGGTCAGTGTGTCAGTGARATATCTGGATAACAAGTCGAAAATG
D¢ D NL KV S V S V KY L DN K 8§ K M
ACACAAATCTCACAGTATGAGCTTGTGCTTCACAAGGACGATAATTGGAARATTGTAGGA
T 0 I s @ ¥ E L V L HKDUDWNUWI K I VG
Stop orfl3 |

TAAATATTACAGCAGACCAGCTATGGCAATTTCAAATACATATACTAAGTTTTARRAATA

-35 AspT18 .10 AspT18
TACATGTACCCTATTGACTTTTTGGGAAGETACCTGTATATTATT TGTTAAAGGTACCTG

Siart ef/R EcoRV
TTGAA&&EGAGGTCATACTATGAATAATATTTATTCTGhTATCTATGAGAAACTATCAAC

R8BS
M N N I Y 8 DI ¥ E K L 5 7T
CTTGCAATGGCTTATGAAACGCCATCAGATGTTTTGTCAGSCAGAGTCTGGTCCATTTGE
L QW L MK RHOMF CQAUE S G P F A
TGATACATCACGAGGACAAGGAAGAATTCTTGCTATGTTAAAAATTCAGCCAGRAATTGC

b T 8 R ¢ Q G R I L AM L KTI Q P E I A
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84560
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8640

8700
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9000
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9180

9240

9300

9360

2420
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BACAARAGAGTTGGCATATTTATTGGGARTACGCCAACAATCCCTARATGAGTTGC "TAA
T XK BE L A Y L L 66 I R Q0 9 S5 IL N & L L N
TAAAATGGAGARAMATGGATATGTAGAACGAAAACCATCTGAARATGATAAACGCGTTAT
K M E K N ¢ Y vV ER K P S E N D K R V M
GATTGTTCATTTCACAGAARAGGGAAAGCAAGTTCAGCAACCGAARNCAGACTATCAARR
I v H L T E K 6 K @ v @ ¢ P & T D Y 0O N
TATCTTTAATTGTCTACTTCCAGAAGAATTGCTACAAATGTCGCAATATTTAGATCGTAT
I ¥ N C L L P E BE L L g M S Q Y L D R I
Hindl1I
TATTG - AGCTTTTCAATTGCAARATGGARATGCTTTAGRAGAARAACAATATGATTGACTG
I E A& F 0 L ¢ N G N A L E E NNMTI D W
GATGGCTCAGGCAAGAGAACGTATGGGTGATGAGCATTTTGARCAGT TAATGTCTATGCG
M A Q¢ A R E RM G D EH F E ©Q L M 5 M R
TGAAAGAGCTTTTGGACATATGAGACCACCCAAAGATATACCGGGAGCTGAACGCTTTTC
E R A F G HBMUR PP K DI P G A E R F S8
TGAAAACTATARCGGATATGTT CCAGATAGAGACGGATTTCAGCCAAGARACTTTAGACC
E N Y N G Y V P DR DG F Q P R N F R P
EcoRV Stop ¢ffR |
AGATATCAAATAACARAAGGCACTGTAAAATTACAGCAATAAGCCCTATGCGAGATTTTTT
b I K

GARCTCCATAGGGCTTATTTTT TGAAARAGGAGACGAACARRATGARCCAGAARRATGARMD

RBS

M N Qg K N E
ATTACTGGCTTTTAGACGCACCTGTCACARRAGCTATATGGCATATGGCGATTCCAATGA
N Y W L L DA P V¥ T EKA I W HM A I P UM
TGCTTGGAATGTCAATAAACATTATTTACAATATTACAGATACATTCTTCATAGGCAGAT
M L. 66 M S I N I I Y NI T D T F F I G R
TAAATGACACAGCGGCTCTTGCCGCAATCTCACTGCTGTTACCTTTCACGACCATTTTAR
L ¥ DT A AL A A I S L L L P F TT I L
TGGCAATTGGGAATTTGTT IGGAACAGGTGGAAGCACT TTGTTTTCACGACTGTTAGGAA
M A I G B L F G T GG S T L F 8§ R L L 6

GTGAARRATACGGACAGGACAARACAATGTTCAGCTACGACATTATGGCTATCTTTCCTGT

S EN T O PR T K Q C s A T T L W L S F L
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9660

9720

9780

9840

2900

9960

10020

10080

10140

10200

10260

10320




T T

S ol

b 3 ST WK AR

TTGGACTATTGACTGCAATAATATCCATCATTTTCAGTAACTATATTATCCGACTTCTCG
F ¢ L L. T a . I ¢ I 1T F 5 N Y I I R L L
GIGCTGATAGTAATACTTTTGCCTATGTCARACAGTATCTTATTTTTTATGGAATGGGTG
G A I 3 B T F A Y V K QO Y L I F ¥ G M G
~TCCGTTTATTATTGCCAATTTTACGCTAGAACAGTTAATTAGAGGTGACGGTARATCTG
A P F I I B N P T L E @ L I R G D &6 K &
TAGAATCTATGATTGGAATGATGATAAGCATTGGTGCTAATATCATTCTTGACCCAATTC
vV E 8§ M I ¢ M M I 3 I 6 A N I I L D P I
TGATGTTTGGATTACAGC. IGGTATTCGTGGGG 2 GCCATTGCTACAGTAATCGGARATG
L F 6 L ¢ L ¢ 1 ® GG A A I A T V 1T G N
CTTTCGCTGT TATCTATTATATTGTCTSTATACARCGAGCAGACAATCAGTTATCTGCTC
AF AV I ¥ Y 1 V C I O R A DL N QL 5 A
TTCCARAATATTTCAGGCTTGAAAAACAAATGCTAAALGAAATTTTTTTAGTTGGATTAT
L ¢ K ¥ ¢ R L E K 9 MM L W E I ¥ L V G L
CTGCAATGTTGTTAGATATTCTTTTGAYTGTTTCAAGCCTTATGTTTAATTACTATGCAC
s A M L L D I L »L I ¥ & 5§ L M F N Y ¥ A
TAMAATATGGAGATTATGTGCTTGCCOGGATTTGGGATTTCTCAAARACTTGTGCAGATTG
L K.Yy ¢ b Yy v . A ¢ F G I 5 0 K L Vv 0 I
Hindll
TCGACCTAATCGGCATGGGACTT TACATGGGAGTAATTCCACTTATCGCTGTTGCCTATG
v o . T ¢ M 6 L Y M G Vv I P L I AV A Y
GTGCAAGAAATGAACTTCGTATGARAGAAATCATTARARAGACTGCTCTCTATTTAGCAC
G A R N E L R M K E T I K K T A L ¥ L A
TAG™AATTACATGTTTGTTTGCTATTCTATTTACATGCAGARACTTTATTGTTCATTGTT
L v 1 T ¢ L ¥ A I L F T C R N F I V H C
TTTCAAATGATTCAGATGTAATTCGTATAGGTGCGTACATCTTAACCGTTCAACTCTCTT
3 N D S o vV T R I G A Y L T WV OQ L C
CTTCTTTCTTTGCGGCAGGAGCGGGTCTTCTAACGGGAATTTTTCAGTCARARGGAGAAG
5 5 F OF A A G A G L L T G I F Q S K G E
GAACTCCGGCTGTTGTTATGTCCGTTATGAGAGGTCTTATGCTCATACCAGCARATTATCT

G T P AV VM SV MR L ML T P A I 1

10386
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10500
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10740

10800

10860

10920

10980

11040
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TCGGCARTTATCTCTTTAARATGRATGGAGT TATTTTTTCTCTGCTTGTAGCCGAAGCTA
F & N ¥ L. F K M N ¢ VvV I F s 1, L VvV A E A
Stop ¢ffD |
TTTCATGCATTACAGGGATTGTATTATATAAATTGAAAAAGTAATGCTGAACTCCATCAG
r s ¢ 1 v & I V L Y K L K K
HindIl
ACTTGTTAACAALGTTAGTGATGGTTATARRAATCATCARCAATAART TAAGAGATTTCT
ATAGRATGAGTATAGATTGCGTAGGAGCTGGAAAARTATGATTGGGCTTARAAARAGARAAT
ATAAARAAATGTTGABAACTGGTAGATGTATCATTAGCTGATATTCGGGCTAATATAGAA
GCCACTATTGATGAAGAAATGAACAGTCCAGCCCCAGAGGTACAGGCAAATTTCAARAAG
TATTTTGGCAATBARCGTCCTACACCAGAAGANTATATTTACAAGATTACAARRARMACAN
AAGTTTGATTTACGACTATTTGTTACCTGCGGAGTATATCARCARATAAGCGTTGAAGAA
| Stop or¥
TCTGCACAGAARAACAGAGARAATAAGAAGTGAATCACTTCTTATTCTCTCTGCTGTTCA
K K N E R 3 N L

AGATACCATCAATCGTACCTTGAATGATTTTTAATTCGTCATCACTCAATAAATCAAGTG

i ¢ I T G g 1 I W L E DD 5 L L b L S8
ACGAATCTATCTGACGGCGARCTGTGCTTTITTCCACATTCTTCGCTGGATAGAARTACT

s I 9 R R ¥ 77 8 wm E V N K 4 P Y F Y E

HindH
CGTCAACAGATATAT TGAACATGGTAACTARATCATGGAATAMATGAAAGCTAGGGTGTT

Yy o I K P M T VM Lob H OF L OH OFOS P OH K

s R RO DA Y B OROE S OYOF OV K DR G L D
CATTTC. ACCCTGCTTTCTCTCTGGCTTCTCTGATTGCCAGTCCTARAGGACGAA
oo noF® G AK W ORE R A E R I oA L G L PR OF
Start orf9
AATCAAAGCTGTGCGTATCTTTCTTTTTTCTCATTTTTAATCACCTAGCATGAGEiEﬁE&
SOF 3 W T B K oK R R OM
-35

CTATTTTCACAGGTTTGCTCTGCTCAAGGAGCAATTTGTGATTCTAAGTAARACAGGCAG
CCGGCACCGACARCCGAATTTATTCCCTTTTTTTTAGTTTATCATCAGCCCTTGAGCATG
AATTAAAAACTCATATATCAGATGTTTTAGATACAGTCTATTTGTTATTAGTGCAGATAG

GCTGTTTTCATATTTTCAAAAAGTTTTTCAATTCTGCAACAAATCACACCCTGCTGTACA

11280

11340

11400

11460

11520

11580
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12000

12060
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12180

122490
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Start orf7

GATATGGTGCGGARAGAGGGATACATACTTTTCACTTCATAGCGAAAGGGGGTGTGATTT
RBS

TGAAACCATCAGACTTCCAAAAGACGATACAGTGT CAGTTGGACTGTAAGCTCAARRARGG

TTGTAARAGGCAGTGTCCGTAACTACTGCAAGGAATTAGCCAGACGACAGGCAAAGGAAG

TACCCTTTTGTGAGCTTCCAGAAATTGTTATTGAGAAATTSAT TGTCTGGGATGATTACG

AAAGTGACTATACGACATTCGATGTGTGCAGTATGGAAATCCGTGTGCTTGATGAAGAAC

TTGAAAAATACAGGATATATCGGCATTTACCAGCTTATGAAAAGATAATCAGAAATTTAG

Right Eud Ta5398 |
TGTATTTTTATAATAARAATATAATGCTTGTATACAARAATATTAAAGATATTTTAGTAA

Stop orf7
GTTTTGTATATAAGCAAACATGTATTTTTTAATATAGTTATCTAAATATTATTTTATATA

CAATAAAATATGACTCCTAAAAATADAARATATATCATAAATATARATAAGTAGATATAG

-10
GTTTTAATTTGATTTATAAARCCTATTATARAATAARATTCATGATTTTTATARGCAATAA

Start ispD
AATTTTTAGGAGGATATATGATGAATAAAAGAATGABACTAATTCCGTATGAAATAARTG
RBS
M N K R M K L I P Y E I N
ARAATCTARGAGGTGCAAAAAATARATTCCCATATGGAATAARACARATGAATGCTAGGS
E N L R G A KNI K P P Y G I XK @Q M N A R
GAATGTGGGATGAAGGTTATACTGGT AAARATATTGTAGTTGGTATAATAGATACRGGTT

G M W DEGY T G KNI V V G I I DTG

GTGATATATCTCATCCTCTTTTAARARGGRARARTAAT TGGTGGTGCAAATTTTAGTGATG

O

b I 8 H P L L K G XK I I 6 G A N F S8 D
ACAGTAARTGGARATARAAATATATATGAGGATT TTAATGGTCATGGARCTCATGTGGCGG
D58 NG N KN T Y E D F N G H G T H V A
GTATTATAGCTGCATCTAATTATAATAATGARGTTATGGGAGTRAGCTCCAGAT TGTAAAT

G I I A A S N Y NDNEV MG V¥ A P D C K

12420

12480

12540

12600

12660

12720

12780

12840

12900

12960

13020

13080

13140

13200

13260

13320



TATTARTAGCAAAAGCATTARATAAAGATGGTACCGGAACATATCAAAGTATAATTAATG
L L I A K A L N K D G T G T Y Q@ 8 I I N
CTATTAACTTTGCTGTAAATARCARGGTTGATATTATATCTATGTCTCTTGGGGGAARCH
A I N F A V N N K V D I I 88 M S L G G N
ARGATGATRAAGRAATTTAARAARTGCTGTCATGCARGCAGTAAAAARTAATATTTCTGTAG
K b DKW L K N AV M 0 A V K N NI & V
TGTGTGCAGCAGGTAATAATGGAGATGGTGATTCTAGTACAAGTGAGTATAGTTATCCAG
vV ¢ A A G NNGDGDS S T s E Y S ¥ P
CCAGTTATGCTGAGGTAATAGAAGTAGGTGCAATARATCGAAAACTATTTGCT TGARAAGT
A S ¥ A E vV I E V 6 A I M E N Y L V E K
TTAGTAATTCAAATACTACAATAGATTTGGTGGCT CCAGGAAGARATATTATATCGACTT
F o NN § ¥ T T I B L VvV A P G R N I I & T
ATATGGATAATAAACTTGCTATTATGAGTGGTACTAGTATGAGTGCACCATACGTATCAG
Y M b N KL A I M S ¢ T 35 M § A P Y V 5
GCTCATTAGCACTAATTAAAGART GGGCAAGAGAGGAGTTTGARAGAGATT TAGATGAAG
¢ §$ L AL I K E W A R E E P E R D L D E
CTGLACTGTATGCACAATTAATAARATGTACGAGAGCGCTTGGAATACCTAGAACGGALC
A E L Y A ©Q L I K € T R AL G I P R T E
Stop ispD |
AAGGAAATGGATACTTATATTTAAANCTTTATAARTACAAGAATARTAGCARMAAGATAAT
Q 6 N ¢ ¥ L. ¥Y L NL ¥ K ¥ K N N § K R
TETTGATTTGATGATAAAATAGCTATATTATATAGAGTCGAGACAAATAATAALAAT TAC
TTAGCTGTAAGATTTTACATCAATGTATAAAGGTAT TAAGTGATAARATTTATAAACATA
TTASCTASTTAGRATTGARAAATAAATATACGATATTATAGATAGCACATCTGGAARAGG
TETGTTTTTCTATGTACTTATACATATAARAGATTTATAAGAGATGCAARAGTACTATAR
GTTAGAAATITTTCTATGARAGATTAGARRTACG ATACAGTGTTTTGATAT YATARAATG
AATATAAAGTATIMAATGATAAATGTTATCAATAAGTATTGAATT TCAARATCANTTGTGA

TATTCTATATTTAGAAARAATAAAGAGATTTCAGATAAAGARATCTTTTGTTTTTTAGATG

_Start j7xD

-16
TTAGTTAGCTATAACTAACTATTGATTAATTARMAAATACTACAGGACGGTARARATGAGT
RBS
M 5

13380

13440

13500

13560

13620

13680

13740

13800

13860

13920

13580

149040

14100

14160

14220

14280

14340

14490




A

Stop jﬁ'xD

o e iSRRG

ARAATATATATTGTTTATTGGAGTGGAACAGGAAATACTGAAAARATGGCAAATTTTGTG
K I ¥ I v ¥ W § G T G N T E K M A N F V
CCTGRAGGTGTGAAGTTARAAGGTAAGACACCAGAAGTTTTAGATGTGAGCTTACTGAAA
A°E GV K L K G KT P E V L DV 8 L L K
CCALGTGATTTAAAAGARAGARGATAAATTTGCATTAGGTTGCCCATCTATGEGAGCAGAG
P 8 bL K E ED K FAILGTCUP S MG A E
CARCTAGAAGAGGGGGATATGGAGCCATTTGTTTCAGAAT TAGRATCTATGGTATCAGGT
Q L E BE G b M E P F V S EL E S M V § G
ARACAGATTGGATTATTTGGTTCATATGCGATGGGGARATT GTGAATGGATGAGAGATTGG
K Q I 6L F 6§ Y G W G NICU EWMUPR D W
GARGAACGTATGCARARTGCTGGTGCTACAATTATTGGTGCAGARGGAATTACAGCAATG
E ERMOQNAGATTI I GG E GG I T A M
GAAGACCCRAATGAAGRAGCAALAAGATGAGTGTATAGAATTAGGCAAAACGTTAGCTGAL
E D P N EEAI KD ETCTEIEULGE K TTUL & E
TTTGTATATTATAAAAATAGTATARATAGCAACTAATGATGATAGCAGTATATAAT
AATARGAGAGACTAATATTATGATACATARGAAAATATCCTTAATAGAGATAGATRARAT

ATTAGTCTCTTTTAATATAARATTAGATTTATAATTTAATGTTGTTTTTGAA

14460

14520

14580

14640

14700

14760

14820

14880

14940

14992
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Table 4.1 : Features of the ORFs detected in pJIR1594 and pJIR179%.

ORF Promoter Sequences Start Stop  Nucleotide Region  Size of ORF  Size of Predicted Protein
1dentified Codon Codon (nucleotides) (amino acids)
-10 -35 RBS
ilvD N N N None TAG 1-1040 >1035 >345
hydR N N Y ATG TAG 1384-2013 630 209
hydD N N Y ATG TAA 2039-2851 813 270
elpD Y Y Y ATG TAA 4213-4210 96 31
ermli(B) N N N ATG TAA 3433-5167 738 245
orf3a Y Y Y ATG TAA 5175-5306 132 43
orf298 N N N ATG TAG 5703-6599 897 298
erm2(B) N N N ATG TAA 6839-7574 738 245
orf3b Y Y Y ATG TAA 76227703 132 43
orfl3 N N N ATG TAA 8728-9123 395 131
effR Y Y Y ATG TAA 9260-9913 653 217
effD N N Y ATG TAA 10002-11324 1322 440
orfY Y Y N ATG TGA 11735-12094 360 119
orf7 N N Y GTG TAA 12414-12812 398 132
ispD Y N Y ATG TAA 12681-13919 938 312
fixD Y N Y ATG TAA 14395-14823 428 142
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Sequence analysis of pJIR1594 and pJIR1790

Restriction endonuclease analysis of pJIR1594 and pJIR1790 revealed that
the cloned fragments had common restriction fragments, which encompassed a
region commencing at the Xbal site at the beginning of the pJIR1790 insert and at
nucleotide position 1507 in the pJIR1594 insert, extending downstream to the
HindI1 site at nucleotide 8159 in the pJIR1790 insert and nucleotide 9666 in the
pJIR1594 insert (Figure 4.1). Consequently, pJIR1594 was sequenced on both
strands, firstly using the oligonucleotide primers UP and RP and then using a primer
walking approach (Figure 4.1). The insert in plasmid pJIR1790 was sequenced on
both strands, using a primer walking approach, across a region that extended from
the Asp718 sites common to both plasmid inserts to approximately 5.8 kb

downstream (Figure 4.1).

Analysis of the sequence using the BLASTX algorithm (Altschul e al., 1997)
revealed the presence of fifteen complete and one incomplete QRFs. The deduced
amino acid sequence of each of these ORFs was analyzed using the BLASTP

algorithm (Altschul ez al., 1997) to determine their similarity to known proteins in

the databases.

a) ilvD

The first ORF detected in pJIR1594 was incomplete (nucleotides 1 to 1040,
Figure 4.2). No start codon, RBS, or promoter elements were found upstream of this
ORF (Table 4.1). BLASTP analysis of the amino acid sequence showed homology
to IlvD proteins from several organisms. IlvD is a dihydroxy acid dehydratase, that

catalyzes the conversion of dihydroxyacids to branched-chain keto acids (Fink,

96




Figure 4.1 : Sequence analysis of pJIR1594 and pJIR1790.

A 14992 bp region from the recombinant plasmids was sequenced vsing the oligonucleotide primers shown. The extent of sequence obtained from
each primer is indicated by the arrow below the niumber of the oligonucleotide primer. The location of the ORFs are shown as colored block arrows
above the scale bar. The extent of the sequenced DNA in each recombinaht'plasmid, and the restriction enzyme profile of each DINA insert, is show

below the scale bar. The dashed arrow in the pJIR1790 DNA restriction profile indicates DNA that was not sequenced.
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Figure 4.2 : Nucleotide sequeucé of Tn5398 and its flanking regions.

Nucleotide positions are stated at the end of each line of sequence. The start and stop
codons of each ORF are indicated in bold type face above the nucleotide sequence.
The amino acid sequence of each predicted ORF is given below the appropriate
nucleotide sequence. Potential RBS, -10 and -35 promoter sequences are underlined
in bold. The potential right and left hand ends of Tn5398 are indicated in bold above
the nucleotide sequence. The beginning and end of regions encompassed by DR
sequences are shown in bold above the nucleotide sequence. Palindromic sequences
rald and palB are indicated by bold arrows below the nucleotide sequence. Potential
oriT sites are shown as bold type face nucleotides within the sequence. The site at
which a deletion event has removed the promoter sequences upstream of erm2(B) is
marked by a black triangle (A ) beneath the nucleotide sequence. The GenBank

accession number for the the Tn5398 element and flanking sequence is AF109075.




TAGGCATGGGGATACCATATAATGGTACTGCTGCGTCACATTCTGGAGAAAGAAARAGGA
G M G I P ¥Y N G T A A 58 H 8 G E R K R
TAGCARRATATGCAGGTATGTATGTTATGGAGTTACTTARGARCGACATAAAN.CCTAGAG

I A K Y A6 MY VM E L I. K N D I K P R
ATATTTTAACAATAGATGCTTTTAAAAATGCTATAGCTGTGGATATGGCAATGGCTGGTT
D I L T 1 D A F K N A I A V DM A M A L
CTACAAATACAGTACTTCACTTACCT SCAATAGCTTATGAATCAGGAATAGAGCTTAACT
S T N T V L B L P & I A Y E § G I E L N
TAGATTTTTTTGATGAAATAAGTGAAAAAACTCCTTGTTTAACAAAATTAAGTCCAAGTG
L b F FDETISEI KTU®PCULTIK KL S P §
GAAAACATCATATTGAAGATTTACATATGGCAGGAGGAATACCAGCTATAATGAACGAGC
G K H H I E D L H M A G G I P & I M N E
TTTCARAGATAAATGGAATAAATTTAGAT TGCAMANCCGTARCAGGCARGACTATANGGG
L 8 K I N &G I N L D C K T V TG K T I R
AAARTATAAGAAATTGTGAAATAGAAAATGARGAAGTAATACATACATTAAAGAATCCAT
EN IT RN CE I E N EBE E V I H T L K N P
ATAGTAACCAAGGTGGGCTTGCARTATTGARAGGARATCTTGCTCTARATGGAGCTGTTG
Y $ N 0 6 G L A I £ K G N L AL NG A V
TAAAARATCAGCAGT TGCAGAAGAATGTTAGTTCCATGAAGGACCCAGCAAGAATTTTTA
v K N QO O L 0 K N V 3 8 M K D P A R I F
ATTCAGRAGAAGAAGCTGTAAATGCTATTTTTGGTARAAAAATAAACAANGGETGATGTTA
N S EE E A V N A I P G K K I N K G D V
TAGTTATAAGATATGAAGGTCCAAAGGGTGGTCCAGGAATGAAAGARATGCTATCTCCTA
I v I R Y E G P K 6 G P G M K E M L 5 P
CATCAGCAGITGCAGGAATGGGACTTGATAAGCATGTAGCACTTCTTACTGATGGTCGTT
T § A Vv A GG M G L D K HV A L L T D G R
TTTCAGGGGCARCTACAGGAGCATCTATAGGCCATATTTCTCCAGARGCTATGGARGGTG
F s 6 A T T ¢ A & I G H I 8§ P E A M E G
GTTTAATCGGACTAGTTGAAGAAGGAGATATAATTTCTATAAACATACCAGACARAAAAT

¢ L. I ¢ L Vv EE G D I I 8 I N I P I K K
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TAGAGTTAABRAGTAGATGAAGTTGAARTAGARAATAGAAAATTAARATTTARACCTTTAG
L E L K v D E V E I E N R K L K F K P L
ARCCGAAAATARAGCATGGATACTTAAGTAGATATGCTAARATTGGTAACATCAGCAAATA
E E L K VvV D E V E I ENRKIL K F K P L
Stop ilvD
CAGGAGCAGTTTTAAAATAGTAGACTATATTTATGTAAAT TAGAAARAGTTAAGARRATA
T 6 A V L K
EcoRV

TTAATTGEGATATCTCAGGTGTTATATCACTARTGAGGTATCCTTTTITATTTTGTATGARA
AACACAGCAAAATCTTGATTATCTTTGAAAACAATACATCTCTATTATAAGGAATACGAG
TACAGCATAGAGATGTATCTTTTAGACCTTGTTGAGGTAATACARCTTTTTARARGTTTG
ATGTGGAATGCTTTTCGTTCCATCTGARCTATGAAGARATTGARAAGTCAGTTARTTCTTG

RBS
ACATAATAAATATTAAAATGTTTAATAAAARAACAAACAGACAGTCTGTTTTTAGGAGGGG

Start AydR
—
AATATGAATAGAGARGAAAMMAGTARMAATAGTARAGARAARRATTATCCARTCAGCATTT

M N R E E K 8 K N 5§ KEE K I I Q 8 A F
TCACTATTTTCGTCTAAAGGATATGATTCAACATCTACACAAGATATTATCAATTTATCT
s &+ F 8 8§ K 66 Y D S T S T QD I I NL S

Xbal
GGTCTATCTAGAGGTGCAATGTATCATCACTTTAARACTAARGAAGATATACTGAGRAGT
G L $S R G A MY HHF KTKE Db I L R S
GTCACAAARGAACTTTACTCACAAATGAATAATTTTTTAGAGTATCTTGTTGCTGATGAC
v ™ K EL ¥ 8 ¢ M NN F L E Y L V A D D
ACCCTTACAGCAAATGAARAARTAATAGAAT TGGTTGTTCATAGTGCGAATGATTACACA
T L T A N E X I I E L VvV VvV H 8 A N D ¥ T
CGTAGARAAATGGTACATTGTAGCTGGTTAGAAAAARTCCCATTCGCTTTAATAGAGGAA
R R K M V HCS W L E K I P F A L I E E
GTTCGTAATCTCARCRATGTAGTTGCACCCAATATTGCTAAGATAARTTAARCAAGGTGTT
vV R N L NNV V A P NI A K I I K Q G V
GARAATAAAGRATTTTCTTGTGAATATCCAGAGGARTTAGCTGAAATGCTCGTTTTTAGT
E N K E F S CEY P E EL A E M L VvV F S

ATTGATATTTTACTTGACCCTGTATTATTTAAACGTGAATACAGTGRAGTATGTAATAGG

I DI L L DPV L F KREY S E V C N R
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TTGGATTTTTTATTATTCATGT TAAARRAAATGGATATTCCTC TAATTGATGAGTACGGT
L D FLL FMULIEKTZEKMDTITZPTILTIDE
Stop hydR | RBS

ATTCAAAAATTTAAAGATTTATTTAAACAATGATAATAGGARAAGTGAGGAATAGACTAT
I Q K F K DL F K 0Q M
GTTTTATAATGCAAAAAGCTGTCAARATGATGATAGGAAGTAATACAGTGARTTATATTGA
F Y NA K 8 C QMM TI G S NTUVDNYTIE
ATTTGGTAGTGGTAAGARGACACTAATTATTTTACCAGGAT TAGGAGATGGTTTATTTCC
F G § G K K TOL I I L P G L GDGTUL F P
TTTACATGGARARATACAGGCGATTGCTTTTGCTTTTAGATATARGCAATTTGCARAAGA
L H 6 K I ¢ A I AT FDATFU RYZKTGQTFHA ATE KD
TTATARGGTTTATGTATTTAGTAGAAAAAATCARATTACAGAARAATATTCCACAAGGGA
Y K V Y V F $ R KNI TEZKZYS TR D
TATGGCTARAGACCAAGCAGATATARTGAAARAACT TGGAATTATGAAAGCAGAAGTAAT
M A K D Q A DI MUKIEKTLGTIMZE KT BATEVM
GGGTGTTTCTCAAGGTGGAATGATAGCTCAATATCTGGCAATTGAT TATCCTGAGTTAGT
G VS g G6 G6GMTIAOQT YTILA ATIUDTYPETLV
TGAGAAACTTGTGTTGGCAGTTACTTCTTCAAAGCAARATGATACTATCCAARATGTTAT
E K L VLAV TS S KOQUNDTTI QN VI
TTGTAGCTGGATTGATATGGCGAAGARGCAGAAT TACAATGATTTAATGATTGACACAGC
C 5 W I DMAzZKTE KT G OQNZYNDIELEMTIUDT A
ARAGARATCCTATTCTGAAAGATATTTAAAAAAATACCAATTATTTATTCCTTTTTTAGS
K K S Y 8 E R YL K K Y QULTFTIPFTLG
AARAGTAGGTAARACCARAGGATTTTAAACGATTTATTATTCAAGCGACCTCTTGCATAGA
XK V 6 K P KD F KR FTITIOQA AT S C I E
ACATARTGCCTTTTCCGAATTAAATARAATAACATGTCCAACCTTAATTATAGGAGGTGC
HNAFSETILWNZEKTITTCTPTTILTITIGG A
TAATGATAAAATTGTTGGARATAATGC TTCTTTTCATTTAGCAGAARAGATTAAAAAAAG
N D KI V GNUDNA AST FHTILA ATET KTIIKK S
CGARATATTTATCTATGAGGGATTGGGACACGCTACATATGAAGAAGCACAGGATTTTAR

E I P I ¥ E G L G H AT Y E E A Q D F N

1980

G
Start kydD

2040

2100

2160

2220

2280

2340

2400

24¢0

2520

2580

2640

2700

2760

2820




Stop hydD |
TGAAAGAGTTTTAGAGTTTTTRAATAAGTAAACACCTTTGTTAAAAATATACATATGARG

E R VL E F L N K
ATTGGRAATTTAATGTTAAAAATAGARACATGAAAATATGCTTAACTGGTATTTTTACTA
TTCATAACCAATTTTTAATACATTATCTACTATAAATACARATATAGCTTCAATGTGATT

ATATATTGTTGTATTGGTAAAGCACTTATACAAACAGAGGAATTTTGTAAATTCAGATTA

2880

2940

3000

3060

Hindll | Left End of Tn5398

TATCCACATTTGTTARCTTATGAAAATATAATCAARATTTTTATGAGCTTTTTATATAAR
ARRRCGCCCTARAARTCTGATTATCCCCATAAACACTGTATCTACARGCATATTCAATAG
GRAATAARTCGTGATATTACTACGAATTTACTACTAATTTACTACTAATGRATGAGCCTT
GATACGTCTTATTTCCCAGATATGCAAAGATATGGCATGGCACATCAGTARAAATTGAAT
ACTTATATAGACTATGGAACGTACACTTTTGGCGTTCCTTTTCTATTTCCAGACGTTCTT
TTCAGAGCGTCTTTTTTTCATACCCAAAARTCGAAAGGAGAAAGAGAAAATATGAATAAGC
TAGTAAAGCGATTGCTGACAGGGACGCTCGCCATTGCARCCATTCTTACCGCATTGCCTG
TGACGGTGGTTCATGCTTCTGGCAATTAATACTGGACAGAATCAGCAGAACGTGTCGGCT
ACATTGAACATGTTATGAATGATGGTTCTATCARATCCAAATTARATGAGGGACACATGA
AAGTTGAGGGCGAAACTGCCTATTGCGTGAACATCAATACAAATTTCAAAARTGGATATA
ARACARGGTATGACGCAAGCTCCCATATGAGTAGCGATCAGATTGCGGACATTGCTCTTT
CCTTAGAGTACGTCAAGTAATATACTGCTTCTCATACARACTTGAATTACRAGCAGGGTT
ACTTATTGGAACAGTGTGTTGTCTGGCAGAGATTGAGTGAACAGCTCGGCTGGCARATGTG
ATAACGTCAGAGCCTCCTATAATGAAATCTCACAGGCGGTACAGAATAAAGTTTACGCTG
GTGCGAAAGCATTTGTGAARAGCAAATAAGGGGTGCTATGAATGTGGCGGTTACATCTACA
CTGGCGAAGGACAGGACATTGGACAGTTCTGGGCGAGTTGAATGTAGGAAATGAAAAGGT

| Start DR sequence
CAAARAGACTTCTTCCARATCATAAARATCGARACAGCARAGAATGGCGGAAACGTAARA

Stop DR sequence| .35
GAAGTTATGGRAATAAGRCTTAGAAGCHAACTTAAGAGTGTGTTGATAQEQ(\TTATCTT

-10 RBS
AAAATTTTGIATAATAGGAATTGAAGTTAAATTAGATGCTAARAATTTGTAATTAAGAAG

Start elpD
GAGGGATTCGTCATGTTGGTATTCCARATGCGTTATCAAATGCGTTATGTAGATAAAACA

M L V. F § M RY ¢ MR Y V D K T

3120

3180

3240

3300

3360

3420

3480

3540

3600

3660

3720

3780

3840

3900

3960

4020

4080

4140

4200

4260




Stop elpD
TCTACTGTTTTGARACAGACTAAAAACAGTGATTACGCAGATAARATARATACGTTAGATT 4320

s T VvV L K Q9 T K K 8 D Y A D K
AATTCCTACCAGIGACTAATCTTATGACTTTTTAAACAGATAACTAAAATTACARACAAA 4380
IEa’rt ermi(B)
TCGTTTAARCTTCTGTATTTGTTTATAGATGTAATCACTTCAGGAGTGATTACATGAACAA 4440
M N K
AAATATAARATATTCTCAARARCTTTTTAACGAGTGAAAARAGTACTCAACCARATAATARSE 4500
N I K ¥ 5 ¢ N F L. T 88 E KV L N @ I I K
ACAATTGAATTTAARAGAAACCGATACCGTTTACGARATTGGARCAGGTAAAGGGCATTT 4560
Q L N L K E T DT VWV Y E I G T G K GG H L
AACGACGRAACTGGCTAABRATARGTARACAGGTAACGTC TATTGARTTAGACAGTCATCT 4620
T T K L A XK I 8 K @ v T s I E L D S H L
ATTCAACTTATCGTCAGARAAATTAAAACTGAATACTCGTGTCACTTTAATTCACCARGA 4680
F N L 8 8 BE K L KL N TRV T L I H Q D
TATTCTACAGTTTCAATTCCCTAACAAACAGAGGTATAARATTGTTGGGAGTATTCCTTA 4740
1 L Q ¥ O F P N K QQ R Y K I V G § 1 P ¥
CCATTTAAGCACACAAATTATTAAARAAGTGGT TTTTGAAAGCCGTGCGTCTGACATCTA 4800
R L 8§ T ¢ I I K KV v F E S R A S5 D I Y
TCTGATTGTTGAAGAAGGATTCTACAAGCGTACCTTGGATAT TCACCGAACACTAGGGTT 4860

L T v E E G F Y KRTUL DI HUZRTIUL G L

.

GCTCTTGCACACTCAAGTCTCGATTAAGCAATTGCTTAAGCTGCCAGCTGAATGCTTTCA 4520
L L A T ¢ vV 5 I K 0 L L K L P A E C F H
TCCTAADCCAAAAGTAAACAGTGCCTTAATARARCTTACCCGCCATACCACAGATGTTCC 4980
P K P K VvV N 5 A L T K L T R H T T b Vv P
AGATAAATATTGGAAACTATATACGTACTTTGTTTCAAAATGGGTCAATCGAGARTATCG 5040
D K ¥ W KL ¥ T Y F V 8 KW V NRE Y R
Hindll
TCAACTGTTTACTAAAAATCAGTTTCATCAAGCAATGARATACGCCAAAGTABACGATTT 51C0
L F T K N Q0 F H Q A M K Y A K V N D L
235 -10
AAGTACCGTTACTTATGAGCAAGTATIGTCTATTTTTAATAGTTATCTATTATTTARCGG 5160

$§ T v T Y E ¢ v L 8 I FN S Y L L F NG




Stop ermi(B) I_S.t;rt orf3a
GAGGARATAATTCTATGAGTCGCTTTTTTAARTTTGGAARRGTTACACGTTACTAAAGGGA
RBS
R K M &8 R F F K P G K L H V T K G
ATGGAGATAAATTATTAGATATACTACTGACAGCTTCCAAGRAGCTANAGAGRT
N 6 D KL L pD I L L T A § K K L K &

Stop orf3a |
CGCCTACGGGGAATTTGTATCGATAAGGGGTACAAATTCCCACTAAGCGCTCGGG. CcC
A P T G N L ¥ R
TTGTAGGAAAATGTCCTAAGTGTGECAACAATATTGTATTAARAAAATCGTTTTATGGTT
GTTCAAATTATCCTGAATGTAAGTTTACTTTAGCTGAACATTTTAGAAARGAAARAACTAA
CCAAARCGAATGTAAARGAATTACTGGAGGGAAARGAARCCCTGGTAARLAGGAATCARRA

| Start DR sequence
ACARAGAGARARAGCCCTACAATGCCGTTGTARARATTGGGGARARGCGGATATATTGATT

TTATATCTTTCTCAAAATAARTATARRAGCCCTTTARAGAGGGCTTTTATATATTAATCA

CAAATCACTTATCACAAATCACAAGTGATTAATCACAAATCACTTGTGATTTGTGATTCT
» — > —> % > > < «
» pald <«

| Start 0r/298

TAATGATACAATATTACTATACAAARAAAGARTGGGGCGTAGT TATGGAGAAGGAARRAC

M I Q9 Y Y Y T K K E W G V V M E K E K
TABRMAATACTTGAAGAATTAAGACGTATTTTAARCAATAARDAATGAAGCAATTATTATCT
L K I L B E L R R I L N N K N E A T I I

oriT (1)

TGAATAATTACTTTAAAGGTGGTGYTGGAARGTCCAAATTATCGACTATGTTTGCTTACT
L NN Y F K GG 6 V. G K 5 KL 8 T ™M F A Y
TGACAGACAAATTGAATTTARAAGTTTTAATGATCGATAAGGACTTACAGGCAACATTGA
L T D K L N L K V L M 1 D K D L Q A f L
CAALRAGACTTAGCAARAACTTTTGAGGTAGAATTGCCACGTGTCAATTTTTATGRAGGCT
T K DL A K TVF E V E L P R V N F Y E G
TGAARRATGGAARCTTGGCTTCTTCTATTATTCATTTGACTGATAATTTAGACTTGATCC
L KN G N L A S 8 I I H L T™ DI NL D L I
CTGGCACGTTTGATTTGATGTTACTGCCABRARTTARCTCGCTCATGGACGTTTGARAATG
P G T F D L M L L P K L T R S W T F E N

AAAGTAGATTGCTTGCTACTCTTTTAGCACCTTTARAAAGTGACTATGATCTTATTATTA

E' s R L L ATULL A PULX S$ DY DIL I I

5220

5280

5340

5400

5460

5520

5580

5640

5700

5760

5820

5880

5940

6000

6060

6120

6180




TTGATACTGTACCAACGCCARGCGTTTATACAAATAATGCAATCGTGGCGAGTGATTACG 6240
I b T v P T P S V Y T NN ATV A S DY
TTATGATCCCTTTACAAGCAGAAGAAGAAAGTACAAACAACATTCAAAACTATATTTCCT 6300
v M I P L Q A E E E § T N N I 9 N Y I S
ATTTGATTGATTTGCAAGAACAGTTTAACCCTGGACTAGATATGATTGGTTTTGTTICCTT 6360
Yy L I p L Q BEQ FN P G L DMTIGF V P
ATTTAGTTGATACGGACAGCGCAACGATAAAATCARACCTGGAAGAACTGTACARAGRAC 6420
Yy L v D T b S ATTI K S NILEETLY K E
BTARAGAGGATAATTTGGTTTTCCGARAATATTATCRAGCGAAGTRATARAGTAAGTACTT 6480
H K E D NL V F R NI I KR S5 N K V 8§ T
GGTCTAAAAATGGCATTACAGAACACAAAGGCTATGACAARARAGTTTTGTCTATGTATG 6540
W s K N 6 I T EH K G Y D KKV L § M Y

Stop orf298
AGAACGTATTTITTGARATGATTGAGCGAATCATTCARTTAGAARATGAAAAAGAATAGA 6600

E NV F F EMIEI RTI I OQOQTUL E N E K E

ATCA&AAAT%AA%TGATTAATCA&AAAT%TT%TGATTTETGAT&G%TGATQATAAA 6660
» palB 4 *

ATARATAGTAAGAAGAAATAGARAGAAGTGAGCGATCGTGGGAAATTTAGGCGCACAGARA 6720

AGCAAAACGAAATGATACGCCAATCAGCGCAAAAARAGATATAATGGGGGATRAGACGGT 6780

Stop DR Sequence] lﬁt;" erm2(B)
TCGTGTTCGTGCCGACTTGCACCRTATCATAAAAATCGAAACAGCTiﬁGGRGTGATTACA 6840
TGAACARARATATAARATATTCTCAARACTTTTTAACGAGTGARARAGTACTCARCCARA 6900
M N K N I K Y 5 Q N F L T S E K V L N Q
TAATAAAACARTTGAATTTAARAGARACCGATACCGTTTACGARATTGGAACAGGTRAAG 6960
1 I K Q L N L K E T DT V Y E I GG T G K
GGCATTTAACGACGAAACTGGCTAAARATARGTAAACAGGTAACGTCTATTGAATTAGACA 7020
G H L T T K L A K I 8 K Q vV T S 1 E L D
GTCATCTATTCAACTTATCGTCAGAAARATTAAAACTGAATACTCGTGTCACTTTAATTC 7080 E
S H L FNIL S 8 E KL K L NTI RV T L I |
ACCAAGATATTCTACAGTTTCAATTCCCTAARCAARACAGAGGTATAAAATTGTTGGGAGTA 7140

HQ D IL Q F @Q F P N K Q R Y K I V G S

N T b o it e



TTCCTTACCATTTAAGCACACAAATTATTAAAAAAGTGGTTTTTGAAAGCCGTGCGTCTG
I P Y HL S T OOTITI K KWV V FESURABA S
ACATCTATCTGATTGTTGAAGAAGGATTCTACAAGCGTACCTTGGATATTCACCGAACAC
bp I vy L I VvV EE G F Y KR TUL DT HRT
TAGGGTTGCTCTTGCACACTCAAGTCTCGATTAAGCAATTGCTTAAGCTGCCAGCTGAAT
L 6 L L L B T ¢ Vv s I K QL L K L P A E
GCTTTCATCCTARACCAAAAGTAAACAGTGCCTTAATAAAACTTACCCGCCATACCACAG
C FH P K P K VN S A L I KL T RBTT
ATGTTCCAGATARATATTGGARACTATATACGTACTTTGTTTCAARATGGGTCAATCGAG
D V P D K ¥ W KL Y T Y F V S KW V N R
Hindll
AATATCGTCAACTGTTTACTAAAAATCAGTTTCATCAAGCAATGAAATACGCCARAGTAA
E Y R Q L F T KDNQU FHOQAME K Y A K V

35 -10
ACGATTTAAGTACCGTTACTTATGAGCAAGTATTIGTCTATTTTTAATAGTTATCTATTAT

N DL § T VT Y EQV L 8§ I F NS Y L L

Stoperm2B) | |2prt PP

TTAACGGGAGGAAATAATTCTATGAGTCGCTTTTTTARAAT TTGGAAAGTTACACGT TACT
RBS
F N G R K M S R F ¥ K F G K L H V T

AAAGGGAATGGAGATAAATTATTAGATATACTACTGACAGCTTCCAAGAAGCTRAAGAGG
K 6 N 6D KL L DI UL L T A S K KL K R
Stop orf3b [
TCCCTAGCGCCTACGGGGAATTTGTATCGATAAGGGGTACAAATTCCCACTARGCGCTCG
S L. A P T G N L Y R
GGACCCCTTGTAGGAARATGTCCTAAGTGTGGCAACAATATTGTAT TARARARAATCGTTT
TATGGTTGTTCAAAT TATCCTGARTGTAAGT TTACTTTAGCTGAACATTTTAGAAAGAAL
AARCTARCCAAARCGAATGTARAAGAATTACTGGAGGGAAARGARACCCTGGTAARRAGGA
| Start DR Sequence
ATCABAACGARAAGATARRAAAGCCCTACAATGCCGTTGTAARRRTTGGGGAARAGGGATAT
ATTGATTTTATATCTTTCTCAAARTAAACATAAAAGCCCTTTARAGAGGGCTTTTATATA
TTAATCACAAATCACTTATCACAAATCACAAGTGATTTGTGAT TGTTGATGATARARATAA
> P« - > <« | <
* __'l
palA palB

GAATAAGAAGAAATAGAAAGAAGTGAGTGATTGTGGGARATTTAGGCGC A AL ARAGARA

BAACGAAATGATACACCAATCAGTGCAARAARAGATATAATGGGAGATARGACGGTTCGTG
Stop DR Sequencej )
TTCGTGCTGACTTGCACCATTCCCACCCTCTACAGATGGCAMCGTCAATTATTCCTTTGA

7200

1260

7320

1380

7449

7500

7560

7620

7680

7740

7800

7860

7920

7980

8040

8100

8160

8220

8280



GGGGGCAACATTTGGCGAATCCCATATTGTAGTCACAGATAAAAACGGTC?GTTCTCTAC
TGCTTCAAGTTGGGCTTCCCGTAAGATAAATACAAATACTGGAAARECg:égé;GGATGG
PGTATGETTTGETACTTCTGARCCAGACGACAGTARAGGTGCATTACTTTATGATACCTG
TGTGATTGAGGAATTAAAGTGTGATTCCAACGCCGGATTTAAGCTGATTCCAGCTTTTGA
GGTGGTCGTATCCAGARAAAAAGTGACCGTAGATTTAGGGACACTTACTGATGAATACGA
ARAAGARATCACAATCCATACCACAGCTACCGACAAGAARACAGGCGARRARATGATTGT
TGCCGGAABAGACATCAAGATCGTGGACARAGTCACACTTGATCGCTTGGAAACTGGCAG
| Start orf13
TCACAGAAGATTACACCGTGACCGTTCATGTGTATACAGATGGTGCAATGGGTCATTACC
M C I ¢ M V Q0 W VvV I T
CAGAATCCTACCCTTGCTCCAGTGGTACAGAAATCARAGTATGAACCGAAAGCACAGGGA
Q N P T L A P V V @ K &8 K Y E P K & Q G
GCAGATGTCAGCGTCAGCTCCGATACGGT CAAAGACGCTACTACTTTCTTGGARACATTC
r D v § v 8 5 DT V KD AT T F L E T P
TTTAARCTCTATCCGACAGCTACAGAARRAGAACT TGCCTATTATGTCARAGACGGTGTG
F K L ¥ p T A T E K E L A Y Y VvV K D G V
CTTGCTCCTGTTTCCGGCGACTACGTATTTTCGGARACTGGTARATCCTGTCTTTACCAAA
L A P V 8 G D Y V F 8 EL V N P V F T K
GATGGCGATAAT CTCAAGGTCAGTGTGTCAGTGAAATATCTGGATAACAAGTCGAARATG
O 6 DN L K V 8§ V 8 V K ¥ L. O N K 8 K M
ACACARAATCTCACAGTATGAGCTTGTGCTTCACAAGGACGATAAT TGGAAAATTGTAGGA
T ¢ I § Q ¥ E L Vv L H K D D N W K I V G

Stop orf13
TAA&TATTACAGCAGACCAGCTATGGCAATTTCAAATACRTATACTAAGTTTTAAAAATA

-35 Asp718 -10 Asp718
TACATGTACCCTATTGACTTT TTGGGAAGGTACCTGTATATTATTTGT TARAGGTACCTG

Start effR EcoRV
TTGAAAAGGAGGTCATACTATGAATAATATTTATTCTGATATCTATGAGAAACTATCAAC
RBS
M N N I ¥ 58 D I ¥ E K L s 7T
CTTGCAATGGCTTATGARACGCCATCAGATGTTTTGTCAGGCAGAGTCTGGTCCATTTGL
L ¢ W L M K R H (¢ M F € Q A E 8 G P F A
TGATACATCACGAGGACAAGGAAGAAT TCTTCCTATGT TAARAAATTCAGCCAGARATTGC

b T s$ R G Q G R I L A MULIKTI @ P E I A

8340

8400

8460

8520

8580

8640

8700

8760

8820

8880

8940

9000

9060

9120

9180

8240

9300

3360

5420




ARCARAAGAGTTGGCATATTTATTGGGAATACGCCAACAATCCCTAAATGAGTTGCTTAA
T K E L A ¥ L L 61T R O O S L N E L L N
TAARATGGAGAARRATGGATATGTAGRACGAAAACCATCTGARRATGATAARCGCGTTAT
K M E K N G ¥ vV E R K P S E N D KR V M
GATTGTTCATTTGACAGAARAGGGARAGCARGTTCAGCAACCGAARACAGACTATCARMAR
I VvV H L T E K 6 K@ VvV g Q P K T D Y Q N
TATCTTTAATTGTCTACTTCCAGRAGAATTGCTACRARTGTCGCAATATTTAGATCGTAT
I F N C L L P E E L L Q M 8 Q Y(.L D R I
Hindlll
TATTGAARGCTTTTCAATTGCRAAATGGAAATGCTTTAGAAGAAAACARTATGATTGACTG
I E A F Q L 0 N G N AL E E N NMTI D W
GATGGCTCAGGCAAGAGAACGTATGGGTGATGAGCATTTTGRACAGTTAATGTCTATGCG
M A Q9 A R ERMGDUEUH U F E QL M S M R
TGAAAGAGCTTTTGGACATATGAGACCACCCAARGATATACCGGGAGCTGARCGCTTTTC
5 R a&a F 6 H M R P P K DI P 6 A E R F 8
TGARAACTATAACGGATATGTTCCAGATAGAGACGGATTTCAGCCAAGAAACTTTAGACC
E N Y NG Y VP DRUD G F @ P R N F R P
EcoRV Stop ¢ffR |
AGATATCAAATAACARARGGCACTGTARAATTACAGCAATAAGCCCTATGGAGATTTTTT
b I K

(Start efP
GRACTCCATAGGGCTTATTTTTTGAAAAGGAGACGAARCARAATGAACCAGARAAATGARA

RBS

M N Q0 K N E
ATTACTGGCTTTTAGACGCACCTGTCACARAAGCTATATGGCATATGGCGATTCCAATGA
N Y W L L D A P V T K A I W H M A I P M
TGCTTGGAATGTCAATAAACATTATTTACAATATTACAGATACATTCTTCATAGGCAGAT
M L 6 M 5 I M I I Y N I T D T F F I G R
TAAATGACACAGCGGCTCTTGCCGCAATCTCACTGCTGTTACCTTTCACGACCATTTTAA
L ¥NDTAOAULAATI S L L L P F T T I L
TGGCAATTGGGAATTTGTTTGGAACAGCTGGAAGCACTTTGTTTTCACGACTGT TAGGAA
M A I 6 N L F G TG G $ T L F S R L L G,

GTGAARATACGGACAGGACARAACAATGTTCAGCTACGACATTATGGCTATCTTTCCTGT

5 BN T DR T K C S A T T L W UL S F L

8480

9540

9600

9660

972¢%

9780

9840

9900

9960

10020

10080

10140

10200

10260

10320




TTGGACTATTGACTGCARTAATATCCATCATTTTCAGTAACTATATTATCCGACTTCTCG
F G L L T A I I §& I I F S8 N Y I I R L L
GTGCTGATAGTAATACTTTTGCCTATGTCAAACAGTATCTTATTTTTTATGGAATGGGTG
G A DSNTTPFAYUV KOJYTULTITFEFTYGMG
CTCCGTTTATTATTGCCAATTTTACGCTAGAACAGT TAATTAGAGGTGACGGTARATCTG
AP F I I ANTFTTILETGGTLTITZ RTGT DG K S
TAGAATCTATGATTGGAATGATGATAAGCATTGGTGCTAATATCATTCTTGACCCARTTC
vV E S M I 6M M I SIGANTITITULDP I
TGATGTTTGGATTACAGCT TGGTATTCGTGGGGCAGCCATIGCTACAGTAATCGGARATG
L M F 6 L 0 L 6 I RGAOATILIUBTUV I G N
CTTTCGCTGTTATCTATTATATTGTCTGTATACAACGAGCAGACAATCAGTTATCTGCTC
A FAV I Y Y I VCTIOQRABATIDIENIGTILS A
TTCCARAATATTTCAGGCTTGANARACARATGCTAARAGAARATTTTTTTAGTTGGATTAT
L P KY FRILETZ KT G QMTILTEKTETITFTILUV G L
CTGCAATGTTGTTAGATATTCTTTTGATTGTTTCAAGCCTTATGTTTAATTACTATGCAC
s aMm 1L L DTITZLTILTIUVSSILMETNTYTVY A
TAARATATGGAGATTATGTGCTTGCCGGATTTGGGATTTCTCAAAARCTTGTGCAGATTG
L K Y 6 DYV LAGTFEFTGTISOZEKTLUV QI
Hind
TCGACCTAATCGGCATGGGACTTTACATGGGAGTAATTCCACTTATCGCTGTTGCCTATG
vV DLIGMGTILUYWMGV VYTI®PILTIAVAY
GTGCARGAAATGAACTTCGTLIGAARGAAATCATTAARAAGACTGCTCTCTATTTAGCAC
G ARNETLIRMZEKTETTITZEKTE KT ATLTY L A
TAGTAATTACATGTTTGTTTGCTATTCTATTTACATGCAGAAACTT TATTGTTCATTGTT
L v I T C L ¥ A I L ¥ T C R N F I VvV H C
TTTCARATGATTCAGATGTAATTCGTATAGGTGCGTACATCTTAACCGTTCAACTCTGTT
F S N D s pv I RTIGATZYTITLTV QL C
CTTCTTTCTTTGCGGCAGGAGCGGGTCTTCTAACGGGAATT TT TCAGTCARAAGGAGAAG
S s FFAAGAGTLTILTSGTITFTO QS KG E
GAACTCCGGCTGTTGTTATGTCCGTTATGAGAGGTCTTATGCTCATACCAGCAATTATCT

G T P AV VM S VMR G L ML I P A I I

10380

10440

10500

10560

10620

10680

10740

10800

10860

10920

10980

11040

11100

11160

11220

e e e L A a e b o ot R AT R g e
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&
o
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A
i

TCGGCAATTATCTCTTTARAAATGAATGGAGTTATTTTTTCTCTGCTTGTAGCCGANSCTA
F G N ¥ L F KM NGV I F 58 L L V A &
Stop effD |
TTTCATGCATTACAGGGATTGTAT TATATAAATTGARAARGTAATGCTEAACTCCATCAG
I s ¢ I T G ¥ v L Y K L K K
Hindll
ACTTGTTAACAAAGTTAGTGATGGTTATARAAATCATCAACAATAAATTAAGAGATTTCT
ATAGAATGAGTATAGATTGGTAGGAGCTGOARRAATATGATTGGGCTTAAAARAAGARAT
ATARARAAATGTTGAARACTGGTAGATGTATCATTAGCTGATATTCGGGCTAATATRGAR
GCCACTATTGATGAAGAAATGARCAGTCCAGCCCCAGRGGTACAGGCAAATTTCARAAAG
TATTTTGGCAATAAACGTCCTACACCAGARGAATATATTTACAAGATTACARAAAAACAL
AAGTTTGATTTACGACTATTTGTTACCTGCGGAGTATATCAARCAAATAAGCGT TGAAGAA
[ Stop orf?
TCTGCACAGAARARACAGAGAARATAAGAAGTGAATCACTTCTTATTCTCTCTGCTGTTCA
K K N E R S N L
AGATACCATCAATCGTACCTTGAATGATTTTTAATYCGTCATCACT CAATARATCAMGTG
I ¢ b1 T ¢ Q@ I I K L BE 0 p $ L L b L 8
ACGAATCTATCTGACGGCGAACTGTGCTTTTITCCACATTCTTCGCTGGATAGARATACT
s » 1 ¢ R RV T 8 K E V N K A P Y F Y E
Hindll
CGTCAACAGATATATTGAACATGGTAACTAAATCATGGAATANATGAAAGCTAGGGTGTT
p v 5 I N F M T V L b H F L H F S P H K
TCCCGATATTTTCAATATCTGCGATATGACGTTCTCCGTARRAGACTTTATCGCCTAAAT
I N E I D A I H R E G Y F V K D G L D

CATTTCTGGAARACCCTGCTTTCTCTCTGGCTTCTCTGATTGCCAGTCCTAARGGACGARA

¥ R 8 P G &2 K ERAEUPRT AL G L P R F

Start or,
P -10

AATCAAAGCTGTGCGTATCTTTCTTTTTTCTCATTTTTAATCACCTAGCATGAGTTTATA

P F 8 H T D K K K R M

-35
CTATTTTCACAGGTTTGCTCTGCTCARGGAGCAATTTGTGATTCTAAGTAARARACAGGCAG

CCGGCACCGACARCCGAATTTATTCCCTTTTTTTTAGTTTATCATCAGCCCTTGAGCATG

- AATTAAAAACTCATATATCAGATGTITTTAGATACAGTCTATTTGTTAT TAGTGCAGATAG

GCTGTTTTCATAT TTTCARAAAGTTTTTCAATTCTGCAACAAATCACACCCTGCTGTACA

11280

11340

11400

11460

11520

11580

11640

11700

11760

11820

11880

11940

12000

12060

12120

12180
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Start orf7

GATATGGTGCGGARAGAGGGATACATACTTTTCACT TCATAGCGARAGGGGGTGTGATTT
RBS

TGAAACCATCAGACTTCCAAAAGACGATACAGTGTCAGTTGGACTGTAAGCTCAARAAGS

TTGTAAAAGGCAGTGTCCGTAACTACTGCARGGAATTAGCCAGACGACAGGCARAGGAAG

TACCCTTTTGTGAGCTTCCAGAAATTGT TATTGAGARATTGATTGTCTGGGATGATTACG

AAAGTGACTATACGACATTCGATGTGTGCAGTAYGGAAATCCGTGTGCTTGATGAAGAAC

TTGAAABATACAGGATATATCGGCATTTACCAGCTTATGAAAAGATAATCAGARATTTAG

Right End Tn5398 |
TGTATTTTTATAATAAAAATATAATGCTTGTATACAARAARTATTAAAGATATTT TAGTAR

Stop orf7
GTTTTGTATATAAGCAAACATGTATTTTTTAJTATAGTTATCTAAATATTATTTTATATA

CARTHAAATATGACTCCTAAARRATARRAARATATATCATAARARTATAAATARGTAGATATAG

-10
GTTTTAATTTGATTTATAAACCTATTATAAAATARAATTCATGATTTTTATAAGCAATAA

Start ispD

AATTTTTAGGAGGATATATGATGAATARAAGAATGARACTAATTCCGTATGARATARATG
RBS '
M N K R M KL I P Y E I N

ABAATCTAAGAGGTGCAAAAARATARATTCCCATATCGGAATAAAACARATGAATGCTAGGG
E N L R GA KNI KF P Y G I K Q M N A R
GAATGTGGGATGAAGGTTATACTGGTANAAATATTGTAGTTGGTATAATAGATACAGGTT
G MW DEGY T G KNI VV G I I DT G
GTGATATATCTCATCCTCTTTTARAAGGARAAATARTTGGTGGTGCARATTTITAGTGATG
c bI 8 H P L L K G K I I 6G A NF S D
ACAGTAATGGAAATAARAATATATATGAGGATTTTAATGGTCATGGAACTCATGTGGCGG
DS NG N KNI ¥ EDVF¥F N GH G T H V A
GTATTATAGCTGCATCTAATTATAATAATGAAGT TATGGGAGTAGCTCCAGATTGTAAAT

G I I A A S N Y NNUEV M GV A P D C K

12420

12480

12540

12600

12660

12720

12780

12840

12900

12960

13020

13080

13140

13200

13260

13320




TATTAATAGCAARAGCATTAAATARAGATGGTACCGGAACATATCAAAGTATAATTAATG
L. L I &K AL DN KDSGTGGT Y Q 5 I I N
CTATTAACTTTGCTGTAAATAACAAGGT TGATATTATATCTATGTCTCTTGGGGGAAACA
A I N F A vV N N K V¥V DI I 8 M 8 L G G N
AAGATGATARGARTTTABRAARATGCTGTCATGCAAGCAGTARARRATAATATTTCTGTAG
K DD K NL K NAV M QA V KNNT § V
TGTGTGCAGCAGGTARTAATGGAGATGGTGATTCTAGTACAAGTGAGTATAGTTATCCAG
v ¢ A A G NI NUGWDSGW DS S T S E Y 5 Y P
CCAGTTATGCTGAGGTAATAGAAGTAGGTGCAATAAATGAAAACTAT}TGGTTGAAAAGT
AS Y A E V I E V 6 A I N ENUY L V E K
TTAGTAATTCAAATACTACAATAGATTTGETGGCTCCAGGARGAAATATTATATCGACTT
F § N S N T T I DL VA P G RN I 8 T
ATATGGATAATAAACTTGCTATTATGAGTGGTACTAGTATGAGTGCACCATACGTATCAG
Y M D N K L A I M 8 GG T 8 M 8 A P Y V 8
GCTCATTAGCACTAATTARAGAATGGGCAAGAGAGGAGTTTGAAAGAGATTTAGATGAAG
¢ $ L AL I K E W A R E E F E R D L D E
CTGAACTGTATGCACAATTAATARRATGTACGAGAGCGCTTGGAATACCTAGAACGGARAC
A E L Y A Q L I K C T R AL GG I P R T E
Stop ispD|
AAGGAAATGGATACTTATATTTAAATCTTTATAAATACAAGAATAATAGCAAAAGATAAT
Q G N G ¥ L ¥ L N L Y K Y K N N S§ K R
TTTTGATTTGATGATAAAATAGCTATATTATATAGAGTCGAGACARATAATAAARATTAC
TTAGGTGTAAGATTTTACATCAATGTATAAAGGTATTAAGTGATARAATTTATAAACATA
TTAGCTAGTTAGAARTTGARAAATARATATACGATATTATAGATAGCACATCTGGARRAAGG
TGTGTTTTTCTATGTACTTATACATATARAAGAT TTATAAGAGATGCARAAGTACTATAR
GTTAGAAATTTTTCTATGAAAGATTAGAAATACGATACAGTGTTTTGATATTATARARATG
ABTATAAAGTATARATGATAAATGTTATCAATAAGTATTGAATTTCAARATCAATTGTGA

TATTCTATATTTAGAAAAATAAAGAGATTTCAGATAAAGARATCTTTTGTTTTITTAGATG

Start fIxD

-10
TTAGTTAGCTATAACTARCTATIGATTAATTAPARARATACTACAGGAGGTAAARATGAGT
RBS
M S

13380

13440

13500

13560

13620

13680

13740

13800

13860

13920

13980

14040

14100

14160

14220

14280

14340

14400
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AAAATATATATTGTTTATTGGAGTGGAACAGGARATACTGAARARATGGCARATTTTGTG
X I ¥ I v Y W 8 6 T G N T E K MADNF V
GCTGAAGGTGTGAAGTTARAAGGTAAGACACCAGAAGTTTTAGATGTGAGCTTACTGAAA
A E G V KL K 66 KT P E V L D V S8 L L K
CCAAGTGATTTAAAAGAAGAAGATAAATTTGCATTAGGTTGCCCATCTATCGGAGCAGAG
P $ DL K E EDKFAULGT CUPS M G A E
CAACTAGAAGAGGGGGATATGGAGCCATTTGTTTCAGAATTAGAATCTATGGTATCAGGT
Q L EEGDMEU®PVFV S EULE S MV S8 G
AAACAGATTGGATTATTTGGTTCATATGGATGGGGAAATTGTGAATGGATGAGA@ATTGG
K ¢ I 6 L F G 8 Y G W G NICUEWMU®BRD W
GAAGAACGTATGCAAAATGCTGGTGCTACAATTAT TGGTGGAGARGGAATTACAGCAATG
E ERMOQNA ASGH® SATI I G G EGTITAM
GAARGACCCAAATGAAGAAGCAARAGATGAGTGTATAGAATTAGGCAARACGTTAGCTGAA

E D P NEEAI KDU ECTIUEILGI KT L A E

Stop fxD |

TAAATTTGTATATTATAAAAATAGTATAAATAGCARCTAATGATGATAGCAGTATATAAT
ARTARGAGAGACTAATATTATGATACATAAGAAAATATCCTTAATAGAGATAGATAAAAT

ATTAGTCTCTTTTAATATAARATTAGATTTATAATTTAATGTTGTTTTTGAA

14460

14520

14580

14640

14700

14760

14820

14880

14940

14992
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Table 4.1 : Features of the ORFs detected in pJIR1594 and pJIR1790.
ORF Promoter Sequences Start Stop Nucleotide Region Size of ORF  Size of Predicted Protein
Identified Codon Codon (nucleotides) (amino acids)
-10 -35 RBS
ivD N N N None TAG 1-1040 >1035 >345
hydR N N Y ATG TAG 1384-2013 630 209
hydD N N Y ATG TAA 2039-2851 813 270
elpD Y Y Y ATG TAA 4213-4210 96 31
ern:i(B) N N N ATG TAA 3433-5167 738 245
orf3a Y Y Y ATG TAA 5175-5306 132 43
orf298 N N N ATG TAG 5703-6599 897 208
erm2(B) N N N ATG TAA 6839-7574 738 245
orf3b Y Y Y ATG TAA 7622-7703 132 43
orfl3 N N N ATG TAA 8728-9123 395 131
efiR Y Y Y ATG TAA 9260-9913 653 217
effD N N Y ATG TAA 10002-11324 1322 440
orf9 Y Y N ATG TGA 11735-12094 360 119
orf7 N N Y GTG TAA 12414-12812 398 132
ispD Y N Y ATG TAA 12981-13919 938 ) 312
SfixD Y N Y ATG TAA 14395-14823 428 / 142
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1993). This reaction is the penultimate step in the synthesis of the amino acids

isoleucine and valine, prior to transamination.

A CLUSTAL W alignment with IlvD proteins from Pyrococcus abyssi,
Aquifex aeolicus, Methanococcus jannaschii, B, subtilis, and Bacillus cereus reveals
52-57% identity at the amino acid level across the sequenced portion of the IlvD
protein (Figure 4.3). Based on this alignment the incomplete ORF was designated as
ilvD. 1t seems likely that ifvD encodes the dihydroxyacid dehydratase (1lvD)

homologue in C. difficile.

b) hydR

The second ORF detected, AydR, was a complete ORF (nucleotides 1384 to
2013, Figure 4.2, Table 4.1). A putative RBS was located upstream of the start
codon (Figure 4.2). BLASTP analysis of the putative HydR protein revealed

similarity to proteins belonging to the TetR family of transcriptional regulators.

The genetic control and mechanism of tetracycline resistance has been well
characterized. The expression of tetd, which encodes an integral membrane protein
that belongs to the major facilitator superfamily (MFS) and which exports
tetracycline, is under the control of the TetR repressor, In the absence of
tetracycline, transcription of tet4 and the divergent fetR gene is repressed by TetR
(Hillen and Berens, 1994). ret is efficiently expressed only when TetR is released
from its operator sites by its association with tetracycline or its analogues. Many
members of the TetR family of regulatory proteins appear to be repressors that bind

DNA through a helix-turn-helix motif. The helix-turn-helix motif is commonly used
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Figure 4.3 : CLUSTAL W alignment of IlvD proteins.

The amino acid sequence of IlvD from C. difficile strain 630 was aligned with the
IlvD proteins from P. abyssi (F75045), M. jannaschii (Q58672), B. subtilis (P51785),
B. cereus (Q9XB13), and 4. aeolicus (067009). Identical amino acids are shown in

red, highly similar amino acids are shown in green, weakly similar amino acids are

shown in blue.
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as the signature sequence for identifying members of this family of bacterial

regulatory proteins.

CLUSTAL W alignment of HydR and the amino acid sequences of the five
most closely related protein sequences from the databases revealed 25% identity to a
transcriptional regulator of the TetR family from 4. aeolicus, 22% identity toa
;egulatory protein, IfeR, from Agrobacterium tumefaciens, 19% identity to probable
transcriptional regulators from Pseudomonas aeruginosa and Listeria innocua, and
16% identity to a probable transcription regulator of the TetR family from
Streptomyces coelicolor. Most of the identity between these proteins is across the
region that is expected to form the helix-turn-helix motif (Figure 4.4). On the basis
cf this alignment it appears that hydR is likely to encode a repressor protein that

belongs to the TetR family of bacterial repressors.

¢} hydD
The hydD gene was located 26 bp downstream of the hydR stop codon
(nucleotides 2039 to 2851, Figure 4.2, Table 4.1). A putative RBS was located

upstream of the AydD start codon (Figure 4.2).

The putative HydD protein had strongest similarity to a cultivar specificity
protein from Rhizobium leguminosarum, a lipolytic enzyme from S. acidocaldarius,
and to a hydrolase, IpbD, from Pseudomonas putida, each of which had 22% identity
to HydD. Identity (21%) was also observed to the PcbD hydrolase from
Archaeglobus fulgidus and 19 % identity was found to a carboxyl esterase from

Acinetobacter calcoaceticus (Figure 4.5).
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Figure 4.4 : CLUSTAL W alignment of HydR from C. difficile and TetR-like
transcriptional regulators.

The amino acid sequence of HydR from strain 630 was aligned with transcriptional
regulator proteins from A. aeolicus (C70487), A. tumefaciens (AAC25692),

P. aeruginosa (C83286), L. innocua (CAC19089), and §. coelicolor (T36792).
Identical amino acids are shown in red, highly similar amino acids are shown in

green, weakly similar amino acids are shown in blue.
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Figure 4.5 : CLUSTAL W alignment of HydD from C. difficile and hydrolase

homologues from other organisms.

The amino acid sequence of HydD from strain 630 was aligned with a cultivar

specificity protein from R. leguminosarum (AAF89759), a lipolytic enzyme from

S. acidocaldarius (AAC67392), hydrolase proteins from P. putida (AAC03446) and

A. fulgidus (A69463), and a carboxyl esterase from A. calcoaceticus (CAA61351).

Identical amino acids are shown in red, highly similar amito acids are shown in

green, weakly similar emino acids are shown in blue.
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P. putida is capable of using isopropylbenzene as a sole source of carbon and
energy and IpbD is responsible for the conversion of 2-hydroxy-6-o0xo-7- ‘
methylocta-2,4-dienoate to 2-hydroxypenta-2,4-dienoate and isobutyrate in this
catabolic pathway (Eaton and Timmis, 1986). In Pseudomonas sp. the PcbD protein
is a 2-hydroxy-6-0x0-6-phenylhexa-2,4-dienoic acid hydrolase, which is part of the
pathway involved in the degradation of biphenyls and chlorinated biphenyls (Kim et
al., 1996). Both of these hydrolases are responsible for enabling their host to use
unusual carbon compounds as energy sources. Perhaps the C. difficile HydD protein

has a similar function.

Based on the similarity to these hydrolase proteins this ORF was designated
hydD, which stands for hydrolase protein from C. difficile. The ORF upstream of
hydD, hydR, encodes a putative transcriptional regulator of the TetR family and
could potentially be regulating the transcription of hydD. Consequently this ORF

was designated hydR, standing for hydrolase gene repressor.

d) The C. difficile Erm B determinant

The C. perfringens Erm B determinant has been studied extensively |
~ (Berryman and Rood, 1995) and has been shown to be located on a large mobilizable
plasmid, pIP402. The determinant consists of an erm(B) gene and a small ORF
designated orf3, flanked by direct repéat (DR) sequences. Each DR contains an
ORF, orf298, which is flanked by highly palindromic repeated sequences, pald and
palB (Figure 4.6). Comparative nucleotide sequence analysis of the next 4 kb of
C. difficile DNA sequenced in this study revealed that this region of the chromosome

contained ORFs that appeared to constitute the C. difficile Erm B determinant.

9%




Figure 4.6 : Genetic organization of the Erm B determinants from

C. perfringens and C. difficile strain 630.

The approximate extent and organization of the Erm B determinants from

C. perfringens (U18931) (Berryman and Rood, 1995) and C. difficile strain 630 are
shown schematically and not necessarily to scale. Regions encompassing direct
repeat sequences (DR) are shown in grey. Regions of nucleotide similarity are
shown as pink hatched boxes. The approximate location of the palindromic
sequences pald, palB, pal4’ and palB’ are indicated by the lines below the DR
sequences. The erm(B) structural genes are shown as blue solid arrows, the orf3
genes as teal solid arrows, orf298 as red solid arrows, and the elpD gene is shown as

a turquoise solid arrow. The deletion of the promoter sequences upstream of

erm2(B) is depicted by a solid black oval.
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i) elpD

The first ORF detected in this region was very small, consisting of only 96 bp
(nucleotides 4213 to 4210, Figure 4.2, Table 4.1). Putative RBS, -10 and -33
promoter sequences were identified (Figure 4.2, Table 4.1). When translated it
encoded a putative protein of 31 amino acids. BLASTP analysis of the predicted
amino acid sequence revealed similarity with the leader peptide sequences
commonly found upstream of MLS resistance determinants. A CLUSTAL W
ali gﬁment showed that this C. difficile Erm leader peptide had significant identity at
the amino acid level to the leader peptides found upstream of the erm(B) genes from
E. coli (97%), E. faecalis (81%), Lactobacillus reuteri (771%), and the erm(B) gene
present on Tn9/7 (65%) (Figure 4.7). Based on the high level of identity at the
amino acid level this ORF was designated as elpD, standing for the Erm leader

peptide from C. difficile.

The most well characterized leader peptide gene region, that upstream of the
inducible erm gene, erm{C), contains a number of inverted repeats and leads to the
regulation of erm expression by translationa! attenuation (Mayford and Weisblum,
1990). Based on the similarity of the upstream region of other genes to the leader
peptide sequence upstream of erm(C), several other erm genes, including some
erm(B) genes, have been proposed to be regulated by translational attenuation.
Examination of constitutively expressed erm genes has shown that the leader peptide
sequence was either absent or was mutated and non-functional (Kamimiya and

Weisblum, 1988; Mayford and Weisbium, 1990).

An alignment of the e/pD sequence and the nucleotide sequences of the

leader peptides found upstream of other inducibly and constitutively expressed
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Figure 4.7 : Amino acid and nucleotide sequence alignments of Erm leader
peptide regions,

The élnino acid sequence of the Erm leader peptide, ElpD,Eom C. difficile strain
630 was aligned with the inducible Erm leader peptide sequences from E. faecalis
(AACT1782), L. reuteri (AAC31203), Tn9!17 (E. faecalis) (P23130) and S. aureus
(Erm(C)) (NC001386), and the constitutive Erm leader peptide sequence from E. coli
(P10739). The nucleotide sequence of the elpD gene from C. difficile was aligned
with the nucleotide sequences of the Erm leader peptide genes found upstream of the
inducible erm(B) genes from S. agalactiae plasmid pIP501 (X72021), E. faecalis
transposon Tn977 (M11180) and the inducible erm(C) gene from S. aureus plasmid
pE194 (NC001386) and the constitutively expressed erm(B) gene from E. coli
(M19270). Identical amino acids and nucleotide bases are shown in red, highly

similar amino acids are shown in green and weakly similar amino acids are shown in

blue. Gaps introduced into the alignments are depicted as dashes.
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erm(B) genes shows that the Erm leader peptide from C. difficile is most similar to
the leader peptides that are associated with constitutively expressed erm genes and is

therefore likely to be non functional (Figure 4.7).

Induction experiments were carried out on C. difficile strain 630 to determine
whether MLS resistance was inducibly or constitutively expressed. The results
{(Figure 4.8) showed that when the cells were subcultured from medium that did not
contain erythromycin, the same growth rate was observed in the presence or absence
of erythromycin. It is concluded that in C. difficile strain 630 MLS resistance is

constitutively expressed and therefore it appears likely that the Erm leader peptide is

not functional.

ii) The erm(B) genes
Sequencing and analysis of the next region of the recombinant plasmids
proved difficult due to double priming of the oligonucleotide primers as a result of
gene duplications, Consequently, three independent PCR products spanning the
region from nucleotides 4954 to 7012 (Figure 4.2) were generated using

oligonucleotides #3139 and #4210 and then sequenced to give reliable sequence data

in this region.

Two identical ORFs, ermI(B) (nucleotides 3433 to 5167, Figure 4.2,
Table 4.1) and erm2(B) (nucleotides 6839 to 7574, Figure 4.2, Table 4.1), were
detected downstream of elpD. These ORFs encoded proteins that showed high levels
of identity to 238 rRNA methyitransferasés of the Erm(B) family. The resultant
Erm(B) proteins had 98% identity to the Exm(B) protein from . perfringens, 97%

identity to Erm(B) from S. agalactiae, 96% identity to Ena(B) from L. reuteri and
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Figure 4.8 : Expression of erythromycin resistance in C. difficile strain 630.

| Growth of C. difficile cells that had not been pre-exposed to erythromycin (BHIS), or
had been pre-exposed to erythromycin (BHIS+Emso), was monitored after subculture
into medium that either contained erythromycin (BHIS to BHIS+Emse, BHIS+Ems,

to BHIS+Emysg) or did not contain erythromycin (BHIS to BHIS, BHIS+Emys to

BHIS), over a six hour period by measuring the turbidity at 600 nm.
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E. faecium, and 84% identity to Erm(B) from E. faecalis (Figure 4.9). Previously,
erm(B) genes from C. difficile have been referred to as both ermZ (Hichler et al.,
1987a) and ermBZ (Rood and Cole, 1991), however, in accordance with the most
recent nomenclature system for the Erm family of resistance determinants (Roberts et

al., 1999), these ORFs will be referred to as erm1(B) and erm2(B).

No promoter sequences were identified upstream of eithcr ermi(B) or
erm2(B) (Figure 4.2, Table 4.1). The fact that erm!(B) is preceded by elpD suggests
that this ORF may be transcribed from the promoter sequences upstream of elpD.
When the sequence upstream of erm2(B) was compared to the sequence upstream of
the C. perfrivgens erm(B) gene, it was evident that a deletion event. had removed the
erm2(B) promoter sequences and a small portion of the upstream DR sequence (see
later discussion on DR sequences). It is therefore unlikely that the erm2(B) gene is
expressed, however, expression from an upstream promoter, such as the elpD, orf3a,

or orf298 promoters, cannot be ruled out.

iii} orf3a and orf3b

Two identical ORFs, orf3a (nucleotides 5 1l75 to 5306, Figure 4.2, Table 4.1)
and orf3b (nucleotides 7622 to 7703, Figure 4.2, Table 4.1), were detected
downstream of the ermI(B) and erm2(B) genes, respectively. As before, due to the

duplication of the genes in this region, reliable sequence data were obtained from the

PCR products described for the erm(B) genes.

Analysis of the amino acid sequence derived from both orf3a and orf3b
revealed identity to several ORF3 proteins from other bacteria. Identical ORF3

proteins are encoded by the orf3 genes found downstream of the erm(B) genes from
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Figure 4.9 : CLUSTAL W aligninent of Erm(B) proteins.

The amino acid sequence of the Erm(B) protein from C. difficile strain 630 was
aligned with the Erm(B) proteins from C. perfringens (P12038), §. agalactiae
(NP053005), L. reuteri (AAC31204), E. faecium (AAF64431), and E. faecalis
(pAMP1) (A27507). Identical amino acids are shown in red, highly similar amino

acids are shown in green, weakly similar amino acids are shown in blue.
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S. agalactiae, L. reuteri, and Staphylococcus intermedius. In addition, the C. difficile
protein had 91% identity to the orf3 products distal to the erm(B) genes from

E. faecalis anc . perfringens (Figure 4.10).

The predicted amino acid sequences of the ORF3 proteins have no
homologues in the database and their function is unknown. The fact that orf3 is so
well conserved, and is nearly always found in association with erm(B) genes,

suggests that it may have some function in MLS resistance, however, no such role

has been elucidated.

iv) DR sequences and orf298

In C. perfringens the erm(B) gene is flanked both upstream and downstream
by DR sequences (Figure 4.6) that each contain an internal ORF, or298, which is
flanked by highly palindromic sequences, pald and palB (Berryman and Rood,
1995). Analysis of the nucleotide sequence of the erm(B) gene region from strain
630 revealed that the duplicated erm(B) and orf3 ORFs are separated by a single
copy of the DR sequence found in C. perfringens. However, a deletion event appears
to have removed the last 51 bp of this DR homologue and the promoter sequences
upstream of erm2(B). Further analysis of this DR revealed an ORF, orf298
(nucleotides 5703 to 6599, Figure 4.2, Table 4.1), which was flanked by pald

(nucleotides 5636 to 5698, Figure 4.2) and palB (nucleotides 6600 to 6655, Figure

4.2) sequences.

BLASTP analysis of the putative protein encoded by 07/298 revealed
similarity to the ORF298 protein from C. perfringens and also to other ORF298

homologues that are found in association with erm(B) genes. A CLUSTAL W
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Figure 4.10 : CLUSTAL W alignment of ORF3 proteins.

The amino acid sequence of the ORF3 protein encoded by orf3a and orf3b from
C. difficile strain 630 was aligned with the ORF6 protein from S. agalactiae
(NP053006), the ORF3 proteins from L. reuteri (AAB86540) and . intermedius
(AAG42228), the hypothetical erythromycin resistance protein 3 from Tn917

(E. faecalis) (C25028), and ORF3 from C. perfringens (140879). Identical amino

acids are shown in red, highly similar amino acids are shown in green, weakly

similar amino acids are shown in blue.
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alignment showed that ORF298 has 97% identity to the putative ORF298 proteins
found within DR1 and DR2, which flank the erm(B) gene in C. perfringens
(Berryman and Rood, 1995), and 97% identity to the hypothetical protein delta,

which is found downstream of the erm(B) gene in S. pyogenes (Figure 4.11).

The function of these ORF2%8 homologues has not been elucidated. They
contain two ATPase domains, an ArsA family ATPase domain and a ParA family
ATPase domain, Besides the ORF298 homologues from C. per ringens and
S. pyogenes, the C. difficile ORF298 protein is most closely related to replication
associated proteins, and proteins from the ParA or Soj families of plasmid
partitioning proteins. ParA and Soj proteins are generally involved in the
partitioning of plasmids and chromosomes during replication (Easter et al., 1998,
Sharpe and Errington, 1996). However, the level of identity between either
replication associated proteins or Soj/ParA proteins and ORF298 is low,

approximately 26% and 20%, respectively (Figure 4.12, Figure 4.13).

Nucleotide sequence analysis of the C. difficile erm(B) gene region also
detected two other segments that s} owed similarity to DR sequences, The first of
these regions was detected downstream of the erm2(B) and orf35 genes (nucleotides
7941 to 8240, Figure 4.2, Figure 4.6). This DR variant contained a deletion that had
removed orf298. This deletion s-nears to have occurred vig homologous
recombination between the palindromic sequences pald and palB, leaving vestigial
pald’and palB’ sequence\s. This variant also contained a second deletion, which had
removed the last 70 bp at the 3’ ¢’ of the DR sequence. The second variant DR
region was upstream of the elpD g« (n.. f‘;otides 4039 to 4109, Figure 4.2, Figure

4.6). It consisted of a 70 bp region that - o1iesponded in nucieotide sequence to the

-
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Figure 4.11 : CLUSTAL W alignment of putative ORF298 proteins.

The amino acid sequence of ORF298 from C. difficile strain 630 was aligned with
the hypothetical ORF298 proteins from C. perfringens DR1 (140877) and DR2
{140880), and bypothetical protein delta from S. pyogenes (§45079). Identical amino
acids are shown in red, highly similar amino acids are shown in green, weakly

similar amino acids are shown in blue. The ArsA and ParA family ATPase domains

are underlined.
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Figure 4.12 : CLUSTAL W alignment of the C. difficile ORF298 protein with
replication associated proteins.

The amino zacid sequence of the ORF298 protein from C. difficile strain 630 was
aligned with the replication associated protein from E. faecalis plasmid pAM373 |
(NP{71998), the Rep63B protein fiom B. thuringiensis (CAB43193), the RepB
protein from E. faecalis plasmid pAD1 (B47092) and the RepB protein from

L. reuteri (AAC02983). Identical amino acids are shown in red, highly similar

amino acids are shown in green, weakly similar amino acids are shown in blue.
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Figure 4.13 : CLUSTAL W alignment of the C. difficile ORF298 protein with
Soj and ParA proteins.

The amino acid sequence of the ORF298 protein from C. difficile strain 630 was
sligned with an ATPase involved in chromosome partitioning from Thermoplasma
volcanium (NP111999), the Soj protein homologues from P. abyssi (NP126969) and
Pyrococcus horikoshii (NP142704), and putative plasmid partitioning proteins from
B. burgdorferi (NP051238) and S. coelicolor (T36875). Identical amino acids are
shown in red, highly similar amino acids are shown in green, weakly similar amino

acids are shown in blue.
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70 bp of the DR sequence that had been deleted from the DR variant downstream of

ermn2(B).

v) Compar: - analysis of the C, difficile Erm B decerminant
Witl, sption of the ORFs and DR sequence variants described above,
no further similarity was detected between this region of the recombinant plasmids
and any other Erm B determinants. Therefore, it appears that the C. difficile strain
630 Erm B determinant consists of two identical erm(B) génes, erml(B) and
erm2(B), which are separated by a single DR sequence that contains orf298 (Figure

4.6). The Erm B determinant is bounded by variants of the DR sequence, and

includes an Erm leader peptide upstream of ermi(B), and a deletion of the promoter

sequences upstream of erm2(B) (Figure 4.6).

Comparative analysis of the various Erm B determinants for which sequence
flanking the erm(B) gene is available (Figure 4.14) reveals that the C, difficile
determinant is the only member of this class that has two erm structural genes.
Almost all of the erm(B) genes are flanked by corﬁplete or deleted (ADR) variants of
the DR sequence. None of the DR variants are identical, vith each deletion
apparently having occurred at slightly different locations within the pald and palB
sequences. This finding supports the postulate that homologous recombination

gvents involving the pald and palB sequences are responsible for the deletions, rather

than site-specific recombination events.

e orfl3

The ORF identified downstream of the C. difficile Erm B determinant was

orf13 (nucleotides 8728 to $123, Figure 4.2, Table 4.1). The putative ORF13 protein
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Figure 4.14 : Comparative genetic organization of the Erm B determinants. r
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| DR DR
(M11180), and E. coli (M19270) are shown schematically and are not necessarily to = )
: i —— . R C. perfringens
scale. Regions of nucleotide sequence similarity are indicated by the same coloring - pa‘a " pa_IB erm(B) orf3 paz; palB
or shading. The solid arrows indicate the individual ORF's and their respective
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showed significant similarity to only two other proteins when analyzed using
BLASTP. The first of these proteins was ORF13 from Tn916 (Flannagan et al.,
1994), and the second was a conserved hypothetical protein from Thermoplasma
acidophilum (Ruepp ez al,, 2000). A CLUSTAL W alignment revealed that ORF13
only had similarity to these proteins in the C-terminal region (Figure 4.15). The
sequence upstream of the predicted start codon of orfI3 was consequently examined
for potential deletions or insertions tkat may have caused a2 frameshift, but none were

found. Therefore, it seems likely that ORF13 represents a truncated and presumably

non-functional variant of these proteins.

ORF13 had 20% identity at the amino acid level to the complete ORF13
protein from Tn9/6 (Flannagan et al., 1994), however, if only the C-terminal end of
ORF13 is used in the alignment this percentage was increased to 40%. ORF13 has

ne known function in the conjugative transposition of Tn976 (Clewell and

Flannagan, 1993).

) effR

BLASTP analysis of the amino acid sequence encoded by the next ORF, effR,
(nucleotides 9260 to 9913, Figure 4.2, Table 4.1) revealed iow level similarity to the
MarR family of transcriptional regulators. In E. coli, marR encodes a repressor of
the marRAB operon, which regulates multiple antibiotic resistance by controiling the
expression of at least 10 unlinked genes (Sulavik ef al., 1997). Mutations in marR
lead to derepression of the marRAB operon and result in the increased expression of

marA, which encodes the positive transcriptional regulator of the unlinked resistance

genes (Cohen ef al., 1993).
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Figure 4.15 : CLUSTAL W alignment of the ORF13 protein from C. difficile
and its homologues.

The amino acid sequence of ORF13 from C. difficile strain 630 was aligned with the
ORF13 protein from Tn916 (E. faecalis) (AAB60020) and a conserved hypothetical
protein from T. acidophilum (CAC11941). Identical amino acids are shown in red,

highly similar amino acids are shown in green, weakly similar amino acids are

shown in blue.
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CLUSTAL W alignment of the EffR amino acid sequence with the five most
closely related homologues from the database shows 20% identity at the amino acid
level with a transcriptional regulator from Lactococcus lactis, 18% identity with
MarR family homologues from S. coelicolor and Rhodobacter capsulatus, 16%
identity with ORF145 from Staphylococcus sciuri, and 15% identity with a MarR
family homologue from B. subtilis (Figure 4.16). The identity is primarily localized
to the helix-turn-helix motif, which is part of the DNA binding portion of these

proteins. Based on these data, it is possible that effR encodes a transcriptional

Tepressor.

g) effD

The next ORF, ¢ffD, located downstream of effR, was the largest ORF
detected in this sfudy (nucleotides 10002 to 11324, Figure 4.2, Table 4.1). This ORF
encodes a predicted protein of 440 amino acids. Using BLASTP, homology to
several conserved, hypothetical, integral membrane proteins was observed. A
CLUSTAL W alignment of the EffD amino acid sequence and the five most closely
related proteins shows that EffD has 34% identity fo a hypothetical protein from
L. lactis, 25% identity to an unknown conserved protein from Bacillus halodurans,
24% identity to a hypothetical protein from P. horikoshii and to a DinF related
pre *in from P. abyssi, and 22% identity to a conserved, hypothetical integral
membrane protein frbm B. burgdorferi (Figure 4.17). BLASTP analysis also
indicated that EfD had two regions of similarity to the consensus sequence for an
uncharacterized membrane protein family (Pfam protein family, UPF0013 (Bateman
et al., 2000)), which includes hypothetical and proven integral membrane proteins,

dafnage inducible proteins and some multidrug efflux proteins (data not shown).

107




Figure 4.16 : CLUSTAL W alignment of EffR with MarR family homologues.
The amino acid sequence of EffR from C. difficile strain 630 was aligned with a
transcriptional regulator from L. lactis (AAK04806), a MarR family protein from
S. coelicolor (CAB56677), the PetP protein from R. capsulatus (P31078), ORF145
from 8. sciuri (CAA73494), and a transcription regulator MarR. family homologue,
YfiV, from B. subtilis (H69804). Identical amino acids are shown in red, highly

similar amino acids are shown in green, weakly similar amino acids are shown in

blue. The helix-turn-helix motif is underlined,
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Figure 417 : CLUSTAL W alignment of the EffD amino acid sequence from
C. difficile with conserved, hypothetical and integral membrane proteins.

The amino acid sequence of EffD from C. difficile strain 630 was aligned with a
hypothetical protein from L. lactis (AAK05582), an unknown conserved protein
from B. halodurans (BAB05882), a hypothetical protein from P. horikoshii
(C71172), a DinF related protein from P. abyssi (B75053), and a conserved
hypothetical integral membrane protein from B, burgdorferi (H70158). Identical -

amino acids are shown in red, highly similar amino acids are shown in green, weakly

similar amino acids are shown in blue.
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Given that the levels of identity between EffD and these proteins was only

. moderate, EffD} was also analyzed using SOSUI (Takatsugu ez al., 1998), which is a
program used for the classification and secondary structure prediction of membrane
proteins. This analysis predicted that EffD was a membrane protein that had twelve
membrane spanning domains (Figure 4.18). Based on this analysis of EffD, and the
fact that effD is directly downstream of effR, it is possible that effD may encode a
putative efflux protein and that ¢ffR may encode its associated regulator protein,
Based on the above analysis these two ORFs are referred to as effD and effR,
representing efflux proteini from C. difficile and efflux protein regulator. However, it

is recognized that the designation of these proteins as being involved in efflux must

remain speculative.

Iy orf9

The ORF detected downstream of effD was unique among all of the ORFs
detected in this region of the chromosome, in that it was detected on the
complementary DNA strand of. This ORF, or/9 (complement of nucleotides 11735

to 12094, Figure 4.2, Table 4.1) consists of 352 nucleotides and, when translated,

encodes a putative protein of 119 amino acids.

Analysis of the predicted amino acid sequence of ORF9 retumed only four
homologues with statistically significant identity. A CLUSTAL W alignment
showed 43% identity to ORF9 from Tn916, 40% identity to an ORF9 homologue
from the L. lactis plasmid pK214, and 28% identity to an ORF9 homologue from the
E. faecalis transposon Tni549 (Figure 4.19). In addition, ORF9 also had 43%
identity to ORF9 from the tetracycline resistance transposon Tn5397 from C. difficile

(Roberts et al., 2001). In the conjugative transposon Tn9/6, orf? is predicted to
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Figure 4.18 : Secondary structure prediction of the EffD protein.

The secondary structure predicted using SOSUI (hitp://sosui.proieome.bio.tuat.ac.jp/) consists of twelve membrane spanning regions (green boxes),
which results in both the N-terminal and C-terminal ends of the protein being located in the cytoplasm (IN) of the cell. Polar and positively charged

residues are in shown in blue with a blue circle surrounding the residue. Negatively charged residues are shown in red with a red circle surrounding

the residue. The membrane surrounding the cell is represented by the yellow region.




Figure 4.19 : CLUSTAL W alignment of ORF9 homologues.

The amino acid sequence of ORF9 from C. difficile strain 630 was aligned with the
ORF?9 proteins from Tn916 (E. faecalis) (AAB60024) and Tn5397 (Roberts et al.,
2001), a hypothetical protein from the L. lactis plasmid pK241 (CAA63526), and an
unknown protein from the E. faecalis conjugative transposon Tnl549 (AAF72357).
Identical amino acids are shown in red, highly similar amino acids are shown in

green, weakly similar amino acids are shown in blue.
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encode a putative transcriptional repressor, however, the exact role of this protein in

the mobility of Tn916, or in gene regulation, remains to be elucidated (Celli and

Trieu-Cuot, 1998).

{) orf7
A second ORF with similarity to an ORF from Tn9/6, orf7 (nucleotides
12414 to 12812, Figure 4.2, Table 4.1), was located downstream of orf9. orf7 was

the only ORF detected in the study that appeared to utilize an altemate, GTG, start

codon.

A CLUSTAL W alignment of homologues of the predicted amino acid
sequence of ORF7 revealed that it had 20% identity to the ORF7 proteins from
Tn916, Tnl549 and an additional E. faecium transposon Tn3382, and 16% identity to
an ORF7 homologue from the L. lactis plasmid pK214 (Figure 4.20). In addition,

ORF7 had 20% identity to ORF7 from Tn5397 (Roberts et al., 2001).

The ORF7 protein from the prototype conjugative transposon Tn916 shows
limited identity to various prokaryotic RNA polymerasel éigma factors (Flannagan et
al., 1994). Recent work (Celli and Trieu-Cuot, 1998) has suggested that ORF7 has a
regulatory role in the mobility of Tn976, in that increased expression of ORF7 leads

to increased transcription of transfer genes, orf7, 0rf8, xis, int and adjacent

chromosomal genes.

J) ispD
BLASTP analysis of the predicted amino acid sequence encoded by the

penultimate ORF detected in this study, ispD (nucleotides 12981 to 13919,
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Figure 4.20 : CLUSTAL W alignment of ORF7 homologues.

The amino acid sequence of ORF7 from C. difficile strain 630 was aligned with the
ORF7 proteins from Tn916 (E. faecalis) (AAB&0026) and Tn5397 (Roberts et al.,
2001), and the ORF7 homologues from Tnl549 (E. faecalis) (AAF72365), Tn5382
(E. faecium) (AAC34795), and L. lactis plasmid pK214 (CAA63525). Identical
amino acids are shown in red, highly similar amino acids are shown in green, weakly

similar amino acids are shown in blue.
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Figure 4.2, Table 4.1), revealed high levels of identity to intracellular proteases.
CLUSTAL W alignment of the amino acid sequence of the putative IspD protein and
the five most closely related proteins from the database showed that it had 52%
identity to the major intracellular serine protease, ISP-1, from B. subtilis, 48%
identity to the intracellular serine proteases from Paenibacillus (Bacillus) polymyxa
and Bacillus amyloliquefaciens, and 44% identity to the intracellular alkaline serine
proteinases from B. halodurans and Thermoactinomyces sp. (Figure 4.21). Based on
the high level of identity between IspD and the intracellular serine proteases, it seems
likely that ispD may encode an intraceliular serine protease, which may or may not
be functional in C. difficile. Accordingly this ORF is referred to as ispD, which

stands for intracellular serine protease from C. difficile.

In B. subtilis ISP-1 has been postulated to have a critical role in sporulation,
possibly through the turnover of intracellular proteins, in the processing of spore coat
protein precursors and in the inactivation of transcarbamylase and several other

enzymes {Koide et al., 1986). As C. difficile is also a spore producing bacterium,

IspD may have a similar role in this organism.

k) flxD

The last ORF detected was fIxD (nucleotides 14395 to 14823, Figure 4.2,
Table 4.1). Analysis of the predicted amino acid sequence of the FIxD protein
revealed high levels of identity to flavodoxin proteins from several organisms.
Alignment of these homologues showed that FIxD had similarity to flavodoxin
proteins from Clostridium beijerinckii (45% identity), Megasphaera elsdenii (43%
identity), Treponema pallidum (39% identity), Desulfovibrio salexigens (31%

identity), and Desulfovibrio desulfuricans (28% identity) (Figure 4.22). These high
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Figure 4.21 : CLUSTAL W alignment of IspD with intracellular serine protease

komelogues.

The amino acid sequence of IspD from C. difficile strain 630 was aligned with the
intracellular serine proteases from B. subtilis (P11018), B. amyloliquefaciens
(AAB33888), and P. polymyxa (P29139), and the intracellular aikaline serine
proteinases from B. halodurans (BAB05902) and Thermoactinomyces sp. (JC5460).
Identical amino acids are shown in red, highly similar amino acids are shown in

green, weakly similar amino acids are shown in blue.
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Figure 4.22 : CLUSTAL W alignment of FIxD with flavodoxin proteins.

The amino acid sequence of FIxD from C. difficile was aligned with the flavodoxin
proteins from C. beijerinckii (P00322), M. elsdenii (P00321), T. pallidum (O83895),
D. salexigens (P18086) and D. desulfuricans (P86312). Identical amino acids are
shown in red, highly similar amino acids are shown in green, weakly similar amino
acids are shown in blue. Residues 6 to 22, which are part of the binding site for the

flavin molecule are underlined.
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levels of identity suggest that FixD is likely to be a flavodoxin protein and therefore
the ORF which encodes this protein is referred to as fIxD, which stands for

flavodoxin from C. difficile.

Flavodoxins proteins function as electron carriers between other oxidation-
reduction enzymes (Geoghegan ef al., 2000). These proteins are smail and acidic
and in many reactions they substitute efficiently for ferrodoxin. However, in contrast
to the ferrodoxins, which contain iron and acid-labile sulfides, flavodoxins utilize a
molecule of flavin mononucleotide (FMN) as their redox-active component
(Mayhew and Ludwig, 1975). From comparative analysis of the amino acid
sequeﬁces, it appears the region nearer the N-terminus of these proteins, which is part
of the FMN binding site), is highly conserved during evolution, but farther along in
the C-terminal region of these proteins similarities are harder to find (Mayhew and
Ludwig, 1975). Residues 6 through to 22 are also highly conserved, as this region

forms part of the binding site for the phosphate portion of the flavin molecule (Figure

4.22).

Delineation and genetic analysis of the putative conjugative transposon Tn5398

The sequence data obtained did not resolve the question as to whether
Tn 5398 was a conjugative transposon or a mobiliiablc element. While the
sequenced region did contain three ORFs with ¢imilarity to ORFs from the
conjugative transposon Tn?!6, orf13, orf9 and orf7, it did not appear to contain
ORFs that would encode transposase, integrase, resolvase or mobilization proteins,
which are proteins normally involved in the movement of conjugative or mobilizable

elements. The aim of the experiments presented in the following section was to
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obtain more information about the precise region that was transferred from the donor

to the recipient, and about the way in which the element may be transferred.

a) Transfer of Tn5398 to C. difficile and B. subtilis

To obtain transconjugants that could be used to determine the precise DNA
region that was transferred during conjugation, Tn5398 was transferred from the
erythromycin and tetracycline resistant strain 630 to the rifampicin resistant strain
CD37 by filter mating (Chapter 2). Briefly, aliquots of strain 630 and strain CD37
cells, which had been grown to mid-exponential phase under antibiotic selection,
were mixed together ox nitrocellulose filters placed on BHIS agar. The cells were
incubated anaerobically at 37°C overnight to allow transfer of genetic material. The

cells were then resuspended in fresh BHIS medium and plated on to selective media

" to isolate potential transconjugants. In initial mating studies the transconjugants,

with one exception, were resistant to rifampicin and erythromyein (e.g. JIR1162).
The exception was a single transconjugant, JIR1164, which was resistant to
rifampicin, erythromycin and tetracycline. In subsequent experiments all of the

transconjugants were resistant to rifampicin, erythromycin and tetracycline (e.g.

JIR1181 and JIR1184).

The association between the transfer of erythromycin resistance and
tetracycline resistance, which in strain 630 involves the fe#(M) gene carried on the
conjugative transposon Tn5397 (Mullany et al., 1990), was an interesting finding and
suggested that Tn5398 may be dependent upon Tn5397 for its conjugative transfer.
To determine whether Tn3397 was required for the conjugative transfer of the
Tn5398 element, attempts were made to construct a system in which the conjugative

transfer of TnJ398 could be examined in the presence and absence of Tn3397. If
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'Tn5398 transfer depended on the presence of Tn5397, strains containing only

Tn5398 would be unable to transfer erythromycin resistance to a suitable recipient.
However, those strains that carried both Tn3398 and Tn5397 should be able to
transfer erythromycin resistance either independently or together with the transfer of
tetracycline resistance. Although isogenic CD37-derived Tn3398 donors that did or
did not carry Tn5397 were available for use in mating experiments, there was no
suitable recipient strain available. Despite extensive attempts to Iﬁutate CD37to
generate a second selectable marker in this strain, and searches of the large

C. difficile strain collection in our laboratory, no suitable recipient strain could be

‘constructed or identified.

Since it had been reported that Tn5398 could be transferred from C. difficile
to appropriate B, subtilis recipient strains (Mullany e? al., 1995), attempts were made
. to use this organism as a recipient. The advantage of using B. subtilis is that no
additional antibiotic resistance marker is required because the ability to grow
acrobically can be used as the selective marker. Preliminary conjugative fransfer
experiments weie performed as described previously (Mullany ef al., 1995), using
C. difficile strain 630 as the donor and B. subtilis strain CU218§ as the recipient.
These experiments were performed numerous times but unfortunately no

transconjugants were obtained.

b) Conjugative mobilization using E. coli strain S§17-1

Most conjugative and mobilizable transposons excise from the donor
chromosome and form a non-replicating circular intermediate, which is then
transferred from the donor to the recipient. A functional mob gene is generally

required, the product of which nicks the circular molecule at an o#i7 site. Once
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nicked a single strand of the circular intermediate can be transferred to the recipient

cell by conjugation.

The possibility that Tnj398 was a mobilizable transposon rather than a
conjugative transposon was, to some extent, investigated in E. coli. The E. coli strain
S17-1 contains a copy of the broad host range plasmid RP4 integrated into the
chromosome (Simon et al,, 1983). This strain is capable of mobilizing co-resident
mobilizable plasmids with a compatible oriT site, including elements of clostridial
origin (Crellin and Rood, 1998; Lyras et al., 1998). If Tn5398 contains a compatible
oriT site or mob gene, then when the recombinant plasmid pJIR1790 is introduced
into strdin S17-1 it should be possible to mobilize the plasmid to an appropriate
E. coli recipient strain. To this end, three isogenic strains were constructed, the !
negative control strain S17-1(pWSK29), the test strain S17-1(pJIR1790), and a n
second test strain S17-1(pJIR1790, pJIR1537). The latter plasmid carries a copy of
the site-specific recombinase gene, tndX, from Tn5397 (Wang et al., 2000a). This ]
strain was included to allow for the possibility that the addition of tndX in trans may
excise Tn3398, and allow mobilization of the resultant circular form. The positive
control strain used in the experiment was S17-1(pJIR1377), which contains a copy of

the chloramphenicol resistance conjugative transposon Tn4453a from C. difficile

(Lyras et al.,, 1998).

These strains were used as donors in conjugation experiments with the
recipient strain LT101, a rifampicin resistant derivative of HB101. Transconjugants
that were resistant to both chloramphenicol and rifampicin were observed from the
positive control mating at a leve! of approximately 1 x 102 chloramphenicol resistant

colonies per donor cell. No transconjugants resistant to erythromycin were obtained
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from any of the matings, indicating that it is unlikely that Tn5398 carries oriT or mob
genes that are compatible with the RP4 mobilization system. This result does not,
however, exclude the possibility that the transposon could be mobilized using an oriT

site or mob genes associated with a different mobilization system.

¢} Delineation of the putative transposon using dot blot hybridization analysis

To delineat= *he extent of the Tn5398 element, a series of DNA-DNA

hyrbridizatior. .~ .. . were performed using probes generated against a
selection ~ - w.. . = .din the earlier part of this chapter. Each of the
hybridiza - ... oriee s included DNA extracted from C. difficile strain 630

(positive conu}:. ~ um C. difficile strain CD37 (which is MLS sensitive and
therefore represents the negative control), and from four independently derived, MLS
resistant, fransconjugant strains JIR1162, JIR1164, JIR1181 and JIR1184. These

transconjugants were derived by conjugative transfer of erythromycin resistance

from strain 630 to strain CD37.

DIG:labelled DNA probes that contained internal portions of the ilvD, hydD,
erm(B), orf13, eff D, and ispD genes were generated by PCR using the |
oligonuclectide primer pairs #6018 and #6278, #6339 and #6940, #2980 and #2981,
#6019 and #6785, #9069 and #10237, and #11546 and #11864, respectively
(Figure 4.23). The rationale behind this approach was that if a gene was of
chromosomal or housekeeping (i.e. non-transposon) origin the probe would be
expected to bind to the DNA from all of the strains tested. However, if the gene was

of transposon origin, we would expect the probe to bind only to the positive conirol

and the transconjugant strains.
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Figure 4.23 : Oligonucleotide primers used to delineate Tn5398.

The number and position of each oligonuclotide primer is shown above a schematic representation of the Tn5398 region from C. difficile strain 630.
The polarity of each cligonucleotide primer is indicated by the smali, blacik arrow heads. Colored block arrows indicate each of the ORFs and their

respective direction of transcription. Grey shaded boxes represent regions encompassing DR sequences.

> < » < > « « > -«
#6306 #6940 #6604 #4210 #6785 #8885 #0782 #11662 #12143
> < » 2 » » < >
#6018 #6278 #6427 #4210 #4538 #9371 #9387 #11865
> - »> -« »> | > -«
#6260 #7391 #2980 #4537 #9069 #10237 #9493 #11864
> >
#6339 #9409
) A
P & P ¢
'x\”}o \(ﬂt& \ﬁ@ @*Qo & 0& QZ{\{:L o& o‘& & e§ o“@ o'&\ '\‘5@ @9

o U UL PR P S




The results (Figure 4.24) showed that the i/vD-specific, hydD-specific and
ispD-specific probes hyb.idized to DNA from the positive control, the negative
control and the transconjugant strains, indicating that these genes were likely to be of
a chromosomal (i.e. non-transposon) origin. The erm(B)-specific, orf13-specific,
and effD-specific probes bound only to the DNA from the positive corirol and the
transconjugants, indicating that these genes are likely to be of transposon origin.
This analysis therefore allowed us to delineate the transposon as encompassing the

region between the AydD and ispD genes.

d) Delineation of the putative transposon using PCR analysis

To more precisely delineate the putative transposon, a PCR based strategy
was used to determine the presence or absence of each of the genes previously
identified in these strains. Once more, the rationale was based on the fact that a PCR
product should be amplified from the DNA of all strains tested if the gene was of 2
non-transposon origin, and should only be amplified from strain 630 and the

transconjugant strains if the gene was of transposon origin.

A series of twelve PCRs were performed, which gave products spanning the
entire region previously sequenced (Table 4.2, Figufe 4.23). The binding positions
of each of the oligonucleotide primers used are shown (Figure 4.23). The results
(Table 4.2), showed that a PCR product of the expected size was amplified from all
six strains for the ifvD, hydR-hydD, ispD and ispD-fIxD reactions, which indicates
that these gene regions are chromosomally located and outside the region occupied

by the putative transposon. PCR products of the expected sizes for the

elpD-erm1(B), erm1(B)-orf298, orf298-erm2(B), orfi 3, effR, effD, orf9, and orf7
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Figure 4.24 : Dot blot hybridization analysis of the Tn5398 region.
Dot blot hyhridizations were conducted on chromosomal DNA from C difficile
strains 630 (A2), CD37 (A3) and the transconjugants JIR1162 (B1), JIR1164 (B2),

JIR1181 (B3) and JIR1184 (B4) using ilvD, hydD, erm(B), orf13, effD, and ispD

specific probes.
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Table 4.2 : Delineation of the conjugative transpsson Tn5398 by PCR analysis*.
Gene/s Amplified Oligonucleotides 630 CD37  Transconjugants
Used in PCR

itvD #6018 and #6278 + + +
hydRand hydD #6306 and #6940 + + +
elpD and ermI(B) #6604 and #4210 + - +
ermi(B) and orf298 #2980 and #4537 + - +
orf298 and erm2(B) #4538 and #4210 + - +
orfl3 #6785 and #6019 + - +

efR #7774 and #3885 + i +
effl #9069 and #10237 + - +
orf9 #9371 and #9782 + - +
orf7 #9493 and #9387 + . +
ispD #11662 and #11864 + +
ispD to fIxD #11865 and #12143 + +

* (t+)indicates a PCR product of the expected size was obtained.
(-) indicates that no PCR product was detected.

** C. difficile strains JIR1162, JIR1164, JIR1181 and JIR1184.




reactions were only arnplified from strain 630 and the transconjugants, indicating

that these genes or regions are likely to be contained within the putative transposon.

These results allowed a more precise delineation of the putative transposon.
The left end of the element appeared to lie in the intergenic space between the hydD
and elpD genes; upstream of the Erm leader peptide, but downstream of the #6940
oligonucieotide primer binding site (Figure 4.23), sirice a PCR product was obtained
for the AvdR-hydD PCR from strain CD37. The right end of the element appeared to
lie upstream of the ispD gene, and upstream of the #9387 oligonucleotide primer
. bindiisg site, since an orf7 PCR product was not amplified from strain CD37 using
the oiigonucleotide primers #9493 and #9387, but an ispD PCR product was
amplified from the same strain using the oligonucleotide primers #11662 and #11864
(Figure 4.23, Table 4.2). These results suggested that Tn5398 was less than 10 kb in

siza,

g} Precise delineation of the ends of Tn5398
To precisely define the ends of Tn5398, and to determine the target or
ingertion site, the regions encompassing both ends were amplified from chromosomal
DNA from strain 630, and from each of the transconjugant strains, using the
oligonucleotide primers #9409 and #9387 for the right end, and oligonucleotide
primers #7391 and #6427 for the left end. The potential target region from strain
CD37 was amplified from chromosomal DNA using the oligonucleotice primers
#6260 and#12143. The resultant PCR products were then sequenced to determine
the nucleotide sequence of the ends of the transposon and the point of insertion in

strain CD37."
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i) The left end

Comparison of the nucleotide sequences obtained from the left end junction
PCR products from strain 630 and the transconjugant strains with the sequence
obtained in the same region from sirain CD37 showed that the left end of the element
was located 272 bp downstream of the hydD stop codon (Figure 4.25). Prior to this
point the nucleotide sequences of all of the strains were almost identical, and,
unexpectedly, the nucleotide sequence of the transconjugants more closely resembled
the nucleotide sequence of strain 630. However, past this point the nucleotide
sequences of strain 630 and the transconjugants diverged from that of strain CD37,
indicating that at this point the flanking sequence ends and the transposon sequence
begins. Interestingly, the sequence of the left hand end of the putative transposon
was a palindromic sequence consisting of the nucleotides TTTTTATATAAAAA

(Figures 4.25 and 4.27), which may be of significance in the transposition or

mobilization of this putative element.

ii) The right end
Comparison of the nucleotide sequences obtained from the equivalent PCR
products from the other end of the element revealed that the right end point was
located within orf7, 84 bp upstream of the stop codon (Figure 4.26). The right end
was an imperfect palindromic sequence that consisted of the nucleotides

TTTTTATAATAAAAA (Figures 4.26 and 4.27) This sequence was identical to the

palindromic sequence found at the left hand end of the element, except for the

11 insertion of an A nucleotide in the central region.

The delineation of the right end of the transposon was not as clear as that of

the left end. There was considerable similarity upstream of the proposed right end of
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Figure 4.25 : Delineation of the left end of Tn5398.

CLUSTAL W alignment of the nucleotide sequences obtained from PCR products
encompassing the left end of the transposon amplified from chromosomal DNA from
strain 630 and each of the transconjugants using the oligonucleotide primers #7391
and #6427, and the potential target region of the transposon from strain CD37
amplified from chromosomal DNA using the oligonucleotide primers #6260 and
#12143. Identical nucleotides are shown in red. The boxed region indicates the

palindromic sequence at the junction point. The position of the AydD stop codon is

shown,
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TATGAAGAAGCACAGGATTTTAATGAARGAGTTT TAGAGTTTTTARATAAGTAANCACCT
TATGAAGAAGCACAGGATTTTAATGARAGAGT TTTAGAGTTTTTARAATAAGTARACALCT
TATGAAGAAGCACAGGATTT TAATGAAAGAGTTTTAGAGTTTTTAAATAAGTARACACCT
TATGAAGAAGCACAGEATTTTAATGARAGAGTTTTAGAGTTTTTAAATAAGTAMACACCT
TATGAAGARAGCACAGGATTTTAATGARAGAGTTTTAGAGT TTTTAAATAAGTARACACCT
TATGAAGAAGCACAGGATTTTAATGARAGAGT TTTAGAGTTTTTAAATAAGTAAACACCT
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TTGTTAAAMATATACATATGAAGAT TGGARATTTAATGT TARARAATAGARACATGAAALT
TTGTTAARAATATACATATGAAGATT GGRAATTTAATGTTARARATAGAAACATGAARAT
TTGTTAAAAATATACATATGAAGATTGGARATTTAATGTTAAARATAGRAACATGAARAT
TTGTTARAAATATACATATCARGATTGGAAATTTAATGTTARARATAGAAACATGAANAT
TTGTTAAAMATATACATATGAAGATTGGARATTTAATGT TRAAAATAGRRACATGRAAAT
TIGTTAABAATATACATATGAAGATTGGAARRTTTAATGT TAARAATAGARACATGARAAT
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ATGCTTAACTGGTATTTTTACTATTCATAACCAATTTTTAATACATTATCTACTATARART
ATGCTTAACTGGTATTTTTACTATTCATAACCAATTTTTARTACATTATCTACTATAAAT
ATGCTTAACTGGTATTTITACTATTCATAACCAATTTTTAATACATTATCTACTATAAAT
ATGCTTAACTGGTATTTTTACTATTCATAACCAATTTTTAATACATTATCTACTATAAAT
ATGCTTRACTGGTATTTTTACTATTCATAACCAATTTTTAATACATTATCTACTATAAAT
ATGCTTAACTGGTATTTTTACTATTCATAACCAATTTTTGATACATTATCTACTATAAAT
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ACAARTATAGCTTCAATGTGAT TATATATTGTTOTATTGGTAAAGCACTTATACRRACAG
ACARATATAGCTTCAATGTGATTATATATTGITOTAT TECTAARGCACTTATACANACAG
ACARATATAGCTTCAATGTGATTATATATTGTT GTATTGCTAMAGCACTTATACAAACAG
ARCARATATAGCTTCAATGTGATTATATATTGTTGTAT TGETAMAGCACTTATACAAACAG
ACARATATAGCTTCAATGTGATTATATATTGTPGTATTGGTAALGCACTTATACARACAG
ACARNTATAGCTTCAATGTGATTATATATTAGTGTATTGGTAAAGCACTTATACAARCAG
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AGGARTTTTGTAAATTCAGATTATATCCACATTTGTTAACTTATGAAAATATARTCAARLA
AGGAATTTTGTARATTCAGATTATATCCACATTTGTTAACTTATGAARATATAATCAALA
AGGAATTTTGTARATTCAGATTATATCCACATTTGTTAACTTATGARAATATAATCARAA
AGGAATTTTGTAAATTCAGATTATATCCACATTTGTTAACTTATGAARRATATAATCANAR
AGGAATTTTGTAAATTCAGATTATATCCACATTTGT TRACTTATGAAARTATRATCARAR
AGGAATTTTGTAAATTCATATTATACCCACATTTGTTAACTTATGAARRATATARTCAALA
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TTTTTATGAGOTTTTTATATARARARACGCCCTAARRATCTGATTATCCCCATARACACT
TTTTTATGAGOITTTTATATAAAAARACGCCCTARARATCTGATTATCCCCATAAACALT
TTTTTATGAGOTTTTTATATAAAARRACGCCCTAARAATCTGATTATCCCCATARACACT
TTTTTATGAGHTITTTTATATAARAARACGCCCTAARAATCTGATTATCCCCATAAACACT
TTTTTATGAGOT TTTTATATAARAARACGCCCTAARRAATCTGATTATCCCCATAARCACT
TTTTTATGAGALT T T TATATAAAAAATATAATGTTTGTATACARARATATTGAAGATATT

370 380 390

! I I
GTATCTACAAGCATATTCAATAGGAAATAA
GTATCTACARGCATATTCAATAGGAARTAA
GTATCTACAAGCATATTCAATAGGARATAA
GTATCTACAAGCATATTCALTAGGARATAL
GTATCTACAAGCATATTCARTAGGARATAL
TTAGTAAGTTTTGTATATAAGCAAACATGT
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Figure 4.26 : Delineation of the right end of Tn5398.

CLUSTAL W alignment of the nucleotide sequences obtained from PCR products
encompassing the right end of the transposon axaplified from chromosomal DNA
from strain 630 and each of the transconjugants using the oligonucleotide primers
#9409 and #9387, and the potential target region of the transposon from strain CD37
amplified from chromosomal DNA using the oligonucleotide primers #6260 and
#12143. Identical nucleotides are shown in red. The boxed region indicates the
palindromic sequence at the junction point. Gaps introduced in the alignment are

shown as dashed lines. The orf7 stop codon is indicated.
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-—=AAACCATCAGACTTCCAAMAGACGATACAGTGTCAGTTGGACTGT - -~ ~ARAGCTC-~
=—=BAACCATCAGACTTCCAAAAGACGATACAGTGTCAGTTGGACTGT —--~AAGCTC -~
==-~ABRACCATCAGACTTCCAAMAGACGATACAGTGTCAGTTGGACTGT ~--~-ARGCTC —~
~=--BRACCATCAGACTTCCAARAGACGATACAGTGTCAGTTGGACTGT~--~-AAGCTC-~
ATTGGGACACGCTACATATGAAGAAGCACAGGATTTTAATGARAGAGTTTTAGAGTTTTT
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AAARAGGT =~ ~—~—~—~TGTAAAAGGCAGTGTCCOTAACTACTGCAAGGAATTA--GCCA
ARARAGET —=—=—=~— ~TGTAAAAGGCAGTGTCCGTAACTACTGCAAGGAATTA--GCCA
ARRAAGGT—=—=-=—~ ~TGTARAAGGCAGTGTCCGTAACTACTGCAAGGAATTA--GCCA
AAMAAGGT-—-——-~-—- TGTAMAAGGCAGTGTCCGTARCTACTGCARGGAAT TA- ~GCCA
AARAAGGT ==~ m~ ==~ TGTARARGGCAGTGTCCGTAACTACTGCARGGAAT TA~-GCCA

ARATARGTARACACCTTTGTTAAARATA-TACATATGARGATTGGAA--ATTTAATGTTA
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GACGACAGGCARA-GGAAGTACCCTTTTGTGA-GCTTCCAGAAATTGTTATTGAGA-~-A
GACGACAGGCARA~GGARGTACCCTTTTIGTGA-GCTTCCAGARAATTGTTATTCAGA~~-A
GRCGACAGGCARA-GGAAGTACCCTTTTGTGA-GCTTCCAGAAATTGTTATTGAGA~--A
GACGACAGGCARA-GGAAGTACCCTTTTGTGA-GCTTCCAGRAATTGTTATTGAGA~~~A
GACGACARGGCARA-GGAAGTACCCTTTTGTGA-GCTTCCAGARATTGTTATTGAGA~-~A
AA-BATAGARACATGALAATATGCTTAACTGGTATTTTTACTATTCATAACCAATTTTTG
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ATTGATTGTCTGGGATGATTACGARAGTGACT-——ATACGACATTCGATGTGTGCAGTAT
ATTGATTGTCTGGGATGATTACGAAAGTGACT--—ATACGACATTCGATGTGTGCAGTAT
ATTGATTGTCTGGGATGATTACGARAGTGACT--—-ATACGACATTCGATGTGTGCAGTAT
ATTGATTGTCTGGGATGATTACGAAAGTGACT--—ATACGACATTCCATCTGTGCAGTAT
ATTGATTGTCTGOGATGATTACGARAGTGACT - —~ATACGACATTCGATGTGTGCAGTAT
ATACATTATCTACTATARATACAAATATAGCTTCAATGTGATTATATATTAGTGTATTIGG

250 260 270 280 290 300
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GGAAATCCGTGTGCTTGATGAAGAACTTGAAAAATACAGGATATATCGGCATTTACCAGC
GGARATCCGTGTGCTTGATGAAGAACT TGAARAATACAGGATATATCGGCATTTACCAGC
GGARATCCGTGTGCTTGATGARGAACT TGARAAATACAGGATATATCGGCATTTACCAGE
GGAARTCCGTGTGCTYTGATGAAGAACT TGAAAAATACAGGATATATCGGCATTTACCAGT
GGARATCCGTGTGCTTGATGARGARCT TGAAARATACAGGATATATCGGCATTTACCAGC
TAARAGCACTTATACARACAGAGGAATTTTGTAAATTCATATTATACCCACATTTGTTAAC

310 320 330 340 350 360
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TTATGAAARGATAATCAGAAATTTAGTGT-NI TTTTATAATARAAALATAATGCTTGTAT
TTATGARAAGATAATCAGARATTTAGTGT-AITT TTATAATARAAMTATAATGCTTGTAT
TTATGAAAAGATAATCAGAAATTTAGTGT—ﬁTTTTTATAATAAAAATATAATGCTTGTAT
TTATGAAAAGATAATCAGAAATTTAGTGT-HTTTTTATABTAARAATATAATGCTTGTHT
TTATGAAAAGRTRATCRGAAATTTAGTGT—ﬁTTTTTATAATARAAATATAATGCTTGTAT
TTATGARAATATAATCAAAAT TTTTATGAGHN LT TITATATALARABTATAATGTTTGTAT
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orf7 Stop|
ACAARAATATTAAAGATATTTTAGTAAGTTTTGTATATAAGCAAACATGTATTTTTTAA
ACAAPAATATTAAAGATATTTTAGTAAGTTTTGTATATAAGCAAACATGTATTTTTTAA
ACAARAATATTAARGATATTTTAGTAAGTTTTGTATATAAGCARACATGTATTTTTTAA
ACAAARATATTAARGATATTTTAGTAAGTTTTGTATATAAGCAARCATGTATTTTTTAA
ACRARAATATTAAAGATATTTTAGTAAGT TTTGTATATAAGCAARCATGTATTTTTTAA
ACRARAATATTGAAGATATTTTAGTAAGTTTTGTATATAARGCAARCATGTATTTTTTAR




Figure 4.27 : Schematic depiction of Tn5398.

The schematic representations include (A) the putative conjugative transposon Tn3398, (B) the target site of Tn5398 in the recipient strain and (C)

Tn5398 as present in strain 630 and the transconjugant strains. The palindromic sequences at the ends of the element are shown.
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the transposon (Figure 4.26), which extended back through orf7, indicating that there
was sequence identity between the target region in the recipient, strain CD37, and the
right end of the putative transposon. RecA mediated homologous recombination

ﬁa events may be possible between these two sites, and may provide a method for the

% insertion of this putative element into the recipient chromosome. This hypothesis

§' will be discussed further later in this chapter, This alignment also showed that,

:‘% unc:xpectedly, downstream of the proposed right end of the element the nuc.ieotide

sequences of the transconjugants were more closely related to strain 630 than to
strain CD37, which was also observed upstrean: of the proposed left end of the

element.

Based on this putative delineation of the right and left ends of the element,
Tn5398 is 9630 bp in length. In addition to the C. difficile Erm B determinant it

carries four complete ORFs, orf13, efiR, effD, and orf9, and an incomplete ( ™F,

orf7.

iii)y The target region in strain CD37

Comparison of the nucleotide sequence obtained from the PCR product from
strain CD37 and the sequences from the left and right end PCR products from strain
630 and the transconjugants, led to the conclusion that the target region was located

in the intergenic space between the AydD gene and the ispD gene of the recipient

;i . P e bty y A el i e Nt oL e hingh s A D 2 B e AT B B R s 3 ey (gt a2 Bt B b o
SRR e e R e e B s e e R e R Bl R e T R S S e s A R AT

(Figure 4.27), The target site appeared to be a palindromic sequence that was 227 bp

downstream of thie AydD stop codon and 208 bp upstream of the ispD start codon.

- This palindromic sequence consisted of the nucleotides TTTTTATATAAAAA, and

was identical in sequence to the palindromic sequence found at the left end of the

putative transposon and almost identical to the palindromic sequence found at the
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right end of the transposon. The location of this target region, between the hydD and
ispD genes, also leaves open the possibility of a homologous recombination event
being involved in the insertion of the putative element, as large amounts of
homologous DNA are present between the target region of the recipient strain and
the regions both upstream and downstream of the putative transposon in the strain

630 genome.

Discussion

The data reported in this chapter reveals that the Erm B determinant found in
C. difficile strain 630 and carried on Tn5398, is the first member of the Erm B class
of MLS resistance determinants to have two erm(B) structural genes. Previous
workers in this laboratory postulated that the Erm B determinant found in
C. perfringens represents the Erm B progenitor as it is the only Erm B determinant in
which the erm(B) structural gene is flanked by two complete copies of the DR
sequence (Berryman and Rood, 1995). Furthermore, it was proposed that other
Erm B determinants have evolved from this progeuitor by homologous |
recombination events that removed part of the DR sequences. This analysis also
showed that most of the erm(B) genes are flanked by complete or deleted (ADR)
variants of the DR sequence. The fact that each of the deleted variants of the DR
sequence is different, with each deletion event having occurred at slightly different
locations in the palindromic sequences pal4 and palB, suggests that homologous
recombination is responsible for these deletions rather than site-specific

~ecombination events (Berryman and Rood, 1995).
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The evolution of the Erm B determinant from C. difficile strain 630 can be
explained in terms of this progenitor hypothesis (Figure 4.28). A duplication of the
Erm B determinant from C. perfringens would first be necessary to create two copies
of the progenitor, arranged in a directly repeated orientation. A homologous
recombination event between the two central DR sequences would effectively
remove one of these DR sequences, leaving two erm(B} structural genes separated by
a single corplete copy of the DR sequence. If recombination was then to occur
between the palB sequence from the DR sequence upstream of the first erm(B)
structural gene, and .ie pald sequence from the DR sequence downs‘ream of the
second erm(B) structural gene, the intervening DNA, could be removed as a non-
replicating circular molecule. Nicking of this circular molecule, at a site 70 bp from

the end of the DR sequence downstream of the second erm(B) structural gene, and

" integratior: of the nicked circular form into the chromosome, could result in the

formation of an Erm B determinant like that found in Tn5398. The loss of the
promoter sequences upstream of erm2(B) and the acquisition of the Erm leader
peptide upstream of ermI(B) would then be all that was required to complete the

evolution of the strain 630 Erm B determinant.

Homologous recombination could also account for the loss of the promoter
sequences upstream of erm2(B). Inducibly expressed erm(B) genes, which possess
leader peptide sequences, do not usually have promoter sequences associated with
the erm(B) ene as the promoter sequences are located upstream of the Erm leader
peptide. Howsver, because of the high level of homclogy between the upstream
regions of both inducibly and constitutively expressed erm(B) genes (other than
across the leader peptide region) and between the erm(B) genes themselves, it is

possible that homologous recombination events between inducible and constitutive
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Figure 4.28 ; Proposed model for the evolution of the C. difficile strain 630
Erm B determinant.

Regions of nucleotide sequence similarity are indicated by similar coloring or
shading. The positions of ORFs and their respective direction of transcription are
shown as solid colored arrows. The approximate positions of the palindromic

sequences pal/A and palB are shown as lines under the DR sequences.
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Erm B determinants could lead to the deletion of the promoter sequencss upstream of

a constitutively expressed determinant.

The Erm leader peptide upstream of erm/(B) could have been acquired via
transfer of genetic material between C. difficile and other organisms present in the
intestinal flora. For example, E. coli is a common inhabitant of the gastrointestinal
tract, and the Erm B determinant from this organism contains an Erm leader peptide
sequence that is aimost identical (one nucleotide change) to the Erm leader peptide
sequence found upstream of erm!(B) in stinin 630. C. difficile may have acquired
this segment of DNA from E. coli by conjugat.ve trensfer, and subsequent
homologous recombination events may have then allowed the integration of the
DNA upstream of the erm I(B) structural gene. Alternatively, the original progenitor
may have had a leader peptide sequence upstream of the erm(B) gene. This sequence
may have been duplicated along with the 2rm(B) gene and the copy of the leader

peptide upstream of erm2(B) may have been subsequently lost.

The results reported in this chapter showed that Tn5398 was 9.6 kb in size

and carried two erny(B) genes in addition to orf3a, orf3b, 0rf298, ¢fiR, ffD, o113

and orf% and an incomplete ORF, crf7. The proteins encoded by effR and <D are
unlikely te be involved in the movement of the putative transposon, as they show no
homology tc any proteins shown to have a role in transposition, mobilization, or

conjugative transfer of known conjugative iransj.osons. 3

Three ORFs, orf13, orf? and orf7, have similarity to ORFs from Tn9!6. ’
Wtile these ORFs have been studied in some detail, their functic 1s are still

unknown. However, the proteiiis encoded by both or/9 and orf7 are postulated to
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have a regulatory roie. The Tn3398 homologues of these ORFs, if they have any role
at all, therefore may encode proteins that are involved in regulation rather than
encoding proteins that are involved in excision, mobilization, transposition, or

integration.

The only other Tn5398 ORFs that may encode profeins involved in the
mobility of the element are orf3a, orf3b and orf298. The proteins encoded by orf3a
and orf3b have no homology to other proteins in the database, other than to ORF3
homologues. ORFs that encode the ORF3 protein are commonly found in
association with erm{(B) genes, however, the function of the ORF3 protein is
unknown. The orf298 ORF encodes a protein that has very weak similarity to both
replication proteins and proteins from the ParA and Soj families, as already
discussed. ParA and Soj proteins generally have a role in the pzrtitioning of
plasmids and chromosomes during the replicatioﬁ cycle (Easter et al., 1998; Sharpe
and Errington, 1996). It appears unlikely that either ORF3 or ORF298 have arole in

either the excision or integration of Tn5398 but this possibility cannot be completely

eliminated.

Therefore, on the basis of database homology searching, none of the proteins
encoded by Tn3398 appear likely to be involved in the basic processes associated
with conjugative transposition. No ORFs with similarity to known mo!: genes, or
transposase, integrase, resolvase or excisionase genes were detected. Based on these

results, it appears that Tnj398 is not a classical conjugative transposon.

The process of conjugative transfer of a chromosofnally located genetic

element involves three main steps; the excision of the element from the donor
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chromosome to form a circular intermediate, the transfer of one strand of that
intermediate from the donor cell to the recipient cell, and the integration of the
genetic element into the genome of the recipient. Conjugative transposons generally

encode proteins that facilitate each of these steps.

Excision of a conjugative element from the donor chromosome involves the
action of site-specific recombinases of the integrase or resolvase families. However,
analysis of Tnj398 did not reveal the presence of any ORFs that would encode
homologues of these proteins. Perhaps the excision of this element is mediated in
trans by other conjugative elements present in the cell, or by other proteins encoded
on the genome. In addition to Tn5398, strain 630 contains the conjugative
tetracycline resistance transposon Tn3397, Tnj397 is excised from the donor
chromosome through the action of the large resolvase, TndX (Wang and Mullany,
2000), which is encoded on Tn5397 by the tndX gene. 1t is possible that the TndX
protein is also responsible for the excision of Tn5398 from the donor chromosome,
especially since in most instances both Tn5397 and Tn5398 appear to be co-
transferred to the recipient cell. However, the sequences at the ends of these
elements are different, which makes it unlikely that the TndX protein could
recoguize the ends of Tn5398, si{;;ce large resolvases generally recognize specific
target sequences. Note that the genome of C. difficile strain 630 does encode as
many as five other large resolvases (M. Smith, personal communication), one of

which may potentially be responcible for the excision of Tn3398 from the

chromosome.

Once excised from the chromosome, most classical conjugative transposons

form a non-replicating circular intefmediate. It is this circular molecule that is then
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nicked and subsequently transferred by conjugation from the donor to the recipient
cell. This process is generatly dependent on the action of proteins encoded by
transfer (tra) and mobilization (mob) genes present on the transposon. The process
of conjugative transfer of the circular intermediate has been well studied in Tn976. It
has been shown that this transposon encodes many genes that have a role in the
conjugation process (Senghas et al., 1988). Tn916, once excised from the donor
chromosome, forms a circular intermediate that is then transferred to the recipient
cell (Scott ez al., 1988). It is postulated that, during transfer, the circular intermediate
is nicked at a functional oriT site that is located on the transposon (Jaworski and
Clewell, 1995), followed by transfer of a single strand of the circular intermediate to

the recipient cell, where it is replicated and then integrated into the recipient genome

(Scott et al., 1994).

In addition to being capable of catalyzing its own conjugative transposition
Tn916 has been shown to be capable of enhancing the transfer of another
homologous conjugative transposon that is co-resident in the cell (Flannagan and
Clewell, 1991) and also of mobilizing non-transferable plasmids (Jaworski and
Clewel], 1995; Showsh and Andrews Jnr.,, 1999). Mobilization of non-transferable
plasmids does not appear to be dependent on the plasmid possessing a functional

mob gene, but does require the presence of a sequence similar to the oriT sequence i

present on Tn916. It is postulated tl;at the same protein or proteins involved in
nicking of the Tn976 circular intermediate nicks similar seqiences present on co-
resident plasmiids. Once nicked at the nic site, the plasmid then assumes a relaxed
form that is capable of being transferred during conjugation (Showsh and Andrews
Jnr,, 1999). ORF23 of Tn976 shows homology to the MbeA mobilization protein of

ColE! (Fiannagan et al., 1994) and is likely to be the Tn916-encoded mobilization

3
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protein (Showsh and Andrews Jnr., 1999). This system appears to be dependent only
on the co-resident plasmid possessing an oriT site that is homologous to that found

on Tn9!6 (Showsh and Andrews Jnr., 1999).

If the Tn3398 element was able to be excised to form a circular intermediate,
the resultant molecule would resemtle a non-conjugative plasmid that lacks mob
genes. Tn9/6 is not present in strain 630, but this strain does contain Tn3397.
Tn5397 is closely related to Tn/6 and comparative analysis of the two elements has
revealed that they have very similar conjugation regions (ORFs 15 to 23) but
different insertion and excision modules, with xis and inf in Tn9/6 being replaced by
tndX in Tn5397 (Roberts et al., 2001) (Figure 1.7). Furthermore, the oriT sites
present on both elements are identical and the amino acid sequences of the ORF23
homologues have greater than 90% identity. It is therefore possible that if Tn5398 is
excised from the chromosome to form a circular intermediate, that intermediate
could be nicked and transferred to the recipient through the action of proteins, such

as ORF23, provided in trans by Tn5397.

Sequence analysis reveals that there are two potential oriT sites on Tn5398,
each of which has similarity to the oriT sites on Tn916 and Tn5397 (Figure 4.29).
The first of the two sites was located within the coding sequence of 0rf298
(nucleotides 5817 to 5856, Figure 4.2). Although it had limited similarity across the
oriT region, the nic site was completely conserved (Figure 4.29). The second oriT
site was located in the intergenic space between orf3b and orf13 (nucleotides 8375 to
8414, Figure 4.2). Again this possible oriT site had limited similarity but the nic site

was completely conserved (Figure 4.29).

126

R ey R TR AR e



Figure 4.29 : CLUSTAL W alignment of the oriT sites from Tn5398, Tn916, and
Tn5397.

The Tn5398 oriT (1) and oriT (2) sites are aligned with the oriT sites present on
Tn916 (Jaworski and Clewels, 1995) and Tn5397 (Roberts et /., 2001). Identical
nucleotides are shown in red. The nic site is indicated by a black triangle below the

nucleotide alignment.
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Tn%16
TnS397
Tn5398(1)
Tn5398(2)

AGGTGTIGGACTAATCTTGCTGGCTGGTGTGGCGACAGCCA
AGGTGTGGACTAATCTTGCTGGCTGGTGTGGCGACAGCCA
ATCTTGAATAATTACTTTARAGGTGGTGTTGGARAGTCCA
AATACTGGAAAATCCAGTGAGGATG%EGTATGGTTTGGTA
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The last step in the transfer of a conjugative transposon to a recipient celi is
the integration of the element into the recipient cell genome. This process is
generally dependent on the action of integrases, transposases or resolvases. A site-
specific cut is made by one of these proteins in both the circular intermediate and in
the target gencme and the element is then integrated. The mechanism by which
Tn5398 may integrate is unclear, as no ORFs that appear to encode the appropriate
proteins are present. It is possible that, as postulated for excision, the element is
integrated by means of the TndX protein or another large resolvase present on the
chromosome of the recipient cell. However, because of the large amount of
sequence identity that was observed between the target region of the transposon in
strain CD37 and the sequence upstream of the right hand end of the putative Tn5398
element (Figure 4.26), integration of the putative element by a RecA-dependent

hemologous recombination process is also possible.

It ts possible that the region excised from the chromesome to form the
circular intermediate could be much larger than that proposed and may include genes
upstream of the proposed left end (ilvD, hydR, and hydD) and downstream of the
proposed right end (ispD, fIxD). After transfer of this region, which contains
Tn3398, it could be integrated into the recipient chromosome by RecA-dependent
homologous recombination. The end result would be the integration of Tn5398 and
some of the genes flanking the element. This hypothesis is supported by the fact that
upstream and downstream of the putative element nucleotide sequence differences
between the donor and recipient were observed and that the DNA sequence of the
transconjugant strains at these positions was the same as that of the donor rather than
the recipient (Figures 4.25 and 4.26). The position of the proposed right end of

Tn5398 also agrees with this hypothesis. This end lies within the coding sequence of
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orf7, which is unusual as excision and subsequent transfer of the proposed element
would interfere with the transcription and expression of this ORF. If we presume
that Tn5398 was once a fully functional conjugative transposon that may have
contained genes downstream of orf7 that were involved in conjugative transfer of the
element, a single homologous recombination event between the orf7 gene region and
the recipient genome may have resulted in a truncated form of Tn5398, which is no

longer capable of catalyzing its own transfer.

It should be possibie to distinguish between the two hypotheses outlined

above by using PCR with outward firing oligonucleotide primers to detect the

circular form of Tn5398. This experiment was performed but no product was
obtained (data not shown). Failure to obtain this product may mean that Tn5398

does not form a circular molecule, or is forming a circular molecule that is very

different to that predicted. The oligonucleotide primers that were chosen to amplify
this region ‘would only give a product if the region between the priming sites was less
than approximately 2 kb. If a much larger amount of DNA flanking the putative |
transposon was excised from the chromosome to form a circular intermediate, the
oligonucleotide primers used for PCR would have been too far apart to generate a

product,

Based on the above discussion it is concluded that Tn5398 is not a classical

conjugative transposon but is a mobilizable genetic element that is capable of

S

disseminating the Erm B resistance determinant using the transfer functions of other

elements or proteins present in the donor and recipient cells.
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CHAPTER FIVE

GENOMIC ANALYSIS OF THE ERM B DETERMINANTS
FROM C. difficile STRAINS OF DIFFERENT GEOGRAPHICAL

ORIGINS

Introduction

The previous chapter reported the identification and delineation of a novel
mobile genetic element, Tn5398, which carries the Erm B determinant. The
prevalence and distribution of this element is unknown, with the Erm B determinant

from strain 630 being the only Erm determinant from C. difficile that has been

sequenced.

To determine if Tn5398 was common in C. difficile, 27 C. difficile isolates
were examined for the I;resence of erm(B) genes. The strains chosen for this study
were clinical isolates and were obtained from different geographical locations
(Table 2.1). Included in the study were five Australian isolates, ten American
isolates, five Japanese isolates, two French isolates, two British isolates, a Belgian

isolate and a Swiss isolate. The positive control was the Swiss strain 630, from

which Tn5398 was isolated. The negative control was the MLS sensitive strain,

CD37, from the U.S.A.

3

Each of the strains found to contain an erm(B) gene was further examined for
the presence of duplicated erm(B) genes and for other genes carried on the Tn5398.

The objective was to determine whether the strain 630 Erm B determinant was
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representative of the Erm B determinanis carried by most MLS resistant strains of

C. difficile.

Results

The erm(B) gene is aot present in all MLS resistant C. difficile isolates

Preliminary studies were conducted on 11 isolates that were provided by Dr.
Stuart Johnson from the U.S.A. These strains consisted of eight erythromycin
resistant isolates collected from outbreaks of C. difficile diarrhoea that occurred
between 1989 and 1992 in four hospitals in different parts of the U.S.A (Johnson et
al., 1999). They also included two erythromycin sensitive control isolates (Y4 and

K12p) and an erythromycin resistant control isolate (B1/832) from another source.

Initial studies involved PCR and DNA hybridizations with the aimed at
determining if the resistant strains carried erm(B) genes. PCR was performed on
chromosomal DNA extracted from each of the C. difficile isolates aad the positive
(strain 630) and negative (strain CD37) controls. The oligonucleotide primers #2980
and #2981 were used to amplify a 688 bp product encompassing most of the erm(B)
and orf3 genes. The results (Figure 5.1A) showed that a PCR product was amplified

from all of the emhromycin resistant strains, indicating that an erm(B) gene was

present in these isolates.

A dot blot hybridization experiment was also performed on chromosomal
DNA from each strain. The 688 bp erm(B) PCR product from strain\ 630 was used as

the erm(B)-specific probe. The results (Figure 5.1B) were in agreement with the

130




Figure 5.1 : Detection of erm(B) genes in C. difficile isolates from U.S.A. hospital

diarrhoeal outbreaks.

(A) PCR was performed on chromosomal DNA extracted from each of the 1solates
] indicated, using the oligonucleotide primers #2980 and #2581. To detect the presence
. of the 688 bp erm(B) product, sarnples of each reaction were run on a 0.8% agarose gel

alongside AHindIll standards.

(B) DNA hybridization using a 688 bp erm(B)-specific probe was conducted on

chromosomal DNA extracted from the strains indicated.
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PCR data and indicated that erythromycin resistance in these isolates was likely to be

mediated by an erm(B) gene.

Based on these results it was decided to expand the study to include
erythromycin resistant strains from a wider variety of geographical locations. Asin
the preliminary study, the presence of erm(B) genes in each isolate was detected by
PCR and dot blot hybridization analysis. The PCR results (Figure 5.2A) showed that
a PCR product was amplified from most of the isolates, indicating that an erm(B)
gene was present in these strains. The strains from which a product could not be
amplified included the Australian isolates AM480, AM1182 and 24/5-507, the

Japanese isolates KZ21604, KZ1610, KZ1614, KZ1623 and KZ1655, and a British

isolate R5948.

To ensure that differences in nucleotide sequence were not preventing the
oligonucleotide primers from binding during the PCR, thereby leading to a false
negative result, a dot blot hybridization experiment was performed on chromosomal
DNA from each of the strains. The resuits (Figure 5.2B) concurred with the PCR

results. It was concluded that the erythromycin resistant strains that were negative in

these experiments did not cairy an erm(B) gene.

Are the erm(B) genes all associated with DR sequences?

Previous analysis of Erm B determinants, including the strain 630
determinant, had indicated that most erm (B)” genes were associated with complete
DR sequences, or with variants of the DR sequence that are found in association with
the erm(B) gene from C! perfringens (Berryman and Rood, 1995). To see if this

association also applied to the other erm(B)-positive C. difficile isolates, further dot
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Figure 5.2 : Detection of erm(B) genes in C. difficile isolates from different
geographical locations.

(A) PCR was performed on chromosomal DNA extracted from each of the isolates
indicated, using the oligonucleotide primers #2980 and #298!. Samples of each
reaction were run on a 0.8% agarose gel alongside AHindIl standards.

(B) DNA hybridization using a 688 bp erm(B)-specific probe was conducted on
chromosomal DNA extracted from strains 630 (A1), CD37 (A2), 1L289 (A3), 662 (A4),
AM140 (AS5), AM480 (A6), AM1180 (B1), AM1 182 (B2), AM1185 (B3), SGC0545
(B4), B1 (BS), KZ1604 (B6), KZ1610 (C1), KZ1614 (C2), KZ1623 (C3), KZ1655(C4),

660/2 (CS), 685 (C6), 24/5-507 (D1) and R5948 (D2). See Table 2.1 for strain

descriptions.
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blot hybridizations were carried out using a 398 bp orf298-specific DIG labelled
probe generated by PCR from strain 630 with the oligonucleotide primers #4538 and
#4451, The results (Figure 5.3A) showed that the British strain L2892, the Belgian
strain SGC0545, the French isolate 685 and the American isolate B1/832 did not
have a complete DR sequence associated with the erm(B) structural gene, since no

- hybridization was observed between these isolates and the o7/298-specific probe.
Note that the strains that did not have an erm(B) gene also did not have a DR

sequence.

It was possible that the orf298-negative isolates may have contained
incomplete (or variant) copies of the DR sequence. Since incomplete copies of the
DR sequence appear to arise through deletion of orf298 by homologous
recombination between the palindromic sites pal4 and palB {Betrryman and Rood,
19%5), a 339 bp pald-specific DIG-labelled PCR product was amplified from strain
630 using the oligonucleotide primers #4191 and #4537. This probe should detect
variants of the DR sequence that have lost orf298 but still retain pal4-like sequences.
The results (Figure 5.3B) concurred with the data obtained with the orf298-specific
probe, in that all of the isolates that contained a complete DR sequence also
contained pald-like sequences. In addition, the French isolate 685, which lacked
orf298, also appeared to contain pal4-like sequ:ences, indicating that although the
erm(B) gene in this strain was net likely to be associated with a complete DR
sequence, it mav be associated with a DR variant since palA-like sequences were
detected. Following this analysis, no further studies were carried out on isolates that
cither did not have an erm(B) gene, or did not have an(erm(B) gene that was

associated with either a complete DR or a DR variant.
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Figure 5.3 : Detection of DR sequences in C. difficile strains from different
geographical locations.

Dot blot hybridizations using a 398 bp o0rf298-specific probe (A) and a 339 bp pald-
specific probe (B) were conducted on chromosomal DNA extracted from strains 630
(Al), CD37 (A2), L289 (A3), 662 (A4), AM140 (A5), AM480 tAG), AM1180 (B1),
AM1182 (B2), AM1185 (B3), SGCO0545 (B4), B1 (BS), KZ1604 (B6), KZ1610 (C1),
KZ1614 (C2), KZ1623 (C3), KZ1655(C4), 660/2 (CS), 685 (C6), 24/5-507 (D1), IR5948
(D2), 19/5602 (D3), 19/5610 (D4), J9/5627 (D5}, 19/4478 (D6), I9p2/5644 (E1),

J9p2/5650 (E2), 17/4224 (E3), 17/4290 (E4) and B1/832 (ES).
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Detailed PCR analysis of the Erm B determinants

To study the approximate extent and arrangement of the Erm B determinants
that were present in the remaining isolates, a series of six PCRs were employed to
examine the region surrounding the erm(B) gene. The PCR primers were designed
based on the genetic organization of the Erm B determinants from C. difficile strain
630 and C. perfringens strain CP592 (Figure 4.6). Each reaction was designed to
determine the presence or absence of specific regions of the Erm B determinant.
Therefore, in combination, they would give an overall picture of the erm(B) gene

region in each of these isoiates.

a) The elpD to erm(B) region
The first PCR in the series was designed to detect the presence of an Erm

leader peptide upstream of an erm(B) structural gene. The oligonucleotide primers
#6604, which binds upstream of the promoter sequences for the elpD leader peptide
gene, and #3140, which binds within the 5’ end of the erm(B) structural gene, were
used in this reaction (Figure 5.4). If the gene arrangement was the same as in strain
630, PCR shouid generate a product of 610 bp (Figure 5.4). Only the two Australian
isolates, AM1180 and AM1185, and the two French isolates, 660/2 and 685, yielded
this product (Figure 5.5), indicating that these isolates contain a leader peptide

sequence upstream of an erm(B) gene.

Ifthe genetic organization was the same as that found in C. perfringens strain
CP592, PCR should generate a product of 388 bp, which encompasses only the
promoter sequences upstream of the erm(B) structural gene and the 5’ end of erm(B)

(Figure 5.4). A product of this size was amplified from the remaining isolates
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Figure 5.4 : Schematic representations of the genetic organization of the Erm B
determinants from C. difficile strain 630 and C, perfringens strain CP592.
ORFs are indicated by colored arrows and regions encompassing DR sequences are
represented by grey shaded boxes. The approximate extent of PCR products that

would be amplified using the oligonucleotide primers indicated are shown as black

lines.
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Figure 5.5 : PCR analysis of the elpD to erm(B) region.
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PCR was performed on chromosomal DNA extracted from each of the C. difficile
isolates indicated, using the oligonucleotide primers #6604 and #3140, To detect the
presence of either 610 bp or 388 bp PCR products samples of each reaction were run on

a 0.8% agarose gel alongside AHindIII standards. ' i
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(Figure 5.5), which indicates that these isolates do not contain the leader peptide

sequence upstream of an erm(B) structural gene.

To confirm that the two different PCR products did encompass the regions
expected, the 610 bp product from strains 630, AM 1185 and 685 and the 388 bp
product from strains 662 and J9p2/5644 were sequenced using oligonucleotide
primer #6604. The results showed that the region encompassed by these PCR

products was exactly as predicted (data not shown).

b) The erm(B) to orf298 region

To detect the presence of a complete DR sequence downstream of an erm(B)
gene, the oligonucleotide primers #2980, which binds within the 5° end of erm(B),
and #4349, which binds in the central region of orf298, were used in PCRs
(Figure 5.4). If the genetic arrangement is the same as in either C. difficile strain 630
or C. perfringens strain CP592 (both organisms are identical in this region and
contain a complete DR sequence downstream of an erm(B) structural gene), PCR

using these two oligonucleotide primers should amplify a 1529 bp PCR product

(Figure 5.4).

A product of this size was amplified fi<:¢, all but one of the isolates
(Figure 5.6), which indicates these isolates contain 07298 downstream of erm(B).
This result makes it highly likely that the erm(B) structural gene in these isolates is
associated with a downstream, complete DR sequence. As expected, no PCR
product was amplified from the French isolate 685. Previous hybridization analysis
had indicated that this isolate did not contain sequences homologous to orf298

(Figure‘ 5.3) and was therefore unlikely to contain a complete DR sequence. If
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Figure 5.6 : PCR analysis of the erm(B) to orf298 region.

PCR was performed on chromosomal DNA extracted from each of the C. difficile
isolates indicated, using the oligonucleotide primers #2980 and #4349. To detect the
presence of a 1529 bp PCR product samples of each reaction were run on a 0.8%

agarose gel alongside AHindIll standards.
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orf298 was not present in this isolate, the binding site for #4349 would not be

present, thereby preventing a2 PCR product from being amplified.

¢) The orf298 to erm(B) region

The previous PCR detected erm(B) genes that were upstream of a complete
DR sequence while the next experiment was designed to detect the presence of an
erm(B) gene located downstream of a complete DR sequence. The oligonucleotide
primers #4350, which binds in the central region of 0r/298, and #3140, which binds
within the 5’ end of erm(B), were used in this reaction (Figure 5.4). If the genetic
organization of the erm(B) gene region was the same as in strain 630, PCR shou}d
amplify a 1044 bp product, which encompasses the 3’ end of orf298 and the 5’ end
of the erm2(B) gene (Figure 5.4). If, however, the arrangement is the same as in
C. perfringens strain CP592, PCR should amplify a 1181 bp product, which
encompasses the 3’ end of or/298 and the 5° end of erm(B) (Figure 5.4). The
difference in the sizes of the PCR products obtained from the C. difficile and
C. perfringens determinants across this region is due to the deletion in the former of

the last 51 bp of the DR sequence and the promoter sequences found upstream of the

erm2(B) gene.

A product of the same size as that of strain 630 (1044 bp) was amplified from
AM1180, AM1185, and 660/2 (Figure 5.7), indicating that these isolates contain an
erm(B) gene downstream of a complete DR sequence. Moreover, the same deletion
as in strain 630 appeared to be present, since the smaller 1044 bp PCR product was
obtained. PCR prodacts were not detected from any of the remaining isolates,

indicating that they are unlikely to contain an erm(B) gene downstream of a complete

DR sequence.
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PCR was performed on chromosomal DNA extracted from each of the C. difficile

isolates indicated, using the oligonucleotide primers #4350 and #3140. To detect the

presence of a 1044 bp or a 1181 bp PCR product samples of each reaction were run on a

0.8% agarose gel alongside AHindIll standards.




d)_ The erm{B) to DR region

In C. perfringens strain CP592 the erm(B) gene is associated with complete
copies of the DR sequence (Figure 5.4). However, in C. difficile, and in other
organisms (Figure 4.14), the erm(B) genes are associated with both complete and
incomplete (or vanant) copies of the DR sequence. The next PCR was desi gﬁed to
detect the presence of either a complete or variant DR sequence downstream of
erm(B). This reaction used the oligonucleotide primers #2980, which binds within
the 5’ end of erm(B), and #4192, which binds at the 3’ end of the DR sequence
(downstream of 07/298) (Figure 5.4). This reaction was therefore capable of
detecting complete DR sequences and variants of the DR sequence from which
orf298 has been deleted. The previous PCR experiment was only able to detect
complete DR sequences downstream of erm(B) because the target sequence of one of

the oligonucleotide primers (#4349) was within orf298.

PCR using oligonucleotide primers #2980 and #4192 should yield two

products (Figure 5.4) if the genetic organization is the same as that in strain 630.

The first product should be 2219 bp in size and encompass most of erm1(B), orf3a,
orf298 and most of the complete DR sequence. The second product should be
1247 bp in size and encompass most of the erm2(B) structural gene, orf3b and the

DR variant from which 07/298 has been deleted. However, if the arrangement of the

erm(B) gene region is the same as in C. perfringens strain CP592, a single product of

2219 bp would be amplified (Figure 5.4).

PCR products of 2219 bp and 1247 bp were amplified from isolates AM1180,

AM1185, and 660/2 (Figure 5.8), indicating that these isolates appear to have two

erm(B) genes, one upstream of a complete DR sequence and the other upstream of a
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Figure 5.8 : PCR analysis of the erm(B) to DR region.

PCR was performed on chromosomal DNA extracted from each of the C. difficile
isolates indicated, using the oligonucleotide primers #2980 and #4192. To detect the
presence of 2219 bp and 1247 bp PCR products samples of each reaction were run on 2

0.8% agarose gel alongside AHindIll standards.
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variant of the DR sequence from which or/298 has been deleted. These isolates

appeared to have the same genetic arrangement as strain 630.

A single product of 1247 bp was amplified from isolate 685 (Figure 5.8).
Frevious analysis had already shown that this isolate did not contain a complete DR
sequence. These results confirm that this isolate contains an erm(B) gene upstream

of a DR sequence from which orf298 has been deleted.

Two products, 1247 bp and 800 bp, were amplified from the Australian
isolate AM140 (Figure 5.8). The presence of the 1247 bp product would appear to
indicate that the erm(B) gene in this isolate is upstream of a deleted DR sequence.
However, previous analysis of this isolate showed that the erm(B) gene was upstream
of 2 complete DR sequence, so the resuit obtained here is somewhat contradictory.
The second PCR product amplified did not correlate in size to either of the products
expected using these oligonucleotide primers. Attempts were made to sequence this
product to determine what region of DNA was encompassed, however, they were
unsuccessful. This product may represent the result of non-specific binding of the

oligonucleotide primers o unrelated sequences on the genome of this isolate.

No products were amplified from the remaining isolates, which was also
unexpected. Previous analysis (erm(B) to orf298 PCR) had indicated that the erm(B)
gene in each of these isolates was upstream of a complete 2K sequence. If these
results were correct, it would be expected that at least a 2219 bp product should be
amplified from each of these isolates, since the #4192 binding site should be present
at the end of the complete DR sequence. The failure of this reaction to amplify

products from these isolates could be due to two reasons. Deletion events are
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reasonably common in the DR sequence region, so it is possible that a deletion event
has removed the 3’ end of the DR sequence, thereby removing the binding site for
oligonucleotide primer #4192. However, it is more likely that sequence differences

in these isolates may prevent oligonucleotide #4192 from binding to the template.

e) The erm1(B) to erm2(B) region

Since the previous results indicated that at least three of the isolates appeared
to be similar to strain 630, the next experiment was designed to detect duplicated
erm(B) genes that are arranged in a directly repeated orientation, as in strain 630.
The oligonucleotide primers #3139, which binds in the 3’ end of erm(B), and #4210,
which binds in the §° end of erm(B), were used in this reaction (Figure 5.4). A
2059 bp product would be amplified if the strain contains two ezm(B) genes and the

two genes are organized in a directly repeated orientation (Figure 5.4).

A PCR product of this size was amplified from AM1180, AM1185 and 660/2
(Figure 5.9), indicating that these isolates contain two erm(B) structural genes that
are arranged in a directly repeated orientation, PCR products were not amplified
from any of the remaining isolates indicating that thesec isolates contain either only

one erm(B) gene, two widely separated erm(B) genes, or two erm(B) genes that are

not arranged in a directly repeated orientation.

P The orf298 to orf298 region

The final PCR was designed to detect the presence of two complete DR
sequences flanking an erm(B) gene, as is observed in C. perfringens strain CP592
(Figure 5.4). The oligonucleotide primers #4349 and #4350, which are

complementary to each other and bind in the central region of 0rf298, were used in
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Figure 5.9 : PCR analysis of the ern(B) to erm(B) region.

PCR was performed on chromosomal DNA extracted from each of the C. difficile
isolates indicated, using the oligonucleotide primers #3139 and #4210. To detect the
presence of a 2059 bp PCR product samples of each reaction were run on a 0.8%

agarose gel alongside AHindIll standards.
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this reaction (Figure 5.4). If the arrangement of the erm(B) gene region in the

C. difficile isolates was the same as in C. perfringens, PCR should amplify a 2565 bp
product (Figure 5.4). In addition to conducting this PCR experiment on
chromosomal DNA extracted from the C. difficile strains, the reaction was also

performed on chromosomal DNA extracted from C. perfringens strain CP592 as a

positive control.

No products were amplified from any of the C. difficice isolates, indicating
that they did not contain two complete DR sequences. A product of the expected

size was amplified from C. perfringens strain CP592 (data not shown).

The results from this systematic series of PCR experiments are summarized
in Table 5.1. The data show that the genetic organization of the erm(B) gene region

¢

varies in the different erythromyecin resistant C, difficile isolates.

Do AM1180, AM1185 and 660/2 carry Tn5398?

In the previous chapter it was shown that the erm(B) genes in strain 630 were
carried on a novel mobilizable genetic eleriient, Tn3398. Tn3398 has been detected
in as many as six other strains of C. difficile (Mullany et al., 1995). The PCR results
reported in this chapter indicate that three isolates, AM1180, AM1185 and 660/2,
have the same erm(B) genetic arrangement as found in strain 630. Therefore, it was

of interest to determine if these isolates, and any of the other isolates, also carried

Tn5398.

Two PCR experiments were performed to detect the presence of Tni398-

specific sequences in each of the C. difficile isolates. The first reaction was designed
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Table 5.1 : Summary of PCR results’.

PCR Product Encompassing:

C. difficile
isolate elpDto  erm(B)to  orf298to erm(B) to DR erm(B) to orf298 f:)
erni(B) orf298 erm(B) erm(B) orf298

: 630 +(610) + + +(2219,1247) + ]
D37 - - - - - -
AMI180 H610) 7 m +(2219,1247) + -
AMIIS5 H510) ¥ T T(2219,1247) T :
66072 T610) 7 ¥ F(2219.1247) T :
685 H610) : : H1247) - :
AM140 (389 m : T{1747,800) : :
662 +(389) o : : . .
B T0389) T : - : :
o75602  +(389) ¥ : : s -
75610 (388 m - - - -
o562 +(388) T - - - -
1074478 T08%) ¥ : : : :
Tp373644  +(388) 7 - - - -
Topars6s0  +(388) re - - - -
7224 (388) ¥ : . - -
1774290 +(388) + - - . -

(+) indicates that a PCR product of the expected size was observed

(-) indicates that a PCR product o-f the expected size was not observed.

" Where more than one PCR product could be expected from a PCR reaction, the size/s of the
preduct/s observed is given in brackets following the (+).

™ A product of 2565 bp was obtained from chromosomal DNA extracted from C. perfringens strain
CP592 for this reaction.




to detect the presence of the effD gene, which is carried on Tn5398. The second
reaction was used to detect an association between effD and erm(B). A positive

result for both reactions would suggest the presence of a Tn5398-like element.

PCR using the effD-specific oligonucleotide primers #9069 and #10237, was
conducted on chromosomal DNA extracted from all of the C. difficile strains used in
the study. If zn ¢ffD gene homologous to that found in strain 630 was present a
1166 bp PCR product would be detected. A PCR product of the expected size was
amplified from AM1180, AM1185, 660/2, 685, AM140, and B1 (Figure 5.10).
Sequence analysis of the resuliant PCR products, using the oligonucleotide primer
#9153, revealed that all of the products contained the same effDD sequence (data not
shown). No PCR products were amplified from the remaining strains, indicating that

it was unlikely that these 1solates carried Tn5398.

To determine if the effD gene present in these isolates was located close to
erm(B), PCR using the oligonucleotide primers #3106, which binds at the end of the
erm(B) coding sequence, and #11617, which binds within effD, was conducted. If a
Tn5398-like element <was present, and the arrangement of the element was the same
as in strain 630, a 2759 bp product, which encompasses orf3b, orf13, effR and the
5’end of eﬁ;D, would be detected. A PCR product of the expected size was amplified
from AM1180, AM1185, 660/2, and 685 (Figure 5.11), indicating that it is highly
| likely that these strains carry a Tn5398-like element. Although the effD PCR had
amplified a homologue of this gene from AM140 and B1, no erm(B)-effD PCR
product was amplified from these strains, indicating that these isolates, while

possessing an ¢ffD homologue, do not appear to have a Tn5398-like element. No

PCR products were amplified from the remaining isolates, as expecied.
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Figure 5.10 : Detection of Tn5398 in C. difficile isolates using an effD-specific PCR.
PCR was performed on chromosomal DNA extracted from each of the isolates
indicated, using the oligonucleotide primers #9069 and #10237. To detect the presence
»ia 1166 bp PCR product samples of each reaction were run on a 0.8% agarose gel

alongside AHindlll standards.
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Figure 5.11 : Detection of Tn5398 in C. difficile isolates using an erm(B)-effD PCR. = : . | R

PCR was performed on chromosomal DNA extracted from each of the isolates ] W . | ) ‘
indicated, using the oligonucleotide primers #3106 and #11617. To detect the presence

'_ of a 2759 bp PCR product samples of cach reaction were run on a 0.8% agarose gel
alongside AHindITI standards. .
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Discussion

The results presented in this chapter reveal that there is considerable
heterogeneity amongst the erythromycin resistance determinants carried by
C. difficile isolates from different geographical locations. The PCR results
(Table 5.1) allowed the various C. difficile isolates to be divided into five groups
based on the type of erythromycin resistance gene encoded and the arrangement of
the erm(B) gene region (Figure 5.12). The first group of isolates, which includes all
five Japanese isolates, three Australian isolates, AM480, AM1182 and 24/5-507, and
a British isolate, R5948, were resistant to erythromycin but did not contain an erm(B)
gene. In addition to being resistant to erythromyecin, each of these isolates was also
resistant to clindamyc;in, suggesting that another erm gene is responsible for the
resistance phenotype observed in these isolates. The isolation and characterization of
the gene responsible for MLS resistance in these isolates would be most worthwhile
since erm genes from classes other than Erm B have not yet been characterized from
C. difficile. All of the Japanese isolates were contained in this group of isolates,

suggesting a geographical association with this unknown erm gene.

The Britih isolate L289, the Belgian isolate SGC0545, and the American
isolate B1/832 comprised the second group of isolates. These strains carried an
erm(B) gene but did not appear to have any DR sequences associated with this gene
(Figure 5.12B). Although only three isolates were included in this group, there does

not appear to be any geographical focus for this type of determinant.

The largest group of isolates had an erm(B) gene located upstream of 2
complete DR sequence (Figure 5.12C). These strains included the American isolates

AM140, J9/5602, J9/5610, Y9/5627, J9/4478, J9p2/5644, J9p2/5650, J7/4224 and
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AM480, AM1182,KZ1604
A No erm(B) gene present KZ1610, KZ1614, KZ1623,
KZ1655,24/5-507, R5948

1289, SGCO0545, B1/832

662, AM 140, B1, 19/5602,
J9/5610, J9/5627, J9/4478
J9p2/5644, J9p2/5650,

geographical locations. J7/4224, §7/4290

Figure 5.12 : The erm(B) gene regions in C. difficile isolates from different . C

x Schematic representations of each of the different erm(B) gene regions are shown.
OREFs »re depicted as colored block arrows, and regions encompassing DR sequences

are shown as shaded grey boxes. Regions ercompassing Tn5398-like elements are 685

backed by a hatched box. Isolates that contain each arrangement are listed next to the

diagrams.
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J74290, the Swiss isolate 662, and the British isolate B1. While the PCR results

were somewhat contradictory for AM140, it has been placed in this group because,
with the exception of the erm(B) to DR PCR, all of the results agree with the
arrangement found for the other members. This group contained all of the American
isolates included in the study, with the exception of B1/832, which was included in

the previous grouy of isolates.

All of the American isolates in this group, except for AM140, were clinical
isolates that were isolated from large outbreaks of diarrhoea, which occurred in four
hospitals located in different parts of the United States between 1989 and 1992
{Johnson ef al., 1999). Analysis of these strains by restriction digestion, PCR and
PFGE had determined that these isolates were derivatives of the same strain (Johnson
et al., 1999), which was referred to as the epidemic strain. They were all highly
resistant to clindamycin and were shown to account for between 30 and 66% of the
C. difficile strains isolated at the four hospitals during the indicated period (Johnson
et al., 1999). The results presented in this chapter showed that each of these isolates
contained an erm(B) gene region with the same genetic anangemént, lending support

to the conclusion that these isolates are derivatives of a single epidemic strain.

Johnson et al. (1999) suggested that the erm(B) gene present in these isolates may be
associated with Tn5398. This study reveals that this hypothesis is unlikely as the
Tn5398-specific gene, ¢ffD, was not detexied in these isolates. The effD gene was
detected in two other isolates in this group, the American isolate AM140 and the
British isolate B1, however, no association between the effD gene and the ei'm‘(B)

gene present in these isolates was observed. These isolates may represent strains in

which rearrangement of Tn5398 has led to the separation of the erm(B) gene from

the mohjle element or to the deletion of the effD gene.

-
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The PCR results indicated that the four remaining C. difficile isolates
examined in this study appeared to contain a Tn5398-like element. These isolaies
comprised the remaining two groups. The first group contained only the French
isolate 685 (Figure 5.12D). The genstic arrangement in this strain consisted of the
elpD leader peptide gene and the erm(B) gene, which were located upsiream of a
variant of the DR sequence from which 077298 had been delewed. The remainder of
the Tn5398 element appeared to be present (Figure 5.12D). Further genetic analysis
of this element may contribute to our understanding of the mechanism of transfer of

Tn$398 because one of the two proposed oriT sites was not present.

The Australian isolates AM1180 and AM1185, and the French jsolate 660/2,

comprised the final group of isolates. These strains were shown to contain two

erm(B) genes arranged as in strain 630, in assoctation with a Tn5398-like element
(Figure 5.12E). The two Australian isolates were both isolated in the 1980’s from
two different Victorian hospitals (AM1180 from the Latrobe Valley Hospital, and

AM1185 from the Royal Melbourne Hospital).

The results presented in this chapter have implications for the distrtbution and
spread of erythromycin resistance in C. difficile. The erm(B) genes that were not
associated with Tn5398 (Figure 5.12B and C) appeared to have a greater geographic
focus, indicating that global spread of these isolates may be reduced. However,
erm(B) genes that were associated with Tnj398 (Figure 5.12D and E) seem to be
isc;lated from a wider variety of geographic sources, perhaps as a result of the
transfer of the Tn5398 clements between different isolates of C. difficile. These

results suggest that the conjugative mobilization of Tn§398 may contribute to the

global distribution of MLS resistance in C. difficile.
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CHAPTER SIX

CONCLUSIONS AND FUTURE DIRECTIONS

MLS resistance in C. perfringens and C. difficile has been shown to be

mediated in many resistant strains by the presence of erm(B) genes (Berryman and
Rood, 1989; Berrymar: and Rood, 1995; Héchler et al., 1987a; Mullany ez al., 1995).
In C. perfringens the erm(B) gene is located on the large, non-conjugative but
mobilizable plasmid, pIP402. The work described in Chapter Three of this thesis
examined the structure and function of the Erm(B) protein that is encoded by this
erm(B) gene. Six pJIR418 derivativ . that contained single point mutations in the
erm(B) gene were isolated by random mutagenesis. These mutations resulted in the
production of Erm(B) proteins with single amino acid changes that either abolished
or reduced erythromycin resistance in both C. perfringens and E. coli backgrounds.
Each of the amino acid changes in the Erm(B) variants occurred within or close to
the conserved methyliransferase motifs that in other methyltransferases are either

involved in SAM binding, RNA vinding or catalysis of the methylation reaction.

Because of the clinical importance of bacteria that exhibit the MLS resistance
phenotype, which most likely arise from the intergeneric spread of elements, such as
Tn3398, carrying erm genes, it has become important to develop inhibitors of the

- Erm methyltransferases to be able to treat infections caused by MLS resistant
bacteria. These inhibitors could then be administered in combination with an MLS
antibiotic to overcome the resistance created by the Erm methyitransferase,”

analogous to the administration of clavulanic acid (a beta-lactamase inhibitor) in
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combination with amoxicillin (Augmentin®) to overcome the resistance created by
beta-lactamases (Parker and Eggleston, 1987). Several potential inhibitors of the
Erm methyltransferases are being developed, which are essentially based on tue
ability of the end product of the methylation reaction, SAH, to inhibit the
methylation reaction (Hajduk et al., 1999; Hanessian and Sgarbi, 2000). These
inhibitors bind to the active site of the Erm protein, thereby competing with the

substrate of the methylation reaction, SAM.

The residues that were identified during this study as abolishing or reducing
erythromycin resistance are potentially involved in either binding of SAM or binding
of RNA, which are critical for function of the Erm(B) methyltransferase from
C. perfringens. These residues, and the motifs they are part of, are generally welil
conserved among most Erm methyltransferase proteins and may represent good

targets for the development of inhibitors to this important family of enzymes.

There is a third region of the Erm methyltransferase proteins that is involved
in recognition of the RNA target. The residues that are impcrtant to the function of
this rggion of the Erm proteins are not well characterized, but generally tend to be
positively charged residues in the C-terminal domain that are predicted to have an
exposed location in the structure of the protein. The C. pri+ ringens Erm(B) protein
" has several lysine (K185, K188 and K196) and arginine (R200, R203 and R204)
residues, which, based on the predicted structure of the protein, would have a surface
exposed location. Site-directed mutagenesis of these resiaus to neutral ov
negatively charged residues may determine whether they ar- :uvoi. ¢ in binding of

the RN A target. While the development Jf inhibitors has so far f *used on inhibiting
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the binding of SAM to the methyltransferase protein, it might also be worthwhile to

develop inhibitors that prevert the recognition of the RNA target.

The Erm B determinant from the C. perfringens plasmid pIP402 consists of
the erm(B) gene and a downstream ORF of unknown function, o7/3, flanked by two
copies of the DR se:_zence (Berryman and Rood, 1995) (Figure 4.6). An analysis of
the MLS resistance det: ‘minant from C. difficile strain 630, presented in Chapter
Four of this thesis, reveals that thic Erm B 4<icysiinant is novel when compared to
either the C. perfringens Erm B determinant or similar determinants from other
organisms. The C. ~ifficile Erm B determinant contains two identical erm(B) and
orf3 genes, ermI(R) and erm2(B), and orf3a and orf3b, respectively, which are
separated by a single complete copy of the DR sequence and are flanked by variants
of the DR sequence (Figure 4.6). The genetic organization of this region in

C. difficile strain 630 is the first known example of an Erm B determinant that

contains a duplicated erm gene. The encoded Erm(B) protein has 98% identity at the

amino acid level with the 2rm(B) protein from C. perfringens and greater than 80%
identity to the other members of the Erm B class of determinants, thereby supporting

the classification of these erm genes as belonging to the Erm B class,

Like many Erm B determinants, the C. difficile determinant is flanked by
variants of the DR sequence. Downstream of erm2(B) is an incomplete copy of the
DR sequence from which 0298 has been deleted (ADR). Examination of the
sequence of ADR indicated that recombination between the palindromic sites pald
and palB was the likely cause for this deletion, as is the case for ADR variants from
other Erm B determinants. Examination of the sequences of the ADR variants from

C. difficile and other Erm B class determinants has shown that the deletion endpoint
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in these variants is located within the pald and palB sequences, but they appear to
have arisen from separate deletion events because the exact points of divergence are
different. This suggests that homologous recombination events are responsible for

the deletions rather than site-specific recombination events.

It has been postulated that the Erm B determinant from C. perfringens
represents the progenitor and that other Erm B class determinants have evolved from
-is determinant via homologous recombination events (Berryman and Rood, 1995).
As discussed in Chapter Four, the structure of the C. difficile Erm B determinant is
consistent with this hypothesis. A duplication of the progenitor determinant
followed by a series of homologous recombination events, the acquisition of an Erm
leader peptide gene and the loss of the promoter sequences upstream of the erm2(B)
gene could result in the formation of the C. difficile strain 630 Erm B determinant

(Figure 4.28).

Further support for this hypothesis can be obtained from the heterogeneity
observed armongst Erm B determinants found in C. difficile strains from different
geographical Jeuuons (Chapter Five). Four genetic variants of the Erm B
determinant were detected. The simplest variant consisted of only a single erm(B)
gene while the Erm B determinant found in strains 630, AM1180, AM1185 and
660/2 (Figure 5.12) represented the most complex. The different genetic
arrangements of the various C. difficile Erm B determinants could all have evolved
from the common progenitor via homologous recombination events in a similar

maunner to the strain 630 determinant.
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In C. perfringens the Erm B determinant is not widespread, as indicated by
hybridization analysis of erythromycin-resistant C. perfringens strains in which only
five out of 40 erythromycin-resistant C. perfringens strains hybridized with the
erm(B) probe (Berryman and Rood, 1989). In C. perfringens the most common
MLS resistance determinant appears to be Erm Q, which was present by in 30 of 38
erythromycin-resistant C. perfringens strains (Berryman et al,, 1994). In C. difficile,
the Erm B determinant appears o be the most prevalent MLS resistance determinant
as indicated by the results presented in Chapter Five. In addition to strain 630, 17 of
the 27 erythromycin-resistant C. difficile isolates that were examined hybridized to
the erm(B) probe. MLS resistance determinants from the Erm Q and Erm F classes
have also been reported to be present in erythromycin-resistant C. difficile isolates
(Roberts et al., 1994), however, the presence of these genes has not been confirmed
by cloning or sequence analysis. In the current study, ten C. difficile isolates, which
were resistant to erythromycin and clindamycin, did not hybndize to the erm(B)
probe. These isolates may contain Erm resistance genes from classes other than Erm
B and therefore represent good candidates for the isolation and analysis of other

C. difficile Erm determinants.

The C. difficile Erm B determinant has been shown to be transferred by
conjugation, in the absence of plasmid DNA, to C. difficile (Wist and Hardegger,
1983), S. aureus (Héchler et al., 1987a) and B. subtilis (Mullany et al., 1995)
recipients. Furthermore, the Erm B determinant could be transferred from B. subtilis
transconjugants back to C. difficile (Mullany et al., 1995). The element carrying the
Erml B determinant had also been shown to integrate into the recipient chromosome
site-specifically in C. difficile, and without site specificity in B, subtilis (Mullany et |

al., 1995). Transfer behaviour as described above is typical of conjugative
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transposons and, accordingly, the genetic element carrying the C. difficile Erm B

determinant was designated Tn5398 (Mullany er al., 1995).

This study involved a physical and genetic analysis of the Tn3398 element,
and revealed that rather than being a classical conjugative transposon, Tn3398 was
more likely to be a mobilizable genetic element. The results presented in Chapter
Four revealed that Tn3398& is approximately 9.6 kb in length and that, in addition to
the Erm B determinant, it carries four complete ORFs, orfi s, . JR, effD and orf9, and
one incomplete ORF, orf7. The enis of the element were shown t consist of highly
A-T rich palindromic sequences, which were almost identical to the target sequence
in the C. difficile recipient strain CD37. In addition, the ends of Tny398 showed no
stmilarity to the ends of other transposable elements in the database. The genes
encoded on Tn5398 do not appear to have any similarity either to genes known to be

involved in conjugative transposition or to known meb genes.

In Chapter Four it was postulated {at Tn5398 may be a mobilizable element
that is excised from the donor, conjugatively transferred, and integrated into the
recipient chromosoine, using proteins that are either encoded on the co-resident
transposon Tn5397, or elzcwhieie on the C. difficile chromasome (Figure 6.1). At
this time, testing this Lypothesis is difficult due to the lack of genstic meihods for the

introduction and manipuiation of DNA in C. difficile strains, and also due to the non-

availability of C. difficile strains with appropriate resistance markers that could be
used as recipienis. It may be possible to construct a system in 4 heterologous host,

such as E. coli, that contains the required components either on plasmids or

oy ot

integrated into the chromosome. This approach might not prove successful,
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Figure 6.1 : Models for the trausfer of Tn5398 in C. difficile.

Schematic representations of two alternative models for the transfer of the Tn3398 element are shown. Tn5398 is represented by the blue rectangle and
DNA flanking Tn3398, which is homologoué to that in the recipient strain, is represented by the green rectangles. The ends of Tn5398 are represented
by a string of nucleotides, as is the target site in the recipient chromosome. In both models Tn5398 is excised from the donor chromosome by TndX,
or by a large resolvase encoded on the C. difficile chromosome, and forms a circular molecule. The circular intermediate is then mobilized to the
recipient strain. In Model A, only Tn5398 is excised from the donor chromosome, and it is integrated into the recipient chromosome via site-specific
recombination at the .target site by TndX or by a large resolvase encod;ed on the C. difficile chromosome. In Model B, a larger element, including

Tns5398 and its ﬂaxﬂdqg DNA, are excised from the donor chromosome to form a circular molecule. The larger element is then integrated into the

recipient genome via RecA-mediated homologous recombination.




(A) Integration by site-specific recombination (B) Integration by RecA-mediated homologous recombination

TTTTTATATAAAAA TTTTTATAATAAAA T'{TTTATATAAA TTTTTATAATAAA
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however, as it is possible that one or more unknown C. difficile proteins or factors

are required.

If we were to assume that there were appropriate genctic systems in
C. difficile that would allow the introduction of DNA at frequencies high enough to
obtain homologous recombination then several exciting options would be presented.
To determine if transfer of Tn5398 is dependent on the presence of Tn5397 attempts
could be made to transfer Tn5398 from a strain background that lacks Tn5397. If
Tn5398 transfer depended on the presence of Tn5397, strains containing only
TnJj398 would be unable to transfer this element to a suitable recipient. However,
those strains that carried both Tn5398 and Tn5397 sﬁould be able to transfer
erythromyecin resistance either independently or together with the transfer of
tetracycline resistance. CD37-derived Tn3398 strains that did not contain Tn5397,
and CD37-derived Tn5398/Tn3397 strains, which could potentially be used as
donors for this type of experiment, were obtained during this study. Ideally the
recipient strain should be a derivative of CD37 with an additional resistance marker,
other than rifampicin. Repeated attempts to mutate CD37 to obtain a derivative that
contained a second selectable marker were unsuccessful, as was screening our
extensive C. difficile collection for an appropriate recipient. Another option may be

to use either a B. subtilis or S. aureus recipient strain, where aerobic growth could be

used as the second selective marker. Transfer of Tn5398 from C. difficile strain 630

into an appropriate B. subtilis recipient was attempted, howeve;, no transconjugants

were obtained. These studies highlight another inherent problem in studying

Tn$5398, the very low level of transfer that is generally observed.
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If transfer of Tn5398 does prove to be dependent on the presence of Tn3397,
mutation of several genes on both Tn3397 and Tn5398 would then be necessary. To
determine if the TndX protein is responsible for the excision and/or integration of
Tn5398 it would be necessary to introduce a Tn5397-derivative with a non-
functional mdX gene into a strain carrying Tn5398 and to observe if transfer of
Tn3398 to an appropriate recipient still occurs. While TndX is an obvious choice for
the protein responsible for the excision and integration of Tn3398, this protein is a
site-specific recombinase and generally cuts only at a specific target sequence. In
C. difficile strain CD37 this target sequence consists of the sequence
5’-TCCTTTITAGTGATGGTAATGGA-3’, which resembles the ends of Tn5397
(Wang et al., 2000a). TndX cleaves this target sequence and the ends of Tn3397 at
the central GA dinucleotide. TndX cannot promote the excision of Tn4451-
derivatives with a non-functional tpX gene, which suggests specificity of the TndX
enzyme in regard to the sequences of the transposon ends and insertion site (Wang et
al., 2000a)!. The sequence of the ends of Tn5397 and Tn5398 are unrelated, which
therefore suggests that it would be unlikely to be the TndX protein that was
responsible for the excision and integration of Tn3398. However, since limited
information about the exact specificity of this enzyme is available, the possibility that

TndX is performing these functions can not been eliminated.

As previously mentioned, there are at least five other large resolvases
encoded on the genome of C. difficile strain 636 (M. Smith, personal
communication). It may be one of these proteins that is responsibie for the excision
and integration of Tn5398, and it may prove necessary to inactivate each of the genes
encoding these large resolvases individually to determine if they play a role in the

conjugative transfer of Tn5398. : ~
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If Tn5398 excises from the chromosome and forms a circular intermediate, its
subsequent transfer to a recipient cell would then be dependent on the action of a
Mob protein. Tn5398 is not predicted to contain any ORFs that encode proteins with
similarity to Mob proteins. In this study we have proposed that the protein encoded
by orf23 of Tn5397, whose homologue from Tn9/6 has similarit?i‘to the MbeA
mobilization protein of ColE1 (Flannagan et al., 1994), may be performing this
function. Two potential Tn5398 oriT sites that had significant similarity with the
oriT sites found on Tn9/6 (Jaworski and Clewell, 1995) and Tn3397 (Roberts ef al.,
2001} were identified. The nic sites in these putative oriT sites were conserved. To
test whether these sites are involved in the transfer of Tn3398, site-directed
mutagenesis of the nic site could be performed on plasmids containing the Tn5398
oriT sites. The mutated oriT sequences would then need to be introduced into a
C. difficile strain carrying Tn3398 by homologous recombination, thereby replacing
the wild-type oriT sequences on the element. If either of the oriT sites were
ﬁmctional‘ it would be expected that the transfer frequency of Tn5398 would be
greatly reduced or abolished when the nic site is mutated. The reverse experiment of
insertionally inactivating orf23 on Tn5397 should also be carried out to determine

whether the protein encoded by this ORF is necessary for mobilization of Tn$5398.

Although the Tn$397-mediated mobilization of Tn3398 seems like the most
likely explanation, it is i}ossible that the proteins encoded bij either o0rf298, orfi 3,
orf9 or orf7 may play a role in transfer of the element. In Tn9/6, ORF7 and ORF9,
which are similar to ORF7 and ORF9 from Tn5398, are postulated to have regulatory
roles in the transposition process. The Tn16 ORF7 protein shows limited similarity
to sigma factors (Flannagan et al., 1994) and has been proposed to have a reguiatory

role in the mobility of Tn9/6 because, in the presence of tetracycline, increased
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ORF7 expression leads to increased transcription of orf7, orf8, xis and int, and other
genes (Celli and Trieu-Cuot, 1998). The finding that the right end of Tn5398 is
internal to orf7 may have implications for the level of excision, transfer and
integration of the element. Afier excision from the donor chromosome, Tn5398
would leave behind part of orf7, resulting in an incomplete orf7 gene in the circular
™
intermediate. The result could be altered leve!s of transcription of other genes
involved in transfer of the element. The end of orf7 also appears to be the target
sequence for the element in recipient strains such as CD37. 1t is this region of the
ORF7 protein that has identity to the sigma-factor helix-turn-helix motif, which is

involved in DNA binding. Fusion with this region may provide a selective

advantage for recombination of the circular intermediate at the target site.

The Tn916 ORF9 protein has been predicted to be a putative transcriptional
repiressor, however, the role of this repressor in the mobility of Tn9/6 has not been
dctermined (Celli and Trieu-Cuot, 1998), while the ORF13 protein has no known
role in the mobility of Tn9/6. Mutational analysis of the orf7, orf9 and orfi3
homologues en Tn5398 may prove necessary to investigate the regulation of transfer

of this elemént, but will probably not provide further insight into the mechanism of

transfer.

The only other known ORF that could encode a protein involved in Tn3398
mobility is orf298. The putative ORF298 protein has some similarity to replication
proteins and proteins from the ParA and Soj families, ParA and Soj proteins
generally have a role in the partitioning pf plasmids and chroimosomes during the

replication cycle (Easter et al., 1998; Sharpe and Errington, 1996). It appears
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unlikely that ORF298 has a role in either the excision or integration of Tn5398 but
this possibility cannot be completely eliminated. The C. difficile strain 685 genetic
variant of the Emn B determinant presented in Chapter Five consisted of an Erm
leader peptide gene, the erm(B) gene and orf3 flanked by two variants of the DR
sequence, neither of which contained orf298. This gf\nctic variant of the Erm B
determinant was also shown to be associated with a Tn5398-like element. One way
to determine if ORF298 is required for the transfer of Tn5398 might be to introduce
this genetic variant of Tn5398 into a C. difficile str2in carrying Tn5397 and then to
look at differences between the transfer frequency of this genetic variant and that of

Tn5398. This experiment could not be performed during this study due to the non-

availability of a C. difficile strain that contained only Tn5397.

It is tempting to speculate that ORF298 is the protein responsible for the
mobilization of Tn5398, as the C. perfringens Erm B determinant, which is located
on the large non-conjugative but mobilizable plasmid, pIP402, contains two copies of
orf298. Little is known about pIP402 other than that it carries the Emn B MLS
resistance determinant. It is possible that the reason that this plasmid is mobilizable
is due to the presence of 07/298. It would also be worthwhile to inactivate one or
both of the 0rf298 copies on pIP402, or the 0298 open reading frame on Tn5398,

and to determine if there was any effect on the transfer of either of these elements.

A second hypothesis relating to the integration of Tn5398 was discussed in
Chapter Four. It is possible that the region that is excised from the C, difficile
chromosome to form the circular intermediate is much larger than the 9.6 kb element
and that it includes genes upstream of the proposed left end (ilvD, hydR, and hyd':

and downstream of the proposed right end (ispD, fIxD). After transfer of this region,
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which contains Tn5398, it could be integrated into the recipient chromosome by ¢
RecA-dependent homologous recombination (Figure 6.1). The end result would be

the integration of Tn5398 and some of the genes flanking the element.

The results presented in Chapter Four are c.onsistent with this integration
hypothesis, since the sequence of the region outside the putative element in the
transconjugants was more similar to the donor than to the recipient strain
(Figures 4.25 and 4.26). The position of the proposed right end of Tn3398, within
orf7, is also unusual as excision and subsequent transfer of the proposed element

would interfere with the transcription and expression of this ORF.

Additional supportive evidence was obtained by an examination of the
transfer properties of the MLS resistance determinant from C. difficile (Hichler et
al., 1987a). In addition to showing that the MLS resistance determinant from
C. difficile was transferable to S. aureus, these researchers also reported that a further
12.8 kb of DNA was transferred from the C. difficile donor strain to the S. aureus
recipient. They partially characterized this additional DNA and showed that not only
was it present in the C. difficile donor and the S. aureus transconjugants, bat that it

hybridized to DNA that was present in the C. difficile recipient. This result indicated

that part of the additional DNA that was transferred to S. aureus from the C. difficile
donor was also present in the C. difficile recipient strain (H#chler et al., 1987a).
Unfortunately, these §. aureus transconjugants are not available for further analysis

and it has not been possible to demonstrate intergeneric transfer of Tn5398 in this

study.
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The MLS resistance marker in these experiments was localized to an
approximately 9.5 kb HindIll fragment in the donor and transconjugants strains
(Héchler et al., 1987a), which is in good agreement with the 9.665 kb HindIII
fragment that was cloned to form pJIR1594 in this study. The additional DNA was
on a second HindIlI fragment of approximately 12.8 kb. This fragment would

~
correspond to the next Hindill fragment downstream of that cloned in pJIR1594.
Part of this region was sequenced in this study from pJIR1790 and revealed
sequences that were present in both the donor and recipient C. difficile strains,
Likewise, \ sstream of the proposed left end of Tn5398, sequence analysis revealed
DNA that was present in both the donor and recipient. It would appear that in
conjugation to S. aureus, the region transferred included Tn5398 and additional DNA
encoding C. difficile housekeeping genes. Genetic analysis of S. aureus MLS
resistant transconjugants would therefore be advantageous to determine the exact
nature of the DNA that is integrated following transfer. This type of analysis is
nearly impossible in C. difficile transconjugants because of the high similarity
between the donor and recipient DNA in the regions outside the currently delineated
Tn3398 element. Analysis of transconjugants resulting from interspecies

conjugation may help to define the larger region of DNA that is excised from the

C. difficile chromosome, forms a circular intermediate and is mobilized to the

recipient strain.

The observation that Tn5398 appears to integrate site-specifically in
C. difficile but shows no site-specificity in either B. subtilis or S. aureus (Hichler et
al.,, 1987a; Mullany et al., 1995) could also be explained in terms of the RecA
homologous recombination theory. If homologous recombination between the genes

flanking Tn5398 and the C. difficile recipient genome is responsible for the
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integration of Tn5398, it would be logical to assume that the target genes ‘for
recombination are only present in one location on the genome, hence the site-
specificity in C. difficile. In B. subtilis and S. aureus recipients, the genome structure
is different and the homologous recombination event may not occur as efficiently
since the target may not be well conserved. It may be that several different
recombination events occur in these recipients as individual recombination events
between different genes flanking Tn5398 and homologous genes in the recipient may
be possible. Hence, there could be many recombination sites in the B, subtilis and

§. aureus genomes, none of which are as conserved as the C. difficile target, which
could be the reason for the low frequency of ﬁansfer of Tn5398 to these organisms

(Héchler et al., 1987a; Mullany et al., 1995) as well as the lack of site-specific

integration.

Although the analyses of the Tn5398 element that are presenied in this thesis
have raised many questions and obviously more experimentation is required, the
work presented here makes a significant contribution to our understanding of what
appears to be a very complex genetic element. This work has also improved the
current state of knowledge of the erm determinants present in C. difficile and how
they are likely to be disseminz =d. Further studies on this interesting element await

the development of defined genetic methods for genetic analysis in C. difficile.
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ABSTRACT

Background Large outbreaks of diarrhea caused
by a newly recognized strain of Clostridium difficile
occurred in four hospitals located in different parts of
the United States between 1989 and 1992. Since fra-
quent use of clindamycin was associated with the out-
break in one of the hospitals, we examined the resist-

ance genes of the epidemic-strain isolates and studied

the role of clindamycin use in these outhreaks.
Methods Case-control studies were performed at
three of the four hospitals to assess the relation of
the use of clindamyecin to C. difficile-associated diar-
thea. All isolates of the epidemic strain and represent-
ative isolates of other strains identified during each
outbreak were tested for susceptibility to clindamyein.
Chromosomal DNA from these reprasentative isolates
was also analyzed by dot blot hybridization and am-
plification with the polymerase chain reaction (PCR)
with the use of probes and primers from a previous-
ly described determinant of erythromycin resistance
— the erythromycin ribosomal methylase B {(ermB)
gene — found in C, perfringens and C. difficile.
Results  In a stratified analysis of the case-control
studies with pooling of the results according to the
Mantel-Haensze! methad, we found that the use of
cindamycin was significantly increased among pa-
tients with diarrhea due to the epidemic strain of
C. difficile, as compared with patients whose diarrhea
was due to nonepidemic strains {pooled odds ratio,
4.35; 95 percent confidence interval, 202 to 9.38;
P<0.001}. Exposure to other types of antibiotics or
haspitalization in a surgical ward was not significantly
associated with the risk of C, difficile-associated di-
arthea due to the epidemic strain: All epidemic-strain
isolates were highly resistant to clindamycin {mini-
mal inhibitory concentration, >256 ug per rhilliliter),
DNA hybridization and PCR analysis showed that all
these isolates had an erm8 gene, which encodes a
235 ribosomal RNA methylase that mediates resist-
ance to macrolide, {incosamide, and streptogramin
antibiotics, Only 15 percent of the nonepidemic strains
were resistant to clindamycin,
-Conclusions A strain of C. difficile that is highly
resistant to clindamycin was responsible for large out-
breaks of diarrhea in four hospitals in different states.
The use of clindamyecin is a specific risk factor for di-
arrhea due to this strain. Resistance to clindamycin
further increases the risk of C. difficile-associated di-
arrhea, an established complication of antimicrobial
use. (N Engl J Med 1999;2341:1645-51.)
91899, Massachusetts Medical Society.
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INCE its etiologic role in pseudomembranous

colitis was discovered 21 years ago,! Clostrid-

sum difficile has been recognized as a major

nosocomial pathogen throughout the world.2
A wide variety of strains -are capable of causing dis-
ease,3* and outbreaks or epidemics of C. difficsle—
associated diarrhea are often linked to a single strain,
but the relatedness of these strains among different
institutions and geographic regions is not clear. A
recent collaborative typing study demonstrated that
a newly recognized strain of C. difficile was respon-
sible for outbreaks of diarrhea in four hospitals in
different parts of the United States that occurred be-
tween 1989 and 1992.5 We evaluated the association
of diarrhea from this strain with the use of clinda-
mycin, the resistance of this strain to clindamycin, and
the genetic basis for resistance to clindamycin. Three

~ of these outbreaks were reported previously as unre-

lated events, 5% but we now know that the outbreaks
were caused by one strain with au apparent propen-
sity to cause epidemics. a

METHODS

Qutbreaks of Diarrhea Associated
with C. difficile Infectlon

The clinical aspects of the previously reported outbreaks in New
York, Arizona, and Massachusettss® and the outbreak in Florida
are summarized in Table 1. Criteria for ¢ase definitions varied be-
tween invesdgadons but were based on cXnical symproms of di-
arthea and the detection of C. difficile cytotoxin in the stool of
affected patients in each instance. In the Arizona outbreak diar-
rhea was defined as four or more [oose or unformed stools in a
period of 24 to 36 hours, but it was not defined on the basis of
frequency or a specific period in the other outbreaks.

New York

In 1989 there was an abrupt increase in cases of C. difficile-
associated diarrhea in a 460-bed Veterans Affairs facility in up-
state New York.® The incidence of C. difficile-dssociated diarrhea
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TaBLE 1. QUTBREAKS OF DIARRHEA ASSOCIATED WITH CLOSTRIDIUM mém:rz.s
INFECTION 1IN FOUR HOSPITALS.

Oae oF  Dunamon or

Szeano Tyre  No.or  RepoaTen  RepoaTteD
LocaTion of Faciury® Cases  Qursneax Ovuteaeax (Mo}  INCIDENCE COMMENTS
New Yorkt 460-Bed VA 174  1989-19%0 18 20/1000 Incidence X0 dmes as high as in
hospital : admissions  previous 2 years; outbreak-con-
. tinued through 1993
Arizona? 300-Bed VA 101 1990-19%1 13 15.8/1000 Incidence 5 times as high a5 in
hespital discharges  previous 21 months; outbreak
resolved abruptly with restric-
tion of clindamycin nse
Florida 786-Bed commu- 106  1990-1991 25 19/1000 Incidence decreased ro 7/1000
nity hospitzl discharges  discharges 2 months after the
end, of the outbreak
Massachuserts® 43)-Bed teach- 98 1992 6 16/1000 Overall incidence unchanged
ing hospital discharges - from previous year, but (ocal
. outbreaks occurred on two
" wards for 2 months
*YA denotes Veterans Affairs.

during this period (20 per 1000 admissions} was 10 times as high
a in the previous two years, The reason for the marked increase in
the murnber of cases was not reported, but two case~control smd-
ies conducted early in the outbreak {from December 1988 to May
1989) identfied antimicrobial therapy, pardcularly with second-
and third-generation cephalosporins, as the chief risk factor. Crite-
fia for the use of antimicrobial therapy were 2dopted by the hospi-
ul, but the epidemic continued at least through the spring 0f1993.

Arizona

In July 1990 a Veterans Affairs facility in Arizona noted an abrupt
increase in cases of C, diffcile—-associated diarthea” The incidence
of disease during this outbreak {15.8 per 1000 discharges) was five
times s high as in the previous 21 months. However, three months
after clindamycin was removed from the hospital formulary, the
incidence decreased to rates documented before the outbreak.

Florida

A 786-bed community hospital in southwest Florida docu-
mented 106 cases of C. Jifficile—associated diarrhea between No-
vember 12, 1990, and January 28, 1991. The incidence during
the outbrealc was 19 per 1000 discharges, and it had decreased to
7 per 1000 discharges by March 199]. At the time, this decrease
was attributed to a change in housckeeping procedures,

Massachusatts

4 431-bed tertiary-care teaching hospital in a large city in east-
ern Massachusetts documented 98 cases of C. difficile—associated
diarthea between June 2nd Decernber 1992.% The overall incidence
during this period (16 per 1000 discharges) was unchanged from
the previous year,.but focal outbreaks were recognized on two hos-
pital wards over a two-month period. These focal outbreaks re-
solved without specific intervention.

Identification of Strains Associated with the Qutbreaks

Isolates from all four outbreaks were systematically compared
by three methodsS: restriction-endonuclease analysis of whole-celt
DNA with the use of HindIII,%8 a polymerase-chain-reacton (PCR}
assay with the use of arbitrary primers,® and putsed-field gel elec-
tophoresis with Smal eestriction-enzyme analysis.® The predom-
nant, epidemic-associated strain at each hospital was cither a sin-
gle strain (on the basis of PCR analysis) or two highly celated types

(I7 and J9} that weee only distinguished by one HindIII-derived
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genomic fragment on the basis of restriction-endonuclease anaty-
sis. Type J7 isolates were recovered only from the Arizona out-
break. Since this difference between J7 and J9 was most likely the
result of a single genetic event,® these strains were determined to
be part of a single genetic lineage, which we refer to as the epi-
demic strain.

The cpidemic strain accounted fur 66 percent of isolaves (27 of
41) typed at the New York hospital,® 52 percent of isalates (33
of 63) at the Arizona hospital,” 33 percent of isolates (6 of 18) at
the Florida hespital (unpublished data), and 33 percent of isolates
{30 of90) at the Massachusetrs hospital.? During the two-moath
outbreak in the medical and surgical wards at the Massachusetts
hospital, the epidemic strain accounted for 62 percent of the iso-
tates (16 of 26).

Patients

Investigators at three of the hospicals teviewed data bases and pa-
tients® charts for dlindamycin use in the patients with C. #j
associated diarchea. Data linking patients ta the C, difficile typmg
results were not available from the Florida hospital, For patients
who had more than one episode of C, difficilz~associated diarrhea,
only the first episcde was analyzed. The records of all patients for
whom the recovered C. difficile isolaie was ryped were analyzed
to determine whether clindamycin had been given at any time
during the two months before the illness, Patients were classified
as having C. difficile—associated diarrhez duc to the epidemic strain
or due to nonepidemic strains. In the New York outbreak there
were 29 episodes of C. difficile~assaciated diarrhea for which an-
tibiotic histories and typing data were available; the epidemic strain
was recovered from 20 patients and other strains were recovered
from 9. These data were available for 63 cpisodes of C. difficile-
dssociated diarrhea in the Arizona hospital (33 related to the ep-
idemic strain and 30 related to ather strains} and for 90 cpisodes
in the Massachusetts -hospital {30 related to the epidemic strain
and 60 to other strains). Data on exposure to antibiotics other than
clindamycin and the type of ward (surgical or other) the patient
was in at the time of the episode were available for 160 of the 183
episades: 28 episodes in New York (21 related to the epidemic
strain and 7 related to other strains), 42 cpisodes in Arizona (25
related to the epidemic strain and 17 to other strains), and $0 cp-
isodes in Massachusetts (30 related to the epidemic strain and 60
to other strains). Qdds ratios and confidence intervals for three
variables {clindamycin use, use of other antibiotics, and hospital-
ization in 2 surgical ward) were calculated for individual institu-
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tions and combined according to the Mantel-Haenszel method.
All P values are two-sided.

Susceptibility Testing of C. difficile 1solates

We used the E cest (AB Biodisk, Solna, Sweden) to assess ail 85
epidemic-strain isolates for susceptibility to clindamycin, including
16 isolates from New York, 33 from Arizonz, 6 from Flerida, and
30 from Massachusetts. Two representative isolates of the epidem-
ic strain from each of the four ourbreaks were identified by restric-
tion-cndonucicase analysis and sclected for additional testing for
susceptibility vo erythromycin, ciprofloxacin, ampicillin, and tetea-
eycline and were identified as follows: type J9 (isolates 5602 and
§610) from New York, type J7 (isolates 4224 and 4290) from Ar-
izona, type J9p2 (isolates 5644 and 5650) from Florida, and type
]9 (isolares 4478 and 5627} from Massachusetts.

Three toxigenic isclates, idendfied by restriction-endonuclease
analysis, served as controls; two strains were susceptible to clin-
damycin (type Ki2p [isolate 5672), an endemic strain from Cook
County Hospital, Chicago,1 and type Y4 [isolatc 1323], an ¢ndem-
ic strein from the Minneapolis Veterans Affairs Medical Centerld),
and one strain was resistant to clindamycin (type Bl (isolate 832},
an epidemic-associated strain from the Minneapolis Veterans Af-
fairs Medical Centerlt).

In addition, representative C. défficsle isolates of the nonepidem-
ic strains from each of the four outbreaks were also tested for sus-
ceptibiliry to clindamycin. One isolate of each nonepidemic strain
was chosen from cach outbreak for analysis. In New York, 3 of the
9 types identified on PCR_ {from 9 nonepidermic cases of C. dif
ficile-associated diarrhea) were available for susceptibility testing,
whereas 1 isolate of cach of the 17 idendfied by restriction-endo-
nuclease analysis (from 30 nonepidemic cases) was available from
Arizona, 1 isolate of 6 of the 7 types identified by PCR (from 12
nonepidemic cases) was available from Florida, and 1 isolate of cach
of the Z0 strains identified by pulsed-field gel electrophoresis (from
60 nonepidemic cases) was available from Massachuserts. In brief,
we performed the E test as dicected by the manufacturer, using re-
duced brucella agar plates supplemented with 5 percent defibri-
mted sheep’s biood, 1 mg of vitamin K per liter, and 5 mg of hemin
per liter (Remel, Lenexa, Kans.).15 The isolares were incubated over-
night in reduced tryptic soy broth, the amount of the inoculumn of
C. difficile was standardized, and the bacteria were inoculated onto
plates and grown to confluency. Antibiotic-impregnated strips were
then placed on the inoculated plates, and the plates were incubat-
edanacrobically at 37°C for 48 hours. The minimal inhibitory con-
centration was <...vsured at the intercept of the inhibition cllipse.

Genetic Analysis of Strains’ Resistance to Clindamyein

For the following analyses C, difficile strains were grown in
brain-heart infusion medium with iron sulfate!s in an anaerobic
glove chamber in an atmosphere of 80 percent nitrogen, 10 percent
bydmgen, and 10 percent carbon dioxide ar 37°C. When appropri-
at;},lg-fz.c n):cdium was supplemented with erythromycin (50 g per
rol_tere),

DA was extracted from 100-ml broth cultures of C, difficile
thit s $ been grown to the late log phase. The cells were harvested
and lysed according to the sarkosyl lysis procedure, and chromo-
somal DNA purified by dye buoyant density~gradient ultracen-
trifugation at 260,000X g for 2¢ hours at 20°C. The chromosomal
DNA was extracted from the gradient, dialyzed against TRIS-
EDTA buffer (0.01 mM EDTA and 0.1 mM TRIS, pH 7.5), and
concentrated by eveporation.

PCR 2ssays were conducted with 2 GenAmp2400 thermal cy-
cler (Perkin~Elmer Cetus, Norwalk, Conn.} in volumes of 100 ul
that contained approximately 100 ng of template DNA. Two ol-
igonucleotide primers specific for the erythromycin ribosomal
methylase B (ermB) gene of C. difficile strain 63018 — 2980
(SMTAAGTA.AACAGGI‘AACGTTB') and 2981 (8'GCTCCT-
TGGAAGCTGTCAGTAGS') — were included at a concentration
of approximately 0.7 uM per reaction. The PCR assay consisted of
30 cycles of amplification at 95°C for one minute, two minutes of

annealing at 85°C, and thoee minutes of extension at 72°C. The
products were separated by electrophoresis on 0.8 percent aga-
rose gels,

Samples of chromoesomal DNA (10 pg) from each strain were
blotted onto nylon membranes (Hybond N*, Amersham, Arding-
ton Heights, IlL.), and cross-linked to the membrane by exposure
o ukraviclet light for five minutes at 312 num, A 688-bp ermB-spe-
cific probe labeled with digoxigenin-11-deoxyuridine triphosphate
was preparcd by PCR.with use of the primers 2980 and 2981 and
allowed w hybridize to DNA immobilized on the membrane at
65°C overnight, The membrane was washed twice at room tem-
perature in 2X sodium citrate buffer (SSC) (300 mM. sodivm
chloride and 30 mM sodium cirate), pH 7.5, containing 0.1 per-
cent sodium dodecyt sulfate, and twice ar 65°C in 0.2X §5C,
containing 0.1 percent sodium dodecyl sulfate. Bound probe was
detected with use of an and-digoxigenin~specific, chemilumines-
cent substrate (CDP-Star, Roche Diagnostics Australiz, Castle
Hill, Australia) according to the manufacturer’s specifications.

RESULTS

Association of the Epidemic Strain of C. difficile
with Clindamycin Use

Case—control studies were performed at the New
York, Arizona, and Massachusetts hospitals to evaluate
the relation between exposure to clindamycin and di-
arrhea due to the epidemic strain of C. difficéle (Fig.
1). The frequency of exposure to dindamycin among
paticnts with diarrhea due to nonepidemic strains
ranged from 7 percent in Massachusetts »o 23 percent
in Arizona, which is indicative of variation in the over-
all frequency of the use of clindamycin among the
institutions. Yet, within each instimition, clindamycin
use was a more frequent cause of diarrhea due to the
epidemic strain than of diarrhea due to nonepidemic
strains. In the New York hospital, 11 of 20 cases ot di-
arrhea due to the epidemic strain were associated with
clindamycin use (55 percent), as compared with 1 of
9 cases of diarrhea due to nonepidemic strains (11 per-
cent); the respective values for the Arizona hospital
were 15 of 33 (45 percent) and 7 of 30 (23 percent),
and the sespective values for the Massachus2its hospi-
tal were 9 of 30 (30 percent) and 4 of 60 {7 percent).
Overall, 35 of the 83 cases of diarrhea due to the ¢p-
idemic strain were associated with clindamycin use (42
percent), as compared with 12 of 99 cases due to non-
epidesmic strains (12 percent, P<<0.001). The odds
ratio for the use of clindamycin ranged from 2.74 to
9.78 (Fig. 1). The pooled odds ratio for the associa-
tion between clindamycin use and diarrhea due to the
epidemic strain was 4.35 (95 percent confidence inter-
val, 2.02 to 9.38; P<0.001) (Fig. 1).

In contrast, the usz of other antibiotics was not as-
sociated with diarrhea due to the epidemic strain. The
pooled odds ratio was 1.13 (95 percent confidence in-
terval, 0.53 to 2.41; P=0.74) for cefazolin, 1.02 (95
percent confidence interval, 0.45 to 2.32; P=0.95)
for third-generation cephalosporins {ceftazidime, cef-
triaxone, and cefotaxime), 0.43 {95 percent confi-
dence interval, 0.16 to 1.20; P=0.10) for ampicillin,
1.09 (95 perceat confidence interval, 049 to 2.45;
P=0.83) for vancomycin, and 1.10 {95 percent con-
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Obos Rano (959 C)) P VaLE
Arizona i 2.74 (0.92-8.13) 011 .
Massachusetts = 6.08 (1.87--21.58) 0.008
Newv York - 9,78 {1.02-93.50) 0,04
QOverall - 4,35 (2.02-9.38) <0.001
) L] . |
0.1 1.0 10.0 100.0
QOdds Ratio

Figure 1. Odds Ratio for the Use of Clindamycin before Becoming |l among Patients with Diarrhea Due
to the Epidemic Strain of Clostridiurn difficile as Compared with Patlents with Diarrhea Due to Non-

epidemic Strains,

The size of each symbol is proportional to the weight of the corresponding study. The overall- odds
ratio was obtained with use of the Mantel-Haenszel methed; the dotted line indicates the point esti-
mate of this odds ratio. P=0.5 for the test of homogeneity. Cl denotes confidence intarval.

fidence interval, 0.45 to 2.71; P=0.83) for amino-
glycosides (gentamicin and tobramycin). Similarly,
hospitalization in a surgical ward was not a risk fac-
tor for diarrhea due to the epidemic strain (pooled
odds rado, 0.75; 95 percent confidence interval,
0.38 to 1.49; P=0.42).

Susceptibility of Epidemic and Nonepidemic Strains
of C. difficile to Clindemycin

All 85 isolates of the epidemic strain of C. difficile
were highly resistant to clindamycin (minimal inhib-
itory concentration of clindamycin, >256 ug per mil-
liiter). The representative isolates of epidemic strains
(type J9, J7, or J9p2) from each hospital outbreak
were also highly resistant to erythromycin, as was the
dindamyein-resistant strain (type B1) that was used
as a control (Table 2). Both clindamycin-susceptible
control strains (types K12p and Y4) were susceptible
to clindaimycin and erythromycin. The majority of
nonepidemic strains from each outbreak were sus-
ceptible to clindamycin. High-level resistance to clin-
damycin (minimal inhibitory concentration, >256 ug
per milliliter) was present in only 15 percent of the
nonepidemic: strains {7 of 49 strains; 1 of 3 in New
York, 3 of 17 in Arizona, O of 6 in Florida, and 3 of
20 in Massachusetts). The minimal inhibitory con-
centration of clindamycin for the remaining isolates
of nonepidemic strains was 4 ug per milliliter or less
in the case of 34 strains and 6 ug per nailliliter in the
case of the other § strains.

Genetic Basis of Clindamycin Resistance
in the Epidemic Strain

Resistance to macrolide-lincosamide —streptogram-
in (MLS) antimicrobial agents such as erythromycin
and clindamycin is often mediated by a 23S ribosomal
RNA methylase encoded by one of a group of highly
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related erm genes that have been found in gram-posi-
tive and gram-negative organisms. Two of these genes,
one from C. perfringens and one from C. difficile,
belong to the ErmB—~ErmAM hybridization class and
have been referred to as the ermBP and ermZ genes,
respectively.®® However, in accordance with a new-
ly proposed nomenclature for the erm genes (unpub-
lished data), these genes are both referred to here as
ermB genes. DNA dot blot hybridizations were car-
ried out on chromosomal DNA prepared from the
epidemic strain of C. difficele and control strains un-
der highly stringent conditions, with use of an ermB-
specific probe derived from C. difficile strain 630.
DNA from all the representative isolates of the clin-
damycin-resistant epidemic strain at each hospital
showed strong hybridization with the probe, indicat-
ing that the isolates contained an erssB gene (Fig. 2).
The control strains K12p and Y4, which are suscepti-
ble to MLS andibiotics, did not hybridize to the probe.
Next, we conducted PCR assays with primers 2980
and 2981 and each of the isolates analyzed by dot
blot hybridization to confirm that the gene present
in the epidemic strains was closely related to that of
strain 630. Analysis of each of the MLS-resistant ep-
idemic strains revealed PCR products of the expect-
ed size {688 bp), indicating that the gene ;:esent in
the epidemic strains was an ermB-like gene (data not
shown). No PCR products were obtained from the
MLS-susceptible control strains. In addition, South-
ern blots carried out >n DNA from cach of the re-
sistant strains indicated that there may have been
more than one copy of the ermB gene in each of those
strains {data not shown).

DISCUSSION

This study demonstrates that large outbreaks of dli-
arrhea in four hospitals in separate regions of the Unit-
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TABLE 2. ANTIMICROBIAL-RESISTANCE PROPILES OF REMRESENTATIVE ISOLATES OF THE
ErIDEMIC STRAIN OF CLOSTRIDIUM DIFFICILE AT EACH HOSPITAL AND CONTROL STRAINS.*

Dauc EptoEMic STRAIN CoNTROL STaAN
e CLINDAMYCIN- CLINDAMYCIN: GCLINDAMYCIH:
Ly 37 J9p2 {Massa- SUSCEPTIBLE  SUSCEPTIBLE  RESISTANT
(New Yorx) (AnrzoMa) (FLORIDA) CHUSETTS) {(K12p) (Y4) (B1)
minimal Inhibitory concentration {micrograms per milliliter)

Clindamycin >256 =256 >256 >256 0.75 0.75 >256
Erythromycin =256 >256 >256 >256 0.5 0.50 >256
Ciprofioxacin >32 >32 >32 >32 »32 >32 =>32
Ampicillin 075 .75 075 0.75 3.0 10 1.5
Tetracydine 0.06 0.06 0.06 006 0.09 005 12

*Each isolate was identified by reswriction-endonuclease analysis; P indicates the presence of plasmidss

Groups of dlosely related C. difficile strains are designared by uppercase letters, whereas unique types are des-

. ignated by numbers. The minimal inhibitory concentrations of each drug are shown for the epidemic strain
from each of the four hospitals {two isolates were tested from cach outbeeak) and For the control strains.

o
2 é\\ G
p o X6 RGN
& & S N N L I A S SN

1 2 3 4 5 6 7 8 9 10 11 12
Figure 2, DNA Dot Blot Anatysis of Strains of Clostridium difficile.

Each analysis used 10 pg of chromosomal DNA and an erm8-specific probe. L.ane 1 shows reference strain 630, lanes
2 and 3 epidemic-strain isnlates from Naw York, lanes 4 and 5 apidemic-strain isolates from Massachusetts, lanes 6 and
7 epidemic-strain isolates from Florida, lanes 8 and 9 epidemic-strain isolates from Arizona, tanes 10 and 11 clindamy-
cin-susceptible control strains, and lane 12 a ¢lindamycin-resistant control strain.

ed States were all caused by a specific, highly clinda- These restlts ¢.st new light on the relation be-
mycin-resistant strain of C. difficile and that the use | tween antibiotic use and C. difficile—associated diar-
of clindamycin was a specific risk factor. The relation | thea. The role of the antimicrobial agent has been
between clindamycin use and infection with the ep- | assumed to be to distupt the normal intestinai flora,
idemic strain was consistent among the institutions, | particularly anaerobes, of the host, which is an im-
which justifics our pooled analysis and strengthens | portant resistance factor with respect to infection
our findings. Although other virulence factors asso- | with C. difficile. The antimicrobial agent precipitating
ciated with this particular strain may affect its epidem- | a particular episode of C. difficile—associated diaz-
K potential, resistance of specific C. difficile strains | rhea has been thought to have no direct association
to clindamycin may partially explain the well-known | with the pattern of resistance of the infecting strain.?
propensity of this agent to precipitate outbreaks and | For example, most strains of C. difficile are suscepti-
epidemics of diarrhea. ble to ampicil*n, yet historically, this agent has com-
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monly been implicated in cpisodes of diarrhea. Al-
though C. difficsle isolates are routinely resistant to
cephalosporins such as cefoxitin, resistance to clinda-
mycin is less common. High-level resistance to clin-
damycin was present in only 15 percent of the non-
epidemic strains in our study. Our results indicate
that the relatively high likelihood of C. difficsle—asso-
dated diarrhea after exposure to clindamycin is not
just a consequence of effects on. the resident flora; it
may also be linked to the susceptibility profile of the
organism,

Hospital-wide use of clindamycin has been identi-

fied as the chief factor responsible for the outbreak
of C. difficile-associated diarrhea at the Arizona hos-
pital,” but thi§ association was not apparent or was
not assessed in the initial investigations of the other
outbreaks.®® The outbreak in Arizona was abruptly
terminated by the removal of clindamycin from the
hospital formulary.” The use of cephalosporins was
identified as the chief risk factor for C. difficsle—asso-
ciated diarrhea early in the New York outbreak, on
the basis of multivariate analyses of two case—con-
trol studies in which-ward controls and diarrhea con-
trols, respectively, were used.¢ The use of clindamy-
cin, however, was also a risk factor in the ward study
and showed a trend in the diarrhea study.é Stool cul-
ture, with typing of the recovered C. difficile iso-
lates, was not performed in New York until one year
after the original case~control studies.? We used the
later cohort. of cases (identified between March and
October 1990) and found that clindamycin use was
a specific risk factor for diarrhea due to the epidemic
strain of C. difficile. A subsequent comparative typ-
ing study of C. diff¥esle isolates from this same hos-
pital documented persisten.e of the epidemic strain
two years later (January to November 1992).2¢ The
risk of C. difficile—associated diarrhea associared with
the use of specific antibiotics had not been reported
previously for the outbreak at the Massachusetts hos-
pital8 and data on antibiotic use were not available
from the Florida outbreak,

There is evidence tha: <his strain or genctically re-
lated strains may have a. . .2n broader geographic dis-
tribution than is suggested by the distribution of these
four outbreaks. Preliminary results obtained with use
of PCR ribotyping indicate that the spidemic strain
from the Massachusetts hospital designated as type
]9 on the basis of restriction-endonuclease analysis or
type D1 on the basis of pulsed-field gel electropho-
resis is PCR ribotype 1.7 CR ribotype 1 was the
most common strain among U Jspitalizec, patients in
England and Wales, accou::ning {: "7 percent of all
isolates in one survey,? aul war o ~onsible for a
large outbreak in northwest it s involving 175
patents and 17 deaths at one 1 ~wpital.22 A formal
comparison of restriction-endonuclease analysis and
PCR ribotyping methods should clarify +hether these
European epidemic strains are rexted to the epidem-
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ic strains we studicd, We have also used restriction-
endopuclease analysis to analyze two C. difficile iso-
lates of the clonal strain associated with another clin-
damycin-related epidemic of diarrhea that was recently
reported in Virginia.?® Neither of these isolates (kind-

ly provided by Michael Climo and Edward Wong) was

type ]9 or J7.

Each of the epidemic-strain isolates contained an
erm; geneX which, on the basis of its ability to hybrid-
ize under highly stringent conditions with an ermB-
specific probe, belongs to the ErmB class of eryth-
romyvin-resistance determinants. This conclusion was
supported by PCR analysis, which showed that a prod-
uct of the same size as the ermB determinant from
C. difficile strain 630 was amplified from each of the
epidemic isolates with use of ermB-specific primers.
These data provide evidence that the resistance to
MLS antibiotics of each of the epidemic-strain iso-
lates results from the presence of an e»mB gene.

MIS-resistance genes from the ErmB hybridiza-
tion class have been detected in both C. perfringens
an . C. difficile 2 The ermB gene from C. perfrin-
gens is located on a large nonconjugative but mobi-
lizable plasmid, pIP402.27 By contrast, the ermB gene
from C, difficile strain 630, which is 99 percent ho-
mologous to the C. perfringens gene (unpublished da-
ta), appears to be located on the chromosome.

In sfrain 630, transfer of erythromycin resistance
occurs in the absence of deiectable plasmids. The
ermB gene has been postulated to reside on the as
yet uncharacterized conjugative transposon Tn5398.38
It is possible that the ermB gene detected in the ep-
idemic strain that we studied is also associated with
Tn5398, or with a related mobile genetic element lo-
cated on the chromosome. Such elements are likely
to represent an important method for the dissemi-
nation of resistance to MLS antibiotics among clin-
ical isolates of C. difficile, especially in hospitals. It
is also possible that the ermB gene in the epidemic
strain is located on the chromosome but is not asso-
ciated with a transposable clement or that eraB is
located on a plasmid, However, no antibiotic-resist-
ance plasmids have ever been reported in C, Zifficile.-

Taken together, these observations suggest that
a single erythromycin~clindamycin resistance gene,
present in specific strains of C. difficile, is associated
with a significantly increased risk of C. difficile—
associated diarrhea in widely dispersed U.S. hospi-
tals, especially in association with clindamycin use.
C. difficile-associated diarrhea is virtually unknown
in the absence of use of antimicrobial agents, and the
risk of this illness among hospitalized patients in-
creases with the use of clindamycin and the presence
of clindamycin-resistant strains of C. difficile. C. dif-
Sicile—associated diarrhea is yet another example of the
increasing number of nosocomial infections caused
by organisms resistant to antimicrobial agents. It is
encouraging that in two well-described outbreaks

3




EPIDEMICS OF DIARRREA CAUSED BY A CLINDAMYCIN-RESISTANT STRAIN OF CLOSTRIDIUM DIFFICILE

caused by clindamycin-resistant C. difficile, there was
rapid resolution of the epidemic with restricdon of

the use of clindamycin 72
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The Macrolide-Lincosamide-Streptogramin B Resistance
Determinant from Clostridium difficile 630 Contains
Two erm(B) Gceues
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The ErmB macrolide-lincosamide-streptogramin B (MLS) resistance determinant from Clostridium difficile
630 contains two copics of an erm(B) gene, separated by a 1:34-kb direct repeat also found in an Erm(B)
detcrminant from Clostridium perfringens, In addition, both erm(B) genes are flanked by variants of the direct
repeat sequence. This genetic arrangement is novel for an ErmB MLS resistance determinant,

Clostridium difficile is the causative agent of antibiotic-asso-
ciated diarrhea and pscudomembranous colitis, diseases gen-
erally associated with exposure to antibiotics. The antibiotics
most commonly involved include clindamyeir, cephalosporins,
and ampicillin (2); however, virtually ail antibacterial agents
have been implicated,

Erythromycin is a member of the macrolide-lincoramide-
streptogramin B (MLS) group of protein synthesis inhiNitors
{11, 16). In many bacterial spccies (4, 6, 11, 12), MLS .oxis-
tance is mediated by ern genes, which encode 235 RNA meth-
ylases. Numerous erm genes have been characterized and di-
vided into distinct classes based on their sequence similarity
(19). The most widely distributed of these classes of Erm de-
terminants is the Erm B/AM class, which has rceently been
renamed as the BrmB class (19), the ermt genes belonging to
this class now being refesred to as erm(B) genes (19).

ErmB determinants have been detected in both Clostridium
perfringens (3) and C. difficile (9, 21). The C. perfringens deter-
minant is located on a large mobifizable plasmid, pIP402, and
consists of an emm(B) gene (previously erBP) flanked by
1.34-kb direct repeat (DR) scquences (4) (Fig. 1). Each DR
contains an open reading frame (ORF), ORF298, the putative
product of which has similarity to ParA and Soj proteins, which
are involved in plasmid and chromosomal partitioning (8, 23).
ORF298 is flanked by the highly palindremic repeated sc-
quences of paid and palB (4).

Hybridization analysis of crythromycin-resistant C, difficile
strains has also revealed the presence of erm(B) genes (previ-
ously ermZ or ermBZ) (9, 21). The objective of our studies was
1o examine the genetic organization of the ErmB determinant
from C. difficile 630. This strain (28) was grown at 37°C in an
anaerobic glove chamber (Coy Laboratories; 80% N,, 10% H,,
10% CQ,) in BHIS medium (25) supplemented with crythro-
mycin (50 pg/ml) or rifampin (20 pg/mi). C. perfringens CP592
(S} was grown anaerobically on nutrient agar (20) containing
erythromycin (50 pg/ml). Recombinant strains were deriva-
tives of Escherichia coli DHS5a (Bethesda Research Laborato-
rics, Inc.) and were grown in 2YT medium (17) containing
crythromyein (150 wg/ml).

Cloning experiments (22} utilized the low-copy-number E.
coli plasmid vector pWSK29 (27). Small-scale plasmid DNA
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isolation was performed by a modified mini alkaline-lysis-poly-
ethylene glycol precipitation procedure (Applied Biosystems).
DNA sequencing was carried out with the ABI Prism Big Dye
Terminator Cycle Sequencing Ready Reaction kit on an Ap-
plied Biosystems 373 DNA scquencer. DNA was prepared
from both C. difficile and C. perfringens by dye buoyant density
gradient ultracentrifagation at 260,000 X g for 20 h at 20°C (1).

To determine the size of the C, difficile 630 fragment carry-
ing the em(B) gene, chromosomal DNA samples (10 wg) were
digested with Sau3A or Hindlll and separated by clectro-
photesis on 0.8% agarose. Scuthern blots (26) were probed at
high stringency with a 688-bp erm(B)-specific digoxigenin-la-
belled probe prepared by PCR with the primers 2980 (5'AAT
AAGTAAACAGGTAACGTT 3') and 2981 (5'GCTCCTTG
GAAGCTGTCAGTAG ¥). A singlc hybridizing 9.7-kb Hindl1l
band was obscrved (Fig. 2) after washing at high stringency and
probe detection with CDP-Star (Boehringer-Mannheim).
However, after Sau3A digestion, two hybridizing bands of 2.0
and 2.3 kb were evident (Fig. 2). In contrast, with DNA from
C. perfringens CP592, only single hybridizing bands were de-
tected with each enzyme (Fig. 2). The presence of two hybrid-
izing Sau3A bands in strain 630 DNA suggested that either
there were two erm(B) genes separated by less than 9.7 kb, or
there was a single erm(B) gene which contained an internal
Sau3A site that was not present in the emn(B) gene from C.
perfringens.

The 9.7-kb HindIlI fragmestt from strain 630 was cloned into
pWSK29, and the emn(B) gene region of the recombinant
plasmid, pJIR 1594, was completely sequenced on both strands
across all restriction sites. Sequence analysis revealed that this
ErmB determinant had a novel genetic organization. Two
identical copies of the ermn(B) gene were present, which we
have designated as ennl(B) and erm2(B) (Fig. 1). The gencs
had 99% sequence identity to the erm(B) gene from C. per-
fringens and greater than 97% scquence identity to all other
erm(B) genes. In addition, the two genes were scparated by a
single complete copy of the DR sequence that is found on
either side of the C. perfiingens erm(B) gene and in association
with most of the other emn(B) genes (Fig. 1).

Upstream of erm2(B) was an apparent deletion that re-
moved the exm(B) promoter. It is therefore unlikely that the
erm2(B) gene is expressed; however, expression from an up-
strcam promoter such as the erml(B), ORF3, or ORF298
promoters cannot be ignored.

Upstream of erml(B) was a potcntial erm leader peptide
sequence, 2 potential promoter, and 75 bp of the DR sequence
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(Fig. 1). Leader peptide sequences are commonly found up-
stecam of inducible erm genes (7). The leader peptide gene
region contains a number of inverted repeats and leads 1o the
regulation of ern cxpression by translational attcouation (15).
Based on the similarity of the upstréam region of other esm
genes to the leader peptide sequence upsiream of ermn(C),
several other erm genes, including some erm(B) genes, have
been proposed to be regulated by translational attenvation.
Examination of constitutive erm gencs showed that the leader
peptide sequence was either absent or was mulated and non-
functional (10, 15). Analysis of the leader peptide sequence
upstream of erm1(B) indicated that il was similar to nonfuac-
tional leader peptides. Therefore, induction cxperiments were
carricd out to defermine whether erythromycin resistance was
constitutively or inducibly expressed in strain 630, The resolis
showed that when the cells were subcultured from medium
that did not contain erythromycin, the same growth rate was
abserved in the presence or absence of erythromycin (data not
shown), sugpesting thal the ¢rml(B) leader peplide is not func-
tional in strain 630 and that erythromycin resistance is consti-
tutively expressed.

Downstream of both ermif(B) and erm2(B) was ORF3,
which is found in the same position in virtually all ErmB
determinants (13) (Fig. 1). Further downstream of erm2(B)

erm2(BYORFI

@—-»

ala®  paig” ") ORES 'TA
p a
ADR
pIP501
a5 ’ S. agalactiae
pﬁi erm(B) QRFjp M.

)

erm(B)Y ORF3

erm{(B) ORF3

FIG. 1. Comparative genetic organizativn of the Erm(B) determinanis from C. difficile, C, perfringens (8), Enterococens faccalis (pAMBI) (19). Streprocorous
agalaciiae (PIPSO1) (1R), E. foccaliy {Tn917) (24), ond Escherickin volf (6}, The appmnmatc eatent and organization of the determinanty are shown schemetically and
am pot necessarly 1o seale. Regions of nucleotide sequence similarity are indicated by the same shading, The solid arrows indicate the individual ORFs aud their
tespective direction of transeriptivn, The approximate location of the palindromic sequences (pald and palll} is indicated by Lhe holaface lines below the shaced boxes,
The pald’, palB', and pall sequences represent the postions of the C. perfringens enm(B)-devived pi’4 and palll homologues that are present at the cuds of the Jeletion
in these variants of the DR sequence. Funclional and nonfunctional eader peptide sequences are indicated hy sotid and open triangles respeciively. ‘The prowoter
delction upstream of the C. dificile em2(B) gene is indicated by the solid oval. The region of pEP301 for which no sequence data are nvailable is indicated by s single
broken line, This coumparison varies slightty from the proviously published figure (Fig. 2 in relerence 4).
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was a variant of the DR sequence. This variant contained a
deletion that had rcmoved ORF298 and another deletion that
appeared to have removed the last 75 bp of the DR sequence.
This region was identical to the 75 bp of the DR found up-
stream of exnl(B), suggesting that other recombination events
may also have occurred.

Compatative analysis (Fig. 1) of the various ErmB determi-
nants revealed that the C. difficile 630 determinant is the only
member of this class which has two erm structural genes. In
addition, almost 2ll of the erm(B) genes are flanked by com-
plete or deleted (ADR) variants of the DR sequence, None of
these variants are identical, each delction apparently having
occurred at a slightly different location, Therefore, it is likely
that homologous recombination events involyving the pald and
palB sequences are responsible for the deleticns, rather than
site-specific recombination events.

The only erm(B) gene that is lanked by two complete copies
of the DR sequence is from C. perfringens. We previously
postulated that this determinant represents the ErmB progen-
itor and that the other determinants have arisen through ho-
mologous recombination events which remove part of the DR
sequences (4). We propose that the evolution of the C. difficile
determirant may have involved a duplication of the putative
progenitor determinant with subsequent recombintion events,
which resulted in twvo erm{(B) genes separated by a complete
copy of the DR sequence,

Nucleotide sequence accession number, The GenBank ac-
cession number of the DNA sequence of the C. difficile ErmB
determinant is AF109075. '
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environment,

Clostridium difficile is a nosocomial pathogen that causes a range of chronic
intestinal diseases, usually as a result of antimicrobial therapy. Macrolide-
fincosamide-streptogramin B (MLS)} resistance in C. difficile is encoded by the
Erm B rosistance determinant, which is thought to be located on a conjugative
transposorn, Tn5398. The 9630 bp Tn5398 element has been cloned and
completely sequenced and its insertion site determined. Analysis of the
resultant data reveals that Tn5398 is not a classicai conjugative transposon but
appears to be a mobilizable non-conjugative element. 1t does not carry any
transposase or site-specific recombinase genes, nor any genes likely to be
involved in conjugation. Furthermeore, using PCR analysis it has been shown
that isolates of C. difficife obtained from different geographical iocations
exhibit heterogeneity in the genetic arrangement of both Tn5398 and their
Erm B determinants, These results indicate that genetic exchange and
recombination between these determinants occurs in the clinical and natural

Keywords: Erm determinants, conjugative transposons, mabilization

INTRODUCTION

Clostridium difficile is a Gram-positive, spote-forming,
anacrobic bacterium thar causes a ravge of chronic
gastrointestinal  syndromes, including antibiotic-
associated diarrhoea and coliris. The most severe form
of these infections is pseudomembranous colitis, a
potentially lerhal infecrion that primarily ocecurs in
hospital patients that have been treated with anti-
microbial agents such as cephalosporins, penicillins or
macrolides (Kelly & LaMont, 1998). C. difficile is
recognized as the major cause of nesocomial diarrhoea
in the USA (Gorbach, 1999) and is a signincant
paztogen in both British (Wilcox, 1998) and Australian
hospitals (Riley et al., 1993).

The C. diff i.e isolates that cause antibiotic-associated
diarrhoea are usually not resistant to the antibioric
responsible for the onset of infection, suggesting chat an
important factor jn pathogenesis is the elimination of

Abbreviations: DR, direct repeat; MLS, macrolide-lincosamide-strepto-
grarmin B.

The GenBank accession number for the Tn5398 efement and flanking
sequence is AF108075.

the normal flora of the intestine by antibiotic therapy.
The end result is the provision of an ecological niche for
the germination and growth of C. difficile spores that
ariginate in the hospital environment (Banerice &
LaMont, 2000). However, because of the strong as-
sociation between antimicrobial therapy and the onset
of C. difficile disease, antibiotic resistance in this
orpanistn has been extensively studied (Chow et al.,
1985; Levert, 1988; Roberts et al., 1994; Wiist &
Hardegger, 1988). In addition, studies have shown that
resistance to clindamycin increases the risk of C. difficile-
associated diarrhoea (Johnson et al., 1999).
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Clindamycin and erythromycin, both of which are
members of the macrolide-lincosamide-streptogramin B
(MLS) group of antibiotics, have often been implicared
in the onset of C. difficile-associated disease. The most 3
common mechanism of resistance to these antibiorics
involves N®-dimethylation of a specific adenine residue
of the 23§ RNA molecule (Leclercq & Courvalin,
1991), This alteration of the antibiotic target site is
invariahly catalysed by an rRNA methyltransferase that
is encoded by an ernr gene. Numerous erm genes have
been characterized and divided into distinct classes
based on their level of sequence similarity (Roberts et
al., 1999). In general, cach of the classes is loosely

0002-4990 & 2001 SGM
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Table 1. Bacterial strains and plasmids

Bacterial swrain Relevant characteristics Source/reference
E. coli
DH3z F* ¢80 dlacZaMiSAllacZY A-argf1U16Y end Al BRL
recAl hadR17 {1, my) deoR thi-1 supEA4” gyrA96
refAl
C. difficite
630 Em" Wiist 8¢ Hardegger (1983) (Switzerland)
CD37 Em® Rift Smith et al. (1981) (USA)
JIR1162, JIR1164, CD37 Em™ Rif* Transconjugant: 630 x CD37
R1181, JIR1184
1289 Em* Hayter & Dale (1984} (Surrey, UK}
662 Em* Wiise & Hardegger (1983) {Switzerland}
AM140 Em® R. Wilkinsan, unpublished (USA)
AM480 Em® Institute of Medical and Veterinacy Science
{Adelaide, Australia)
AMI1180 Em* LaTrobe Valley Hospital {Sale, Australia)
AM1182, AM118S Em® Royal Melbourne Hospital (Melbourne,
Australia)
SGC0345 Em® Wren et al. {1988) (Brussels, Belgium)
Bl Em" Borriello ef al, (1988) (UK)
KZ1604, KZ1610, Fm™ Nakamura ez al. (1987} (Japan)
KZ1614, KZ1623,
KZ1655
66172, 683 Em™ Pasteur Institute (France)
24/5-507 Em" Monash Medical Cenire (Melboune,
Austialia)
R 35948 fim® PHLY (Cardiff, UK)
J9f3602, 19/5610 Em" Johnson ef af, {1999} (New York, USA)
J9/5627, §9/44.8 Bt Johnson et al. (1999} {Massachusetts, USA)
19p2/5644, Eat Johnson et al. (1999} (Florida, USA)
1p2 /5650
J7/4224, §7/4290 £m® Johnson et al. {1999} (Arizona, USA)
B1/832 Emt Johnscn et al. {1999) {Minneapolis, USA)

associated with a patticular bacterial genus, with the
exception of the Erm B class of determinants, which
have been detected in a wide variety of bacterial genera,
indicating their potential for intergeneric traosfer,

Hybridization analysis has indicated thac MLS-resistane
strains of C. difficile carry erm(B) genes (Farrow et al.,
2000; Hichler er al., 1987). The Erm B determinant
carried by C. difficile strain 630 has been shown to
be transferred by a conjugation-like mechanism to
C. difficile (Wiist & Hardegger, 1983}, Staphylococcus
aurens (Hichler et af., 1987} and Bacillus subiilis
(Mullany er af., 1993). Transfer has been shown to occur
in the absence of detectable plasmid DNA. The B. sub-
tilis transconjugants could transfer the Erm B deter-
minant back to C. difficile, with integration of the
determinant occarring at a specific site on the C. difficile
chromosome. By contrast, integration was not site-
specific in B, subtilis. Becanse of these observations
it was proposed that the Erm B determinant from
C. difficile resides on a conjugarive transposon, Tn$398

(Mullany et al., 1995). This clement has nor been
completely sequenced or characrerized, although we
have shown (Farrow et al., 2000) that it caceies two
identical erm(B) genes that are separated by a copy of
the direct repeat (DR) sequence that is found on either
side of the erm(B) gene from Clostridium perfringens
(Berryman & Rood, 1995). These C. perfringens DR
sequences are two directly repeated segments of DNA
that primauily consist of an ORF, ORF298, which shows
low levels of identity at the amino acid level to Soj and
ParA proteins, flanked by highly paliodromic sequences,
palA and palB. v C. difficile steain 630 the two erm(B)
genes are separated by a copy of the DR sequence and
are flanked downstream by a variant of this DR sequence
from which ORF298 has been deleted and flanked
upstream by a2 DR variant that contains only the
sequence downstream of palB (Farrow et al., 2000},

The aim of chis research was to characrerize the putative
transposon and to examine the arrangement and dis-
tribution of both the erm(B) genes and Tnd398 in C.
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Qrganization of C difficile erm{B} geues

difficile strains from diverse geographical locations. The
results showed that there was considerable genetic
hetcrogencity in the organization of the ermi(B) gene
region and that Tn5398 was an unusual gevetic element
in thar it did not contain any discernible recombinase or
mobilization genes.

METHODS

Strains, growth conditions and molecular methods. All C,
difficile strains {Table 1) were grown in BHIS medium (Smith
et al., 1981}, supplemented with 50 pg erythromycin m!™ or
20 pg rifampicin mi™, at 37 °C in an anaerobic glove chamber
{Coy Laboratories} in an atmosphere of 80% N,, 10% H,,
i0% CO,. DNA was prepared from C. difficile strains by dye

L

Tabfe 2. Sequences of oligonucleotide pr’

Oligonucleotide Sequence (5-3')

nsr.

2980 ) AATAAGTAAACAGGTAACCTCT
2941 GCTCCTTGGAAGCTGTCAGTAG
3106 CGGGAGGAAATAATTCTATGAG
Kyky ACTTACCCGCCATACCACAGAT
i ATTTTATACCTCTGTTICGTTAG
4191 CGTTGTAAAAATTGGGGAAAAG
4192 CAAGTCGGCACGAACACGAACC
4210 TCAATAGACGTTACCTGTITAC
4349 CATGAGCGAGTTAATTTTGGCA
4350 TGCCAAAATTAACTCGCTCATG
4451 CTOUCTTGTAAAGGGATCATAAC
4537 GTCAAGTAAGCAAACATAGTCG
4538 CGACTATGTTITCGCTTACTTIGAC
6018 AATGGCTOGGTTCTACAAATACA
4019 ACTCTGCCTGACAAAACATCTG
6260 GTATGAAAAACACAGCAAAATC
6278 GATTTIGCTGTGTTTTTCATAC
6306 CATTTTCACTATTTTICOTCTAA
6319 ATGCTCGTTTTITAGTATTCGAT
6427 AGGGATTGGGATCACGCTACATA
G504 TAAGAGTGTUTTOATAGTGC
6785 TTAGGGACACTTACTGATGAAT
6540 TAGCGTGTCCCAATCCCTCATA
7391 ATCAAGGCTCATTCATTAGTAG
7774 ATAATCTCAAGGTCAGTGTGTC
3855 TGGTTCATTTTGITCGTCTCC
9069 TACTGGCTTTTAGACGCACCTG
92371 GATAGAAATACTCGCTCAACAGA
9387 ATTTTTTATTTTTAGGAGTCAT
9409 TACTATTTTCAGAGGTTTGCTC
9493 AACCATCAGACTTCCAAAA

4782 CAAGGGCTGATGATAAACTA
10237 CATAACGGACATAACAACAGCC
11617 CCAAACAGGAAAGATAGCCATA
11662 TOCTGOGGATGAAGOGTTAT

11864 AGTATCCATTTCCTTCGTTC
11865 GAACAAGGAAATGGATACT
12143 GTATTTCCTGTTCCACTCC

buoyant density gradieat ultracentrifugarion ac 260000 g for
20 h at 20 °C {Abraham & Rood, 1985). Recombinant strains
were derivatives of Escherichia coli DS« (BRL) and were
grown in 2x YT medium {Miller, 1972). Plasmid DNA was
purified from E. coli cells by a modified mini alkaline
lysis/polycthylenc glycol precipitation procedure {Applicd
Biosystems). Unless otherwise stated molecular manipulations
were carried out as described by Sambrook ef al. (1989).

Cloning of Tn5398 from C. difficife. Chromosomal DNA from
C. difficile strain 630 was digested overnight with Xbal and
ligated at 15 °C to Xbhal-digested DNA from the low-copy-
numbes E. coli plasmid vecroe pWSK29 (Wang & Kushaer,
1991). E. coli DHSa transformants were selected on medium
containing erythromycin (150 pg ml™).

DNA sequencing and computer analysis. DNA sequencing
was carried out using the ABI Prism Big Dye Terminaror Cycle
Sequencing Ready Reacrion kit and analysed osiog an Applied
Biosystems 373 DNA sequencer., Both DNA strands were
sequenced osing sequence-specific oligonucleotide primers.
Nucleotide and amino acid comparisons were accomplished
using the National Center for Biotechnology Information
BLAST server at hetp://www.nchinlm.nih.gov/srast/. The
sosut program developed by the Mitaku Group, Department
of Biotechnology, Tokyo University of Agriculoure and
Technology, Japan (hutp://sosui.protcome.bio.tuat.ac.jp/
cgi-bin/sosui.cgi?/sosui_submit.himl) was used to predict the
structure of putative transmembrane proteins,

DNA dotbiots. DNA dot blors were performed by transferring
8 ng chromosomal DNA from each respective strain w a
Hybond-N* {Amersham Pharmacia Diotech) nylon membrane
using a Minifold T Dot Blotrer (Schleicher 8 Schuell). The
DNA was cross-linked to the membrane by exposure to UV
light at 312nm for 3 rsin. The DNA was denatured by
prehybridization for a minitaum of 3 hin a solution containing
SDS. The vlors were then probed at high stringency with
digoxigenin (DIG)-labelled probes prepared by PCR with the
oligonucleotide primers listed in Table 2 as follows. The
probes included a 688 bp ernt(B)-specific probe (PCR. primers:
2980 and 2981), a 399 bp ORFI98-specific probe (4538 and
4451), a 339 bp palA-specific probe (4191 and 4537}, 2 984 bp
ilvD-specific probe (6018 and 6278), a 933 bp hydD-specific
probe (6339 and 6940}, a 792 bp ORF13-specific prabe (6019
and 6785), a 1166 bp ¢ffD-specific probe (9069 and 10237) and
a 1124 bp ispD-specific probe (11546 and 11864). Following,
high stringency washes the blors were developed using the
chemiluminescent substrate CDP-Star (Roche Molecular Bio-
chemicals),

PCR conditions. PCR analysis of C, difficile sirains was carried
ouc on a Perkin Elmer GeneAmp PCR System 2400. Each
reaction contained 0024 pg chromosomal DNA, 50 uM mixed
deoxynucleotide criphosphaces, 1 x PCR buffer (Roche Mol-
ecular Biochemicals), 02 pM cach oligonucleotide primer and
2:5 unirs Tag polymerase in a 100 ul final volume. Reactions
were incubated for 1 cycle of 95 °C for 3 min, 70 °C for
1 min; 30 cycles of 95 °C for 1 min, 50 °C for 2 miu, 72 °C for
3 min; 1 cycle of 30 °C for 2 min, 72 °C for § min and were
then held at 4 °C. Following PCR, 10 ui cach reaction was run
on 2 0-8% agarosc gel to detect the PCR products.

Filter matings. C. difficile culrures were grown ovesnight on
BHIS agar at 37 °C. Single colonies of the donor and recipient
were separately used to inecolate 20 ml BHIS broth and the
cultures were grown until mid-exponential phase {(OD,,
~ 045}, The cells were then harvested by centrifugation at
1500 ¢ for 10 min at room temperature and the cell pellets
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resuspeaded in 1 ml BHIS broth, Aliquots (100 pl) of the
danor and recipient suspeusions were mixed together on
045 un pore-size nitrocellulose filters on BHIS agar. Afier
incubacion far 24 h at 37 °C, the filters were then removed,
vigorously washed with 1 ml BHIS broth and 100 ul aliquots

spreac onto BHIS agar supplemented with the appropriate
antibiotics and incubated for 48 h.

RESULTS
Delineation and comparative analysis of Tn5398

To clone the ontire To5398 clement, Xbal-digested
chromosomal BMNA from C. difficife strain 630 was
cloned into the low-copy-number vector pWSK29 and
an erythromycin-resistant DHSa transformant was iso-
Jared and analysed. This strain carried a recombisant
plasmid, pJIR1790, which contained a 195 kb inser:.
Approximately 13-§ kb of pJIR1790 was sequenced on
both strands using a primer walking approach, be-

ginning with primers within the Erm leader peptide and
erm2(B) genes (Farrow et al,, 2000). Analysis of the
resuftant data indicated that pJIR1790 carried a po-
tentially novel generic element.

In addition to duplicated erm(B}—-ORF3 genes and
ORF298, which were previously identified by Farrow et
al. {2000}, the gene region contained nine other potential
genes (Fig. 1). Upstream of the Erm B dererminant two
complete ORFs and one partial ORF were detected. The
latter appeared to encode a protein with 52% amino
acid sequence identity to livD from B. subtilis (Sorokin
et al., 1996) and had greater than 50% identity to llvD
proteins from many other organisms. IlvD is a
dihydroxy-acid dehydracase that is involved in the
synthesis of the amino acids isoleucine and valine,

The potential gene product of the ORF located down-
stream of ifvD had 25% identity to a transcription
regulator of the TetR family from Aquifex aeolicus

(3}
| - - « > -f - » -
> < 6306 s:ao 661:: a0 8785 7 T :131 ‘um . 12143
6018 6278 6417 4210 4538 937 9WT 11865
> < > 4 > 4 » <
6160 Eret 1980 4537 S06 10T 9493 nséd
> >
6339 9409
oo TITTTATATAAAAA.... qa"* oo TTTTTATAATAAAAA.... ]
/ &é / i |
-\ S q\ EE
N '\@ '\3 -‘,@é‘) 2 ] O 1
ot oé,o‘g & F& 8 ng{‘@ v f

R
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0 2 4 6 3 26 kb ; .
Tn5393 Donor and Transconjugant Straing .I
v TETTTATATAAAAA.... i

Target Region

Recipient Strain
| 3
(b) £
Left End AARATTITTATGAGCTTTTTATATAAAAAL }
Right End TITTTATAATANAAAATATARTGCTTGTA

TTATGAGATITTTATATAAAAARTATAAT

Fig. 1. Genetic organization of Tn5398. (a} Schemati¢ representations of Tn5398, as observed in the donor and
{ransconjugant strains, shown to scale. ORFs and their direction of transcription, are represented as blocked arrows, The
region encompassed by Tn5398 is represented by a cross-hatched box and is further indicated by the scale below
the diagram. Regions encompassing DR sequences are indicated by black boxes. The location and direction of
oligonucleotides used in the dalineation of Tn5398 are shown above the diagram. The target site in the recipient strain
D37 is also shown. The location of eath of the ends of the transposon and the target sequence is indicated. (b) The
nucleotide sequences of the left and right ends of TR5398 and of the target region. Nucleotides included in Tn5398 are

indicated in bold and are underlined. The nucleotides that represent the Tn5398 target site in C, difficife strain CD37 are
represented in bold italic type.
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ivD

ORF13

ispD

erm{B)-, ORF13-, effD-, ispD-specific probes.

Fig. 2. DNA dot blots of Tn5398 derivatives. Hybridization analysis was carried out on chromosomal DNA from strains 630
(A2), CD37 (A3) and the transconjugant steains JIR1162 {B1), JIR1164 (82), IRT181 (B3) and NR1184 (B4) using iivD-, hydD-,

(Deckert et al., 1948), 22% identity to a regulatory
protein, IfeR, from Agrobacterium tumefaciens (Pal-
umbo et al., 1998} and 19% idcotity to probable tran-
scriptional regulacors from Pseudomonas aeruginosa
and Listeria inmocia (Stever et al., 2000). The next
ORF encoded a putative product with 22% identity
to the hydrolase IpbD from Psendomonas putida (Eaton
& Timmis, 1986} ard 21% to the PchD hydrolase from
Archaeoglobus fulgidus (Klenk et al., 1997). Therefore,
these two ORFs were designated as hydR and hydD,
respectively.

Downstream of the Erm B determinaot there are three
ORFs, designated ORF13, ORFY and ORF7 (Fig. 1)
because their putacive products share 20, 43 and 20%
amino acid sequence identity, respectively, to the equiv-
alent ORFs from the conjugative cransposon Tn916
from Enterococcus faecalis (Flavnagan et al., 1994). The
function of these ORFs in Tn916 is not known.

The ¢ffR and ¢ffD genes were also located downstream
of the Erm B determinant (Fig. 1). EfR shows low-level
{15-20% ) identity to several repressor genes, including
the repressor of the marRAB operon from Salntonella
typhimurison, which is involved in multiple antibiotic
resistance (Sulavik et al., 1997). EAD showed some
similarity to integral membrane proteins from a variety
of organisms, including the hyperthermophile Pyro-
coceus horikoshii (Kawarabayasi et al., 1998) and the
alkaliphilic Bacillus sp. C-128 (Takami et al., 1999).
Computer analysis using the membrane prediction
programm sosui suggested that EffD was a membrane
protein with 12 membrane-spanning helices.

The purative protein encoded by the gene located 37 of
ORF?, ispD, had 48-52 % identity o intracellular serine
proteases from B. subtilis (Koide et al., 1986), Bacillus
amyloliquefaciens and Bacillus polymyxa (Surova et af.,

1994; Takekawa et al., 1991). In B. subtilis the hom-
ologous protease 15P-1 has been postulated to have a
critical role in sperulation, possibly through the turn-
over of intracellular proteins, the processing of spore
coat protein precursors and the inactivation of trans-

carbamylase and several other cozymes (Koide et al,,
1986).

The last ORF identified in this study was designated
fixD because it appeared to encode a protein with
39-45% identity to flavodoxin proteins from Clos-
triditem beijerinckit (Tavaka et al., 1974a), Megasphaera
elsdenii and Treponema pallidum (Feaser et al., 1998;
Tanaka et al., 1974b). Flavodoxins are low-molecular-
mass proteins that function as electron transfer agents in

a variety of microbial merabolic processes (Simondsen
& Tollin, 1980).

Since ilvD, hydR, hydD, ispD and flxD were probably
housckeeping genes we postulated that Tn$5398 extended
from a region downstream of bydD to the intergenic
ORF7-ispD region (Fig. 1}. To examine this hypothesis
a series of DIG-labelled probes specific for ilvD, hydD,
erm(B}, ORF13, ¢ffD and ispD were used in dot blots
ro examine chromosomal DNA from the wild-type
C. difficile erythromycin-resistant strain 630, the sus-
ceptible C. difficile recipient CD37 and four indepen-
dently derived transconjugants. The latrer were deriva-
tives of CD37 and were the resule of conjugarive transfer
of erythromycin resistance from strain 630. If a par-
ticular gene was of a generic or housekeeping nature, we
would expect a gene-specific probe to bind to DNA from
all of the strains tested. If the gene was located on
Tn3398 we would expect the probe to hybridize with
DNA from the wild-type and the transconjugants but
not the recipient. The results showed that cach of the
precdicted housekeeping genes hybridized to all of the
staains tested (Fig. 2). By contrast, the erm(B), ORF13
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Tabfe 3. Delineation of the conjugative transposon Tn5398 by PCR analysis*

+ indicates a PCR product of the expected sized was obtainied; — indicaces that no PCR product

wits detecred,

Gene(s) amplified Oligonucleotides 630 CD37 Transconjugants
deD 6018 and 6278 + + +
bydR and liydD €306 and 6940 + + +
Erm leader peptide and 6604 and 4210 + - +
ermi(B)
erm1{B) and ORF198 2980 and 4537 + - +
QRF298 and erm2{[8} 4538 and 4210 + - +
ORFI3 6785 and 6019 + - +
efiR 7774 and 8835 + - +
+ffD 9069 and 10237 + - +
ORF9 9371 and 9782 + - +
ORF7 9493 and 9387 + - +
ispl 11662 and 11864 + + +
ispD) to fixD 11865 and 12143 + + +

and ¢ffD probes hybridized only to the wild-type
and transconjugant strains, indicating that these genes
are likely to-be located wichin TnS5398.

A PCR-based strategy was nsed to more precisely
Aelincate the potential transposon by sequentially mov-
ing across the sequenced gene region (Fig. 1, Table 3).
Amplification of chromosomal DN 4 from the wild-type
strain 630, the recipient strain CD37 and the four
transconjugant strains, confirmed (Table 3) the results
of the DNA dot blots and indicated that the erm(B)
genes, ORF13, ¢ffR, ¢ff D, ORF9 and ORF7 were locared
within Tn5328. Based on the products that were
amplified from strain 630, bur not from strain CD37, the
lefc end was localized to the region bstween oligo-
nucleotides 6940 and 6604 and the right end was
localized to the region between oligonucleotides 9493
and 11662 {Fig. 1).

To precisely define the ends of the putartive element, the
regions encompassing the ends of cthe transposon were
amplified from strain 630 and the transconjugants and
sequenced. The target region from C. difficile strain
CD37 was amplified using oligonucleotides 6260 and
12143 and was also sequenced. The results showed that
the left end of Tn$398 was located in the intergenic
space between hydD and the region encoding the Erm
leader peptide, at a site 272 bp downstream from the
bydD) stop codon. The right en was shown to be within
the coding sequence of ORF7, 4 bp upstream of the
stop codon (Fig. 1). Both che right wud left ends of the
clement were extremely AT-rich. The L+t end consisted
of the palindromic scquence TTTTTATATAAAAA,
while the right hand consisted of the imperfect pal-
indrome TTTATAATAAAAA. These ends kad no
significant similarity to the ends of any known conju-
gative transposon in the databases. The rarget site in
strain CD37 was in the intergenic space between the
hydD and ispD genes, 227 hp downscream of the bydD

stop codou and 208 bp upstream of the éspD stare codon
(Fig. 1), The target site was also extremely AT-rich and
consisted of the palindromic sequence TTTTTATA-
TAAAAA (Fig. 1), which is identical to the palindromic
sequence located at the left end of the element and differs
from the right end by the omission of one of the central
A nucleotides. Based on these data it was concluded that
TnS5398 was 9630 bp in length.

Variation in the genetic organization of erm(B) gene
regions of C. difficile strains from different
geographical locations

Prior to this study we had reported that the duplicated
arrangesnent of the erm(B) genes in C. difficile strain 630
was novel when it was compared to Erm B MLS
resistance determinants from other bacterizl species
(Farrow et al., 2000}, To determine if this arrangement
was common in C. difficile we analysed 27 erythromycin-
resistant C. difficile strains from a range of geographical
locations and clinieal sources (Table 1), DNA dot blots
were carried out on chromosomal DNA from cach
solate using an erm(B)-specific probe. The results
showed that nine of these strains, including all five of the
Japanese isolates, did not carry an erm({B) gene (Fig. 3).
Probi-  ~ith an ORF298-specific probe showed that an
additional four isofates contained an ermi(B) gene but
did not contain the complete DR sequence that contains
OKF298 (Fig. 3). Subsequent analysis, using a probe
specific for the palA-like sequence that is located on
cither side of ORF298, revealed that rhe French isolare,
685, which did not contain ORF298, had a DR sequence
with an internal deletion {Fig, 3), as found previously in
other bacteria (Becryman & Rood, 1995 Farrow et af.,
2000).

Therefcre, in addition to strain 630, these studies
revealed 15 isolates thar conld carry vartants of TnS5398.
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ermi(B) ORF298

4 Fig. 3. DNA, dot blots on C, difficile isolates from different geographical locations. ‘hromososnal DNA fiom the strains
indicated was probed with erm(B)-, ORF298- or pala-specific probes. Strain key: Al, 630; A2, CD37; A3, L289; A4, 662;
E N AS, AM140; A6, AM4B0; BY, AM1180; B2, AM1182; B3, AM1T18S; B4, SGCOS4S; BS, B1; B6, K21604; C., K21610; C2,
¥ K21614; C3, XZ1623; (4, KZ1655; CS, 660/2; C6, 685; D1, 24/5-507: D2, R5948; D3, 19/5602; D4, J9/5613; DY, 19/5627; DS,
8 2 J9/4478; £1, J9p2/5644; E2, 19p2rS650; E3, 17/4224; B4, 17/4290; E5, 81/832,

Table 4. PCR analysis of the genetic organization of the Erm B determinants from C. difficife isolates from different
geographical locations

4+ indicates that @ PCR produce of the auticipared size was obtained; — indicates that no PCR product was obtained. Where more
than one PCR product was possible, the size of the observed product(s) is indicated in parentheses, The oligonucleotides used, their
positions and the region expected to be amplified i cach reaction are shown in Fig. 4.

i Isolate PCR 1 rcR 2 rCR 3 PCR 4 PCR S MR 6 PCR T PCR§
y 630 +{610) + 4+ +(2219 and 1247) + -~ + +
cnaz - - - - - - - -— ;
& | AMuso +(610) + +  +(2219 and 1247) + - + +
E @ | AMuss + (610) + +  +{(2219 and 1247) + - + +
E & |62 +(510) + 4+ {2219 and i247) + - + +
E ] 685 +(610) - - + (1247} - - + +
B | amiao +(388) + - +(1247) - - + -
- 662 +(388) + - - - - - ~
2 B +(388) + - - - - + -
F 8 | s +(398) + - - - - - -
: 3 197560 +(388) + - - - - - -
E ¥ j9/5627 +(388) + - - - - - -
E B | prars +(388) + - - - - - -
19p2/5644 +(388) + - - - - - -
- 1902/5650 +(388) + - = - - - -
F = 1774224 +(388) + - - - - - -
= 17 /4290 + {338) + - - - - - -
. #&  Ascries of eight PCR amplifications were conducted on revealed by sequence analysis, consisted of the same :
i cach isolate to determine the arrangement of the Erm B region but without the leader peptide sequence, as is !
E  dererminant in these strains. The first reaction was found upstream of the C. perfringens erm(B) gene
¥ designed o detect the presence of an erm leader peptide (B2rryman & Rood, 1995) (Fig. 4).
i B upstream of an erm(B) gene, If the arrangement was the
¥ B e asin strain 630, we would expect a fragment of The remaining PCR reactions were designed to step
B ¢« p. Four of the isolates had this profile (Table 4). sequentially across the erm(B) gene region and to detect
P, The remaining isolates had a 388 bp product, which as the presence and iocation of the Tn5398 gene, effD. The
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C. difficile strain 630

PCR1
6604 & 3140 (610 bp)
PCR2

30 & 4349
# PCRI

L)
50 & 3140
PCR4
2900 & 4192 (2219bp) 2580 & 4192 (1247 bp)
PCRS PCRY
I ———— —_——
3139 & 4210 9069 & 10237

—
& &
B (B

FCRL
6604 & 3140 (368 p)
PCR2

il
2580 & 4349
PMCR3
Sa—
4350 % 3140 "

P
2080 & 4192
PCR6

4350 & 345

C. perfringens strain CP392 Fig. 4. PCR analysis of the genetic

organization of the Erm B determinants
from C. difficile isolates from different
geographical  locations, The regions
encompassed by each reaction are shown in
relation to the arrangements of the Erm 8
determinants from C. difficile strain 630 (Fig.
1) and C. perfringens strain CP592 (Berryman
& Rood, 1995). Results of the PCR analysis
are shown in Table 4.

combined results of these PCR experiments (Table 4)
allowed us to divide the straing into five groups based on
the arrangement of the erm{B) gene region (Fig. 5). The
first group of nine isolates were resistant to erythro-
mycin but did not contain an erm(B) gene (Fig. Sa). This
group included all of the Japanesc isolates, three of the
Australian isolates and a British isolate. The second
group of three isolates, from the UK, Belgium and the
USA, had an erm(B) gene but did noc have cither complete
or incomplete DR sequences (Fig. 5b). Eleven strains,
nine of which were from the USA, had a complete DR
sequence that was located downstream of the erm(B)
gene {Fig, 5¢). The two non-USA srrains in chis group
also carried an ¢ffD gene but it was not associated with
the ermi{B) gene. Strain 685 was very similar except that
it had an erm leader peptide, the erm(B) gene was
followed by an incomplete DR sequence and the effD
gene was associated with the erm(B) gene (Fig. 3d).

PCR primers designed to detect the presence of two
complete DR sequences flanking an erm(B) gene, as is
observed in the arrangement of the Erm B determinant
from C. perfringens, were included in these experiments
(Fig. 4). No product was amplified from any of the C.
difficile straivs, although a product was observed when
DNA from C. perfringens strain CP392 was included as
a positive control.

Three C. difficile isolates bad the same arrangement as
observed in strain 630 and appeared to have a complete
copy of TnS5398. That is, they had two erm(B) genes, one
focated upstream of a complete DR sequence and the
other upstream of an incomplete DR sequence, and had
a genetically finked ORF13-¢ffD gene wegion (Fig. Se).
This group was geographically diverse asit included two

Australian isolates from different hospitals and a French
isolate, as well as the prototype Swiss isolate, strain 630.

DISCUSSION

Tn5398 appears to be a mobilizable but non-
conjugative genetic element

Previous studies suggested that the erythromycin re-
sistance determinant in C, difficife strain 630 was located
on a conjugative transposon, 1n5398 (Mullany et al.,
1995). Conjugative transposons are discrete DNA
clements that are normally integrated into the bacterial
chromosome and are characterized by their ability ro
encode their own movement from one bacrerial cell to
another by a process requiring cell to cell contact.
Conjugarive transposition involves excision of rhe el-
ement from the chromosome to form a non-replicating
covalently closed circular intermediate, which can cither
integrate clsewhere in the genome or transfer by
conjugation to another cell where it integrates into the
recipient’s genome. To carry our these reactions conju-
gative transposons gencrally encode sive-specific recom-
binases that are responsible for the excision and
ntegration of the slement and other proteins that are
required for conjugation {Salyers et al., 1993).

TnS398 does not appear to encode genes that are
involved in either excision, integration or conjugation.
We have shown that it is 96 kb 1n size and eacodes two
copies of erm(B}-ORF3 and ove copy of ORF298
(Farrow et al., 2000). In addition, there is only one
incomplete and four complete ORFs located within the
putative transposon. The proteins encoded by the ¢ffR
and effD genes are unlikely ro be involved in the
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AM480, AM1182, KZ1604
a No erm(B) gene present KZ1610,X71614, KZ1623,
KZ1655,24/5-507, R5948
&
) D 1.289, SGC0545, B1/832
G
e &
&S 662, AM140, B1, 19/5602,
39/5610, J9/5627, 19/4478
¢ I:>D D 39p2/5644, J9p2/5650,
1714224, 37114290

) ) 685

Qé"
@"‘: q‘-@ ‘&f\"a Qﬁg\k '§°

e ﬁD[)EEDDEL‘mD_)_)

AM1180, AM1182, 66072

Fig. 8. The different arrangements of the
Erm B determinants, A diagrammatic
representation of each genetic organization
is shown to scale. The isolates that have this
organization are listed beside each diagram.

transposition of the putative transposon, as they appear
to encode a potential efflux protein and its associated
regulator. The remaining ORFs, OR¥13, ORF9 and
ORF?7, have similarity to equivalent ORFs from the
prototype conjugative transposon, Tn916. The ORE7
protein shows limited homology to sigma factors
(Flannagan et al., 1994}. It has been postulated to have a
regulatory role in the mobility of Tn916 because in the
presence of tetracycline, increased OQRF7 expression
leads to increased transcription of QORF7, ORF8, xis, int
and other genes {Celli & Tricu-Cuot, 1998). The Anding
that the right end of Tn5398 is internal to ORF7 may
have implications for the level of excision, transfer and
integratton of the clement, After excision from the
donor chromosome, Tn3398 would leave behind part of
OR¥7, resulting in an incomplete ORF7 gene in the
circular intermediate. The result could be altered levels
of transcription of other genes involved in transfer of the
clement. The end of ORF7 also appears to be the target
sequence for the element in recipient strains such as
CD37. It is this region of the ORF7 protein that has
identity to the helix—turn—helix motif of sigma factors,
which is involved in DNA binding. Fusion with chis
region may provide a selective advantage for recom-
bination of the circular intermediate at the targer site,

In Tn916 ORFY has been predicted to be 2 putative
transcriprional repressor; however, the role of this
repressor in the mobility of Tn916 has not been
determined (Celli & Trieu-Cuot, 1998). The ORF13
protein has no known role in the mobility of Tn916, If
these Tn916 homologues have any role at all in the

movement of the Tn3398 element, it would appear that
they are most likely to encode proteins that are involved
in the regulation of transposition events, rather than
proteins that are involved in excision, mobilization,
transposition or integration.

ORF298 is the only other ORF that could encode a
protein involved in Tn5398 mobility. The putative
ORF298 protein has some similarity to replication
proteins and proteins from the ParA and Soj families.
ParA and Soj proteins generally have a role in the
partitioning of plasmids and chromosomes during the
replication cycle (Easter et al., 1998; Sharpe &
Errington, 1996}. It appears unlikely chat ORF298 has a
role in cither the excision or integration of Tn3398 but
this possibility cannot be completely eliminated.

In addition ro being capable of caralysing its own
conjugative transposition, Tn916 is capable of enhanc-
ing the transfer of another homologous conjugative
transposon that is co-resident in the cell (Flannagan &
Clewell, 1991} and of mobilizing non-conjugative plas-
mids (Jaworski & Clewell, 1995; Showsh & Andrews,
1999). Based on its small size and our comparative
analysis of the genes carried on Tu3398, we postulare
that it is more likely to be a non-conjugative but
mobilizable element rather than a conjugative travs-
poson.

Mobilization of non-conjugative plasmids by Tn916
does not appear to be dependent on the presence of a
functional mobilization, or m0b, gene on the plasmid,
but does require the presence of an origin of transfer, or
oriT, sequence. It is posmiated that the same protein or
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Fig. 6. Alignment of the oriT sites from Tn976, Tn5397 and the
two potential oriT sites located on Tn5398. Regions of sequence
identity are boxed in black. The nic site is marked with a black
triangle,

proteins involved in the nicking of the Tn916 circular
intermediate at its oriT site nicks similar sequences
present on co-resident imobilizable plasmids. Once
nicked, the plasmid then assumes a relaxed form, which
is capable of being transferred during conjugation

(Showsh & Andrews, 1999).

In addition to Tn3398, strain 630 carrics a second
conjugative transposon, Tn$397 (Mullany et al., 1990},
which is closely related to Tn916 (Roberts et al., 2001).
Comparison of Tn3397 and Tn916 reveals that they
have very sinailar conjugation regions {ORF15-0ORF23},
but different insertion and excision modules {Roberts et
al., 2001}, o addivon, the oriT sites present on both
elements are identical and the putative ORF23
mobilization proteins have greater thao 90% identity.
Analysis of Tn5398 reveals the presence of two potential
oriT sites, which are located within the coding sequence
of ORF298 and in the intergenic space between ORF3
and ORF13 (Fig. 6). The nic sites (TGGTGT) of these
two potenrial oriT sites are identical to the nic sites
found on Tn916 and Tn$397. We postulate that Tn$398
is excised from the chromosome either by TudX, the site-
specific recombinase responsible for the excision of
Tn5397, or by another large resolvase encoded on the
chromosome of strain 630. The resultant circular
intermediate of Tn3398 would then be nicked ac one of
the o#iT sites by the same protein responsible for nicking
the Tn3397 circular intermediate and subsequently
transferred to a recipient cell by a Tn5397-dependcot
process. Once in the recipienc the element may be ecither
integrated into the chromosome by means of the TndX
protein or by another large resolvase encoded on the
chromosome of the recipient cell. Attempts to verify this
hypothesis by using outward fring PCR primers to
amplify the putative circular intermediate were un-
successful. However, in the absence of a positive
chromosomal concrol, litte can be concluded from this
experiment,

Note thas there is an alternative explanation for these
results. It is possible that the regiou excised from the
chromosome is much larger than that proposed and
includes genes upstream of the proposed left end (D,
hydR and hydD) and downstream of che proposed right
end (ispD, flxD). After transfer of this region, which
containg Tn§398, it could be integrated ivto the recipient
chromosome by RecA-dependent homologous recom-
bination. The end result would be the ineegration of
Tn§398 and some of che genes flanking the element. This
hypothesis is consistent with the experimental data.

Tn5398 is present in C, difficile strains from diverse
sources

To detecmine if Tn3398, with its duplicated erm(B)
genes, was common in C. difficile we carried out a series
of compararive PCR and dor blot studies. The results
showed that the arrangement of the Erm B deteriminants
in 15 C. difficile isolates from diverse sources was not the
same, with four major genetic variants being detecred.
The simplest variant was that of a single ermi(B) gene
and the most complex was represented by the Frm B
determinant carried by Tn5398 (Fig. 5). Tn5398 was
present in strain 630, which was originally from
Switzerland, and three other C. difficile isolates,
AMI1180 and AM1185, isolated from differcut Aus-
tralian hospitals, and the French isolate 660/2. The
identification of these strains provides evidence that the
duplicated erm(B) gene organization carried by Tn5398
is widespread and is therefore likely to be transferred
between C. difficile isolates.

In general, each of the genetic variants was represented
by isolates from a wide varicty of geographical sources,
with the exception of the group that carried a single
erm{B) gene flanked by a dowsstream complete DR
sequence (Fig. 5¢). This group of isolates, with the
exception of strains 662 and B1, were all isolated in the
USA. With one exception, AM140, these USA isolates
were isolated from large outbreaks of diarrhoea that
oceurred in four hospitals located in different parts of
the country (Johnson et al., 1999}, Analysis of these
strains by restriction digestion, PCR and PFGE had
previously determined that these isolates were actually
derivatives of the same strain (Johnson et af., 1999),
which was referred to as the epidemic strain. The
isolates were all highly resistant to clindamycin and
were shown to accournt for approximately 30-66% of
the C. difficile strains isolated at these hospitals during
the period 1989 to 1992 (Johnson et al., 1999). We
previously showed that each of these isolates contained
an erm(B) gene (Johnson et al., 1999). Qur finding that
they contain Erm B dererminants with the same genetic
organization supports the conclusion that they are
derivatives of an epidemic strain. It was previously
suggested (Johnson et al., 1999) thar the erm(B) gene
present in these isolates was associated with Tn$398.
This study reveals chat this is unlikely as the Tn5398-
specific gene, ¢ffD, was not detected in these isolates.

We previously proposed that the C. perfringens Erm B
determinant, which consists of an erm(B) gene flanked
by two complete DR sequences, represents the Erm B
progenitor and that Erm B determinants in other
bacteria probably evolved by homologous recombi-
nation events that removed part of the DR sequences
(Berryman 8 Rood, 1995}, Thedifferent genetic arrange-
ments of the various C. difficile Erm B determinants
observed in this study are all consistent with this
hypothesis. However, despite the fact that many erm(B)
genes are located on mobile generic elements chas
can move freely between different bacterial species,
C. perfringens still appears to be the only species that
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contains an erm(B) gene associated with two intact
copies of the DR sequence,
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