LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



ABSTRACT

The Inc P-1 plasmid, R26 carries an inducible chloramphenicol
resistance determinant, cml. This specifies low level chloramphenicol
resistance (30 pg/ml) in Escherichia coli. The mechanism does not
involve drug detoxification or ribosomal modification, but may involve
a permeability barrier to drug uptake acting at the cytoplasmic membrane.
Experiments described in this thesis show that cml also specifies
resistance to some fluorinated derivatives of chloramphenicol.

The determinant was cloned (initially on a 7 Kb EcoRI fragment
of R26 DNA) in the cloning vector pBR322. It was subégaﬁently sub-
cloned on a 1.8 Kb HindIII fragment, also in pBR322. Mutagenesis with
transposon Tn5 and deletion mutagenesis showed that a minimum of
1.4 Kb was required to specify chloramphenicol resistance.

In pBR322, cml was constitutively expressed. However, on sub-
cloning in pUB5572, a low copy number vector, expression became
inducible. This indicated that the 1.8 Kb HindIII fragment carried
the entire determinant, both regulatory and structural elements.

The mechanism of cml regulation was studied using both
transcriptional and translational lac fusions. These showed that
transcription of cml is constitutive and that the cml promoter is
weak. The determinant was found to be regulated at the translational
level. In addition, the translational fusion permitted the direction
of expression of cml to be deduced. The DNA sequence of the 1.8 Kb
HindIII fragment was determined. An open reading frame was identified
which encoded a protein with a molecular weight of 33.8 Kd. This was
preceded by a ribosome binding site and features which may be
involved in post-transcriptional regulationof cml. The possible
mechanism of regulation is similar to that proEEgéd for thepost-
transcriptional control of inducible chloramphenicol acetyltransferase
genes in gram-positive bacteria.

The product of cml was identified in the E. coli minicell
system. This was found to be a chloramphenicoltinEGEEble protein
with an apparent molecular weight of 31 Kd. This agreed well with
the gene product size predicted by DNA sequence analysis. A cell
fractionation experiment was carried out to determine the cellular
location of the product. The result indicated that the 31 Kd
protein is associated with the cell envelope. This concurs with
the model proposed for the cml-determined chloramphenicol resistance
mechanism. e =



ANALYSIS OF THE CHLORAMPHENICOL
RESISTANCE DETERMINANT OF
PLASMID R26

by

CHARLES JAMES DORMAN

A dissertation submitted for the degree of
Doctor of Philisophy at the University of Dublin,
Trinity College,






DECLARATION

I declare that this thesis represents my own unaided work,

Gl

Charles J. Dorman

except where acknowledged.

DECEMBER 1984



——— S e ]
" TRINITY: COLLTGE ‘-J

ik

23 APR 4585

3 LiIgRAR: DURLIN

s §

S

P

o



CONTENTS

More detailed lists of contents are given at the beginning of each

chapter.

Acknowledgements

Publications

Summary
Chapter
Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

References

: General Introduction
: Materials and Methods (General)

: Results: Studies on resistance to fluorinated

derivatives of chloramphenicol specified by
the non-CAT chloramphenicol resistance
determinants of plasmids R26 and R55-1

: Results: Molecular cloning and physical

mapping of the chloramphenicol resistance
determinant of plasmid R26

: Results: The regulation of expression of the

chloramphenicol resistance determinant of
plasmid R26

Results: The gene product of the R26
chloramphenicol- resistance determinant

: Results: DNA sequence analysis of the R26

chloramphenicol resistance determinant

: General Discussion

Page

alal

alakal

18

23

34

67

85

143

139

144



i I

el i s

4

"l




ACKNOWLEDGEMENTS

I sincerely thank Dr. Timothy Foster, my supervisor, for
all his help and encouragment during the project. I am grateful
to the teaching and technical staff at the Moyne Institute,
Trinity College, Dublin, for their support during my stay there.
I thank Professor William Shaw (Biochemistry Department,
Leicester University) for his hospitality and for playing the
role of surrogate supervisor during my time at Leicester. I
acknowledge the receipt of a Short Term Fellowship from the
European Molecular Biology Organisation and a grant from the

Society for General Microbiology President's Fund which enabled

me to carry out the DNA sequencing experiments. I also acknowledge

the receipt of a Trinity Trust Award and a Postgraduate Research
Grant from the Irish Department of Education. I am most grateful
to the many people who befriended me during my postgraduate
training for their support and encouragement, and particularly to
Niamh for her love and companionship. I thank my parents for

everything.



PUBLICATIONS

At the time of writing, material from Chapters 3, 4 and 5 has
been published (see below) and material from Chapters 6 and 7 is

being submitted for publication.

Dorman, C.J. and T.J. Foster. 1982. Non-enzymatic chloramphenicol
resistance determinants specified by plasmids R26 and R55-1 in

Escherichia coli K12 do not confer high-level resistance to

fluorinated analogues. Antimicrob. Agents Chemother. 22: 812-814
Dorman, C.J. and T.J. Foster. 1985. Posttranscriptional regulation

of the inducible non-enzymatic chloramphenicol resistance

determinant of the IncP plasmid R26. J.Bacteriol. 161:

ii



SUMMARY

The Inc P-1 plasmid, R26, carries an inducible chloramphenicol
resistance determinant, cml. This specifies low level chloramphenicol

resistance (30 pg/ml) in Escherichia coli. The mechanism does not

involve drug detoxification or ribosomal modification, but may involve

a permeability barrier to drug uptake acting at the cytoplasmic membrane.
Experiments described in this thesis show that cml also specifies
resistance to some fluorinated derivatives of chloramphenicol.

The determinant was cloned (initially on a 7 Kb EcoRI fragment
of R26 DNA) in the cloning vector pBR322. It was subsequently sub-
cloned on a 1.8 Kb HindIII fragment, also in pBR322. Mutagenesis with
transposon Tn5 and deletion mutagenesis showed that a minimum of
1.4 Kb was required to specify chloramphenicol resistance.

In pBR322, E@l was constitutively expressed. However, on sub-
cloning in pUB5572, a low copy number vector, expression became
inducible. This indicated that the 1.8 Kb HindIII fragment carried
the entire determinant, both regulatory and structural elements.

The mechanism of cml regulation was studied using both
transcriptional and translational lac fusions. These showed that
transcription of Eml_is constitutive and that the cml promoter is
weak. The determinant was found to be regulated at the translational
level. In addition, the translational fusion permitted the direction
of expression of cml to be deduced. The DNA sequence of the 1.8 Kb
HindIII fragment was determined. An open reading frame was identified
which encoded a protein with a molecular weight of 33.8 Kd. This was
preceded by a ribosome binding site and features which may be
involved in post-transcriptional regulation of cml. The possible
mechanism of regulation is similar to that proposed for the post-

transcriptional control of inducible chloramphenicol acetyltransferase

genes in gram positive bacteria.
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The product of cml was identified in the E. coli minicell
system. This was found to be a chloramphenicol-inducible protein
with an apparent molecular weight of 31 Kd. This agreed well with
the gene product size predicted by DNA sequence analysis. A cell
fractionation experiment was carried out to determine the cellular
locatilon of the product. The result indicated that the 31 Kd

protein is associated with the cell envelope. This concurs with

the model proposed for the cml-determined chloramphenicol resistance

mechaniism.
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GENERAL INTRODUCTION

A. Chloramphenicol

Chloramphenicol is a bacteriostatic agent which inhibits
growth of a wide range of gram-positive and gram-negative bacteria.
It was the first broad-spectrum antibiotic to be used clinically.
The compound, formerly called chloromycetin (D (-)-threo-2,2-
dichloro-N-[B-hydroxy-a-(hydroxymethyl)-p-nitrophenyl] acetamide)
was independently isolated by Burkholder, from an actinomycete from
the soil in Venezuela (Erlich et al., 1947) and by Carter, Gottlieb
and Anderson (1847) from a similar organism from a compost heap in
Illinode,.«tsSeAs

By 1948 the crystalline form of the compound had been isclated
by these groups, working in collaboration. Within a year its
chemical structure had been established and a substance identical to
the natural compound had been synthesised chemically and given the
name chloramphenicol (Garrod and 0'Grady, 13971).

Structurally, this is a simple molecule and so it can be
produced easily by chemical synthesis, this method soon replacing
fermentation as the primary means of production. The molecular
structure of the antibiotic is shown in Fig. 1.1. For optimal
activity, the aromatic ring should be substituted in the para
position by an electronegative group (e.g. the nitro group), but
with no preferred geometry or configuration. The propanediol group,
in the D. threo configuration is essential for activity and the
hydroxyls must not be substituted, although they may be replaced.
Removal of the chloroacetamido side-chain results in almost compiete
loss of biological activity. It can, however, be substituted in a

number of ways (Garrod and 0’Grady, 1971).



FIGURE 1.1 Structural formula of chloramphenicol
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B. Mode of action of chloramphenicol

Chloramphenicol inhibits protein synthesis in bacteria (Gale
and Paine, 1951). It also inhibits protein synthesis in intact
mitochondria (Wheeldon and Lehringer, 1866) and in mitochondrial
extracts (Kroon, 1965). The same is true of chloroplasts and their
extracts (Ellis, 1969; Margulies and Brubacker, 1970).

Chloramphenicol binds to bacterial ribosomes (Vazquez, 1964).
It binds to the 50s subunit of the ribosome and this binding requires
Mg2+ and K+ ions and is readily reversed by washing (Vazgquez, 1364).
At bacteriostatic concentrations, one molecule of chloramphenicol
binds per 70s ribosome, although another molecule can bind at high
drug concentrations (Wolfe and Hahn, 1965). This second molecule is
thought to bind to a low-affinity site on the 30s ribosomal subunit
(Grant et al., 1978). The bacteriostatic effect of chloramphenicol
is due to the binding of the drug to the 50s subunit of the ribosome.
Here, it interrupts the transpeptidase reaction of protein synthesis

and so prevents polypeptide chain elongation (Gale et al., 188815

C. Bacterial resistance to chloramphenicol

I. Chloramphenicol acetyltransferase (CAT)

Chloramphenicol resistance (Cm™) in bacteria is mediated
primarily by CAT. This enzyme inactivates the drug by acetylation
(Fig. 1.2). For a detailed review of the properties of CAT, see
Shaw (1983]). CATs have been discovered in a wide range of both gram-
positive and gram-negative bacteria. Each functional enzyme is a
tetramer of a subunit protein whose molecular weight is in the range
23,000 to 25,000 d. The various CAT variants have been classified
according to their kinetics, electrophoretic mobility, inhibitor

susceptibility and reaction to antisera (Shaw, 1383).



FIGURE 1.2 Acetylation of chloramphenicol catalysed by

chloramphenicol acetyltransferase (CAT)

In the presence of acetyl-CoA and CAT, chloramphenicol
is acetylated at its 3'-0OH group. The product, 3'-acetoxy-
chloramphenicol, is inactive as an antibiotic. This molecule
can undergo an intramolecular rearrangement to yield
1'-acetoxychloramphenicol, also inactive as an antibiotic. The
3'-0H group of this compound can again by acetylated by CAT to
yield 1’',3'-acetoxychloramphenicol, a product that is not

functional as an antibiotic.
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Genes specifying CAT in bacteria can be chromosomal or can be
plasmid-located. In gram-negative bacteria, plasmid-encoded CATs
are expressed constitutively (Fitton et al, 1978). Among the

Fnterobacteriaceae there are three types of plasmid-encoded CAT

(Gaffney et al., 1978). The Type I CAT is widely distributed
throughout this bacterial family. It is an integral part of transposon
TnS. In addition to catalysing the acetylation of Cm, it can bind
fusidic acid strongly (Volker et al., 1982) and also rosaniline dyes
(Procter and Rownd, 1982). The amino acid sequence of Type I CAT is
known, as is the nucleotide sequence of its gene (Alton and Vapnek,
1878; Marcoli et al., 1880; Shaw et al, 1978). The amino acid
sequences of the Type II and Type III CATs are known in part (Nitzan
(Zaidenzaig) and Gozhansky, 1980; Zaidenzaig and Shaw, 13978). The
nucleotide sequence of the Type III CAT gene is known (I.A. Murray,
personal communication).

In Proteus mirabilis, a chromosomally-determined enzyme has been

described which is related to Type I CAT (Zaidenzaig and Shaw, 1878).
The gene encoding this enzyme has now been cloned and sequenced
(I.G. Charles, personal communication). The plasmid-specified CAT

of Haemophilus influenzae is related to CAT Type II (Roberts et al.,

1982). The CAT enzyme from Bacteroides fragilis is also similar to

CAT Type II (Bretz and Wilkinson, 13978). The Bacteroides ochraceus

CAT is similar to CAT Type I (Shaw, 1883). Chromosomally-determined

enzymes have been described in Agrobacterium spp. These enzymes are

inducible (Haag et al., 1976; Zaidenzaig and Shaw, 1378). Chromoso-

mally specified CATs have also been described in Flavobacterium sp.

and Myxococcus sp. (Zaidenzaig and Shaw, 13878).
CAT enzymes from gram-positive bacteria have also been studied.
Five variants have been described for staphdeaccal CATs. Types A to

D have been described by Davies and Smith (1978), Shaw (1371, 1983)



and Shaw et al., (1870]. A fifth variant is that encoded by plasmid
pC184 (Horinouchi and Weisblum, 1882a). Amino terminal sequences are
available for the A, B and D proteins together with a more extended
partial sequence for the Type C CAT (Fitton and Shaw, 13978).
Streptococcal CATs specified by the following species are

related to the staphylococcai enzymes; Streptococcus agalactiae

(Zaidenzaig and Shaw, 1978); S. faecalis (Courvalin et al., 1875);

and S. pneumoniae (Dang-Van and Bouanchand, 13978). CAT activity has

also been found in Clostridium perfringens (Zaidenzaig and Shaw,

1878), Bacillus pumilis (Keggins et al., 1878), and Streptomyces spp.

(Shaw and Hopwood, 13976).

IT Mechanism of acetylation of chloramphenicol by CAT

CAT inactivates Cm by catalysing the acetylation of the 3'-OH
group of the drug. The source of the acetyl group is the cofactor
acetyl-CoA, Fig. 1.2 (Shaw, 1967; Suzuki and Okamoto, 1967). An
intramolecular rearrangement allows the acetyl group of 3'-acetoxy-
chloramphenicol to be transferred to the 1'-0H position, yielding
1t-acetoxychloramphenicol. This molecule may then be enzymatically
re-acetylated atthe 3'-0H position to give the 1',3’-diacetoxy
derivative of chloramphenicol (Fig. 1.2). All three acetoxy variants
of Cm are inactive as antibiotics. They are unable to bind to
bacterial ribosomes (Shaw and Unowsky, 13968). It is thought that this
expenditure of a second molecule of acetyl-CoA to reacetylate the 3'-
OH position of Cm may exert physiological pressure on cells carrying
multiple copies of the CAT gene and so lead to the observed non-linear
relationship between the number of enzyme molecules and the Cm® level

(Nordstrom et al., 1972).



IIT Catalytic properties of CAT

The catalytic properties of CAT have been reviewed by Shaw
(1983). The staphylococcal C variant, the gram negative Type I and
the ribosomal target for Cm (peptidyltransferase) all display an
absolute specificity for the D-threo isomeric form of Cm. The amino
group of carbon atom 2 of the propanediol chain must be substituted
and the protons on carbon atoms 1 and 3 must be unsubstituted,
although CAT is more tolerant than peptidyltransferase of C-2 amino
group substitutions and para-substitutions of the phenyl group.

Type I and C variant CATs differ in their sensitivities to
thiol inhibitors. The three types of enteric CAT. are now known to have
a cysteine residue near to the activevsite. This residue does not
have a direct role in Cm inactivation but stabilises the active centre
of the enzyme, hence the sensitivity of those CATs to thiol inhibitors.
The current model for Cm-inactivation by CAT proposes the formation
of a ternary complex in which Cm and acetyl-CoA are bound, together,
at the active site. The active sites of CATs are highly conserved
and are made up of seven amino acids. The second residue, a histidine,
has long been known to be highly reactive and of central importance
(Shaw, 1983). It has recently been shown to be directly involved in

binding chloramphenicol ( K. Kleanthous, personal communication).

IV Chloramphenicol resistance which does not involve CAT

(a) Chromosomally-determined non-CAT CmT

In the 1950s it was discovered that high-level Cm' mutants of
E. coli could be isolated by growing.sensitive cells in progressively
higher concentrations of Cm until the solubility limit for the drug,
2 mg/ml, was reached (Cavalli, 1952; Cavalli and Maccacaro, 1852).

During the 1960s, mutations in the E. coli chromosome were reported



which conferred low-level Cmf on the cells. The cells were resistant
to between 1 and 5 pg/ml of the antibiotic (Reeve, 1868). More than
one locus was involved and in some cases cross-resistance to other

drugs was discovered. One such mutation was designated cmlA. E. coli

strains which carried it exhibited a four-fold increase in Cm® level
over the ETEA+ wild-type cells (Reeve, 1966; 1968). The mutations cmlB
and lon specified resistance to tetracycline (Tc) as well as Cm (Reeve
and Suttie, 1868). Strains which were cmlB showed a two-fold increase
in Cmf over the wild-type, and synergy was observed between cmlB and
CAT when the latter was introduced on a plasmid (Foster, 1975). The
locus cmlB has now been re-designed ompF, as it encodes the major
outer membrane protein, OmpF (Lee EE El" 1979; Reeve and Dougherty,
1868; Bachmann, 1983). It is thought that these mutations bring about
a change in cell envelope permeability to Cm (Chopra and Eccles, 1878).
George and Levy (18983a, b) have described amplifiable, high-level
co-ordinate expression of TcT and CmP in E. coli. Cross-resistance

to other, structurally unrelated drugs, was also noted. The strains
involved did not contain plasmids and the Cm' was not due to CAT.

A locus, marA, was identified and shown to have a role in specifying
an energy-dependent efflux mechanism for Tc. Whether this mechanism
was involved in Cm®' is not known (George and Levy, 1983b). The
mutations involved in CmT could not be co-transduced by phage P1 to
sensitive cells, perhaps suggesting that the loci are widely spaced

on the chromosome. The mechanism of amplification to high-level CmT
(i.e. >100 ug/ml) was found to be polA and recA independent and it

was proposed that ahplification might involve gene duplication via
illegitimate recombination (Anderson and Roth, 1977). Amplifiable
chromosomally-specified co-resistance to Cm and Tc has also been

reported in Staphylococcus epidermidis (Sugarman and Pesanti, 1380).

There have also been reports of chromosomally-specified Cml in



Bacillus subtilis which does not involve CAT. One report gives

details of a locus, cam-1 which encodes a modified ribosomal protein,
thus giving rise to CmT via ribosomal modification (Osawa and Takata,
1973). The validity of this observation is now in doubt (W.V. Shaw,
personal communication). A second report involves a locus, camz,
which specifies non-inducible Cm® in B. subtilis strain 168. The
mechanism of Cm' is unknown, but does not involve CAT or altered
ribosomal proteins, although camZ maps in the ribosomal protein region
near dal. A change in cell permeability to Cm has been proposed as
the: possible mechanism (Anderson EE.EL’ 1984).

An enzymatic mechanism of Cm® which does not involve CAT has
been reported in anaerobic bacteria. Here, the drug is inactivated
by reduction of the Egigfnitro group of chloramphenicol to yield an
inactive amino derivative (Thadepalli et al, 1977). A similar enzyme
has also been described by 0'Brien and Morris (1971).

It is interesting to note that the chloramphenicol-producing

organism, Streptomyces venezuelae, does not produce CAT, whereas other

Streptomyces do produce this enzyme (Shaw and Hopwood, 13976). Here,

CmF is thought to be due to a permeability barrier to drug re-entry
following excretion from the cytoplasm, or perhaps even an active
efflux mechanism capable of exporting Cm against a concentration

gradient (Malik, 1972).

(b) Plasmid-determined non-CAT CmT

There have been numerous reports of plasmid-borne non-CAT CmF
determinants, usually involving gram-negative bacteria, often from
the genus Pseudomonas.

The plasmid KR102 of Pseudomonas aeruginosa carries a non-CAT

Cm' determinant which is expressed constitutively. It was described
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by Kono and O'Hara (1876) and these authors advanced evidence for a
permeability barrier to drug entry to the cell located at the outer
membrane.

A non-CAT CmT determinant which may be carried within a
transposon has been reported. Tn2001, the putative transposon, was
discovered on an R plasmid of incompatibility group Inc P-2Z in

P. aeruginosa. The estimated size of the transposon was 2.1 Kb (Iyobe

et al., 1981).

Four R plasmids from Escherichia coli have been reported which

specify inducible non-CAT Cm’. Resistance was found to be lost upon
sphaeroplast formation, suggesting that the outer membrane has a role
to play in Cm' in this system (Nagai and Mitsuhashi, 1872).

Inc C plasmids from Serratia marcescans have been shown to encode

a non-CAT Cm®' determinant. These plasmids include R835, R936, and
R937 (Shapiro, 1977; Hedges et al, 1975).

Ingram and Hassan (13975) reported plasmids from P. aeruginosa

which carried both a non-CAT and a CAT Cm' determinant. These plasmids,
R55 and R57b, were from incompatibility group C. R57b is distinct

from R57b Inc N of Foster and Shaw, (1973). The non-CAT determinants
of R55 and R57b were inducible and seemed to encode a Cm-specific
permeability barrier. Segregants of R55 and R57b were isolated which
no longer specified CAT. These plasmids confer Cm' via the putative
permeability barrier only. The plasmid derivatives were designated
R55-1 and R57-1 respectively (Gaffney et al., 1878). R55-1 was used

in some of the experiments described in this study (Chapter 3).

D. The multiple drug resistance R plasmid, R26

This plasmid was originally isolated from Pseudomonas aeruginosa

by Stanisich et al (1878). It specifies resistance to ampicillin,

chloramphenicol, gentamicin, kanamycin, mercuric ions, neomycin,
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streptomycin, sulphonamides, and tetracycline. It has an estimated
molecular weight of 52 Md, which equates to about 75 Kb. R26 is
self-transmissible over a broad host range. This self-transmissibility
is due to the possession by the plasmid of transfer genes, tra.

Features of the F and I tra systems have been reviewed recently and

give some insight into how such systems function (Willetts and Wilkins,
1984). This system confers upon the plasmid the ability to transfer
itself from one host to another via a conjugation mechanism, a process
requiring direct cell-to-cell contact mediated by a plasmid-encoded
pilus on the cell surface (Achtman and Skurray, 1977). R26 belongs

to incompatibility group P-1 (Stanisich et al, 1976). Inc P plasmids
encode short, blunt-ended pili (Bradley, 13874, 1976; Bradley and Cohen,
1977; Coetzee et al., 1978) which provide binding sites for male-
specific bacteriophage PRR1, Pf3, PR3, PR4, PRD1, and PR77Z (Coetzee

et al., 19739; Kehoe, 19789, Ph.D. thesis, Dublin University; Olsen and
Shipley, 1973; Olsen et al, 1974; Olsen and Thomas, 1973; Stanisich,
1974) . Plasmids of the Inc P-1 group do not express fertility inhibition
(Sagai EE.EL" 1977; Stanisich, 1974) and are thus designated o T An
early system of plasmid classification assigned plasmids to one of two
groups,‘fi+ or fif, on the basis of their ability to inhibit the
fertility of the F factor (Watanabe et al., 1964). This overly-simple
method was superceded by incompatibility typing which relies on the
inability of two plasmids from the same incompatibility group to coexist
stably in the same cell (Datta, 1974). In simple terms, incompatability
can be looked upon as a manifestation of plasmid copy number control
(Pritchard EE.E&"-1959] or as a result of competition for a common
segration apparatus (Jacob et al., 1863; Novick and Hoppensteadt, 1197.80%
For large plasmids, such as R26, copy number control is stringent

[R26 exists in bacterial cells at one or two copies per chromosome

(Stanisich et al., 18976)]. At such low copy numbers, these plasmids
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require an efficient segregation mechanism if each daughter cell is
to receive a copy at cell division. Thus, early theories regarded
this requirement as the key to the incompatibility mechanism (Jacob
et al., 1963). Since then much attention has been given to the role
of plasmid copy number control mechanisms in determining incompatibility.
Copy number control has been shown to be exerted in many plasmids by
plasmid-encoded, diffusible molecules which bind to specific sites on
the plasmid to modulate replication. In some systems these regulatory
elements are RNA molecules, while in others they are proteins. 1In
ColE1, an RNA of 108 nucleotides inhibits primer formation for the
initiation of plasmid replication (Tomizawa et al., 1981905 dn lnc

F II plasmids, such as R1, R6-5 and R100, incompatibility is exerted
via a small RNA molecule (Kamio and Terawaki, 1983). In R6Kand F
plasmids, a positively operating initiator protein has been found to
interact with directly repeated nucleotide sequences in the replica-
tion region (Murotsu et al., 1981; Stalker et al., 1879). Early
evidence for a plasmid-encoded, Ezggi-acting diffusible molecule
involved in incompatibility in F came from the observation that an F
plasmid integrated into the host chromosome (and therefore no longer
autonomously replicating) could exert an incompatibility effect on an
autonomous F plasmid in the cytoplasm. Recently, an analogous
phenomenon has been described for RP4, an Inc P-1 plasmid (Grinter,
1984].

The incB and incC regions of F contain the 186p directly repeated
sequences which function as binding sites for the replication regulatory
protein. In addition, a third incompatibility locus, incD, has been
described. This is not involved in controlling plasmid replication
but specifies functions required for the normal segregation of F into
daughter cells at cell division (Hillenbrand et al, 1984). This finding
shows that segregation can play a role in exerting incompatibility,

in addition to copy number control.
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The transfer region and replication region make up two of the
three major components of R plasmids. The third component consists
of the drug resistance genes. These are arranged differently in
different R plasmids. In the Inc F II plasmid, R100, the resistance
genes (with the exception of TcT) are clustered within an amplifiable
region, the r-det (Perlman and Rownd, 1975; Fig. 1.3). In the Inc
P-1 plasmid, RP4, the resistance genes are scattered randomly through
the plasmid (Fig. 1.3). The physical arrangement of plasmid R26B is

unknown .

E. Mechanism of chloramphenicol resistance specified by plasmid R286

Experiments which attempted to elucidate the nature of the CmT
mechanism specified by R26 were carried out by Gaffney et al., (13881).
It was found that uninduced R26-carrying strains of E. coli K12
incorporated less (14C) leucine into cellular protein when challenged
with high concentrations of Cm than was the case with induced strains
providing evidence for enhanced gene expression following induction.
It was also found that E. coli K12 strains harbouring R26 did not
degrade the drug or modify it in any detectable way. This indicated
that neither CAT nor any other enzymatic detoxification mechanism
was involved in the resistance mechanism.

Ribosomes from sensitive and resistant cells were tested for
Cm-sensitivity in an in vitro poly (U,G)-directed protein synthesising
system. No detectable difference was recorded in the inhibition by

Cm of [14

C) valine incorporation into TCA-precipitable material with
ribosomes from resistant or sensitive (i.e. plasmidless) cells.
Results were unchanged whether induced or uninduced E. coli K12 J5-3
(R26) strains were used. This suggested that ribosome modification
was not the mechanism of resistance.

Sphaeroplasts from R26-bearing strains were tested for Cm' by

monitoring the incorporation of (14CJ leucine into cellular protein



FIGURE 1.3 Physical map of plasmids RP4 and R100

Both plasmids are self-transmissible, multiple drug
resistance molecules. RP4 provides an example of an Inc P
group plasmid, while R100 represents Inc F II. In RP4, the
drug resistance determinants are scattered at random about
the plasmid. One, the kanamycin resistance gene, lies between
the two portions of the tra region. 1In R100, by contrast,
all but one of the drug resistance determinants lie within
the amplifiable r-det region. The outlying resistance
determinant is the tetracycline resistance function. These

plasmids are not drawn to scale.
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in the presence of Cm. Sphaeroplasts were from both induced and
uninduced cells and incorporation profiles were compared with both
induced and uninduced intact cells. The sphaeroplasts and intact
cells behaved similarly throughout, indicating that the resistance
mechanism did not require the outer membrane or cell wall.

A constitutive derivative of R26 was generated by nitroso-
guanadine mutagenesis (Gaffney et al., 1981) and used to construct
double-plasmid strains with a CAT-specifying plasmid. Only marginal
inactivation of the drug by CAT was detected, suggesting that Cm
was being prevented from reaching the intracellular enzyme. These
results implied that a permeability barrier to Cm entry was at work
in these strains. The sphaeroplast experiment data indicated that
this barrier was associated with the cytoplasmic membrane.

The Inc C plasmid, R55-1, described and studied in Chapter 3,
was subjected to the same tests as R26 and similar results were
obtained throughout. This suggested that the Cm' mechanism specified

by R55-1 was similarito that ‘of RZb6.

F. Other resistance mechanisms which involve permeability barriers

Mechanisms for resistance to antibiotics and heavy metal ions,
which involve permeability barriers, have been reported. These
include resistance to tetracycline (TcT), Arsenate (AsT) and Cadmium
Cat] .

Resistance to Tc is now known to depend on an energy-driven
efflux mechanism (Foster, 1983). This was established by using
spectrofluorimetry.to demonstrate that resistant cells took up less
Tc than sensitive cells and that any drug which had accumulated within
the cytoplasm was actively excreted upon transfer of the TcT cells
to a drug-free medium (Ball et al., 1880). Other workers demonstrated

energy-dependent efflux using inverted plasma membrane vesicles
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prepared from TcT bacteria. These were found actively Fe. . accumulate

the antibiotic via a Tc-specific transport system (Hedstrom et al.,

1982; McMurray et al., 1380). The resistance mechanisms described

by these authors are plasmid-encoded. Chromosomally-located TcP

determinants which involve drug efflux have also been described

(George and Levy, 1983b). It is possible that ribosome protection

may have a role to play in Tcl, in addition to the efflux mechanism

(Levy and McMurray, 1978; Levy et al., 1977). Tetracycline resistance

has been reviewed recently by Foster (1983), and Chopra (1384).
Arsenate ions are toxic to bacterial cells (Summers and Silver,

13978). The metal ions are excreted from Staphylococcus aureus and

Escherichia coli cells by an arsenate-specific, energy-dependent

efflux system. This is plasmid-encoded and does not depend on
chemiosmotic potential or a pH gradient across the membrane. Studies
which led to its elucidation were conducted with resistant cells pre-
loaded with radioactive 74A5043_ (Mobley and Rosen, 18982; Silver and
Keach, 1982).

Cadmium ions are respiratory poisons in bacterial cells (Tynecka
et al., 1881a; 1981b; Weiss et al., 1978). CdT is plasmid-encoded
in S. aureus but has not been described in other bacteria (Foster,
1983). It is mediated via two different determinants. CadA specifies
high-level resistance and involves a Cd2+-speciFiC efflux mechanism
(Perry and Silver, 1982; Smith and Novick, 1872; Tynecka EE.El’ 198008
CadB determines low-level CdT via an uncharacterised mechanism which
does not involve efflux (Perry and Silver, 13982). It has been shown
by experiments using respiratory chain uncouplers and ionophores that
cadA Cdr cells expel the metal ions via a Cd2+/2H+ antiport system.
This 1s chemiosmotically-driven, with two protons taken up for each
Cd2+ ion expelled (Tynecka et al., 1981a; 1981b).

Some other, less well-understood, resistance determinants are

thought to involve permeability barriers. Plasmid-determined inducible
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fusidic acid resistance in S. aureus may involve decreased permeability.
This hypothesis is based on the findings that ribosomes from resistant
and sensitive organisms were equally sensitive to the drug in vitro,
there was no detectable drug modification, and the ratio of
phosphatidylglycerol to lysylphosphatidylglycerol differed between
resistant and sensitive cells (Chopra, 1976).

Resistance to silver ions [Ag2+] is thought to be located at
the cell envelope in gram-negative bacteria. This function prevents
resistant cells from extracting ionic silver from non-toxic AgNO3
in the presence of halide ions. Sensitive cells do extract silver
from AgC12 precipitate. The metal is a respiratory poison in its
cationic form (Bragg and Rainnie, 1974; Silver, 1981). The
determinant is expressed constitutively and confers a high level of
resistance (Silver, 1981).

Decreased permeability has been proposed as the mechanism of
plasmid-encoded resistance to acridine, acriflavine, ethidium bromide
and proflavine. This proposal is based on the results of binding
studies (Johnson and Dyke, 1969).

A binding or "sponge” mechanism has been proposed for Type I
CAT-mediated fusidic acid resistance in gram-negative bacteria.
Fusidic acid diffuses slowly into the gram-negative cells cytoplasm.
There it can be bound by CAT within a hydrophobic domain within the
enzyme. The drug is not modified in any way, but is sequestered by
CAT before it can reach its target (Shaw, 13983). Type I CAT can also
bind rosanilin dyes,such as crystal violet, in this way (Proctor and
Rownd, 1982). A similar mechanism has been proposed for the poorly-
understood cadB-determined Cd™ system already mentioned (Perry and

Silver, 1982).
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G. Aims of the project

The work documented in this thesis was undertaken to provide
some insight into (i) the mode of regulation of the R26 CmT
determinant (cml) and (ii) the mechanism of resistance which it
specifies. The approach taken was a molecular genetic one, involving
cloning, mapping, Southern blotting, and deletion and transposon
mutagenesis to discover the extent of DNA involved in specifying
Cm'; the generation of both transcriptional and translational lac
fusions to determine the level at which cml expression is controlled;
the use of the E. coli minicell system to identify the gene product
and the use of DNA sequencing technigues to reveal (i) the nucleotide
sequence of the determinant, (ii) the predicted amino acid sequénce
of the gene product and (iii) information concerning the mechanism

of regulation of cml.
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MATERIALS AND METHODS (GENERAL)

A. Bacterial strains, plasmids and bacteriophages

The bacterial strains, plasmids and bacteriophages used in
this study are described in the Materials and Methods sections of

those chapters in which their use is documented.
B. Chemicals

These were of analytical grade (unless otherwise stated) and
were purchased from Sigma (U.K.) or British Drug Houses (B.D.H.,
U.K.). Details of the chemicals employed are given in Chapters 3,

4,45, B andl 7.
C. Antibiotics

Ampicillin was a gift from Beecham (U.K.); chloramphenicol,
gentamicin, kanamycin, neomycin, streptomycin, sulphamilamide and
tetracycline were purchased from Sigma. Nalidixic acid was obtained
from Winthrop (U.K.). Trimethoprim was purchased from Wellcome

(U.K.) and mercuric chloride was from B.D.H. (U.K.).

D. Composition of the media

L broth: contained 10.0g tryptone (Oxoid) and 5.0g yeast extract

(Difco) per litre of distilled water; pH 7.0-7.2.
L agar: as for L broth but with 1% (w/v) Oxoid No. 3 agar.

Nutrient broth: 5.0g lab-lemco (Oxoid), 10.0g peptone (Oxoid),

5.0g NaCl. This was made up to 1 litre with distilled water;

pH 7.4.

Nutrient agar: as for nutrient broth but with 20.0g agar (B.D.H.)

20
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M3 medium: KH2P04 (3.0g), NaCl (0.5g), NapHPO, (6.0g), and NH,C1
(1.0g) were added to distilled water and autoclaved. Then 1.0

ml of a 1M MgSO4 solution and 10.0 ml of a 0.01M CaCl, solution
were added, the final volume being adjusted to 1 litre with dis-

tilled sterile HZD'

Minimal broth: This contained 10% (v/v) of MY solution, 10% (v/v)

of a 20% (v/v) glucose soltuion, 1% (v/v) of a 30% (w/v) vitamin
B4 solution, 10% (v/v) of a 20% (w/v) Casamino acids (Oxoid)
solution and 0.1% (v/v) of a 30% (w/v) MgCl, solution. Distilled

water was added to give required volume.

Minimal agar: As for minimal broth but with 2% Difco Bacto agar

added in place of distilled water.

MacConkey's agar: 20.0g peptone (Oxoid), 5.0g sodium taurocholate

(Oxoid), 5.0g NaCl, 10.0g lactose and 20.0g agar (B.D.H.) per
litre distilled water; pH 7.4. 7.5 ml of 2.0% (w/v) neutral red
in 50% (v/v) alcohol was added per litre before use. For short-
term storage, MacConkey's agar was kept in the dark at room

temperature.

Lambda base agar: 10.0g tryptone (Oxoid), 2.5g NaCl, 1.0% (w/v)

Difco Bacto agar per litre of distilled water; pH 7.4.

Lambda top agar: as for the base but with 0.5% (w/v) Difco Bacto

agar.

Brain Heart Infusion Broth: 12.5g calf brain infusion solids,

5.0g beef heart infusion solids, 10.0g protease peptone (Oxoid
L46), 2.0g dextrose; 5.0g NaCl, 2.5g Na2HPO4 in distilled water;

pH 7.4
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Dorset Egg medium: Two volumes of whole chicken eggs were mixed

with one volume of beef infusion broth, filtered through gauze
and dispensed into glass Bijou bottles. The medium was

sterilised by heating to 75° for 20 min on two successive days.

E. Lambda phage buffer

This contained 0.01M MgSD4 7H>0 and 0.4% (w/v]) NaCl in

0.01M Tris-hydrochloride (pH 7.2).

F. General culture conditions

For most routine purposes, L broth or L agar was employed.
Minimal medium, appropriately supplemented, was used to select
auxotrophic markers or to detect resistance to sulphanilamide or
trimethoprim. In general, cultures were incubated for 15h at 37°
(broth cultures with shaking). Bacterial strains were stored at
room temperature on Dorset Egg slopes. Detailed information about
culture conditions for specific purposes is given in Chapters 3, 4,
5 506 'angd’ 7.

All other procedures and materials used in this study are

described in the relevant Results Chapters.
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Studies on resistance to fluorinated derivatives of chloramphenicol

specified by the non-CAT Cm" determinants of plasmids R26 and R55-1

INTRODUCTION

Derivatives of chloramphenicol have been chemically synthesised
with structures which enable them to evade acetylation by CAT
(Nagabhushan et al., 1980). These drugs, designated SCH24893,
SCH25298 and SCH25383, were developed by the Schering Corporation
and their structures are illustrated in Figure 3.1. In each case,
the 3'-0H group (the site of acetylation by CAT), has been
fluorinated. These drugs are no longer a substrate for CAT and
so are effective against chlorampﬁenicol resistant bacteria which
rely on this enzyme for resistance (Neu et al., 1880; Schafer et al.,
1880; Syriopoulou et al., 18981). No investigation had been conducted
to see whether or not these antibiotics were effective against
bacterial strains which rely on non-CAT determinants to specify CmT .
Here, experiments are reported which investigated the possibility
that the non-CAT Cml determinants of plasmids R26 and R55-1 might

confer resistance to the fluorinated analogues.
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FIGURE 3.1 Structural formulae of chloramphenicol and its

analogues

1. Chloramphenicol D(-)-threo-2-dichloroacetamido-1-p-

nitrophenyl-1, 3-propanediol

2. SCH24893 D(-)-threo-2-dichloroacetamido-1-p-nitorphenyl-

3-fluoropropan-1-ol .

3. SCH25298 D(-)-threo-2-dichloroacetamido-1-p-

methylsulphonylphenyl-3-fluoropropan-1-ol .

4, SCH25393 D(-)-threo-2-difluroracetamido-1-p-methylsulphonyl-

3-fluoropropan-1-ol .
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MATERIALS AND METHODS

A. Bacterial strains and plasmids

The host strain used was Escherichia coli K12 J5-3 (pro met)

[Clowes and Hayes, 1968]. The plasmid R26 has been described in
Chapter 1. The plasmid R55-1 belongs to Inc C and is a spontaneous
deletion mutant of R55, a plasmid specifying CmT via both CAT and
a non-CAT determinant (Gaffney et al., 1981) .- R55-1 has 'lost the
CAT determinant while retaining the non-CAT determinant. It has a
molecular weight of about 135 Kb and also specifies resistance to

sulphonamides. It is self-transmissible by conjugation.

B. Minimum inhibitory concentration (MIC) determinations

These were carried out by inoculating 103 mid-log phase cells
onto Lemco nutrient agar plates containing antibiotics at the follow-
ing concentrations: N85, My "2, 8e g GRS ST 0, S 2R3 i OG5
100, 125 and 150 pg/ml. The lowest concentration which inhibited
growth was recorded as the MIC. The reported values were the means
of four independent experiments. Uninduced and induced cultures were
compared for both R26- and R55-1-containing strains. Cultures were
induced by adding 1 upg/ml of the appropriate drug 60 min. prior to

plating. Plates were then incubated overnight at 37°.

C. Growth and Challenge Tests

Cultures to pe tested were grown in Lemco broth to an optical
density of 0.1 (A = 657 nm, Varian Techtron Spectrophotometer) in
250 ml flasks (Gallenkamp Orbital incubator, 37° 200 r.p.m.). Where
appropriate, cultures were induced by adding 1 pg/ml of antibiotic

60 min prior to challenge. The challenging doses were as follows:
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chloramphenicol: 15 pg/ml (R26), 35 pug/ml (R55-1); SCH24833: 5 pg/ml
(R26), ‘745 lg/ml {(R55-1) ;¢ SCHR5298's¢ 5 ug/ml* (R2E)5 5 fig/ml (R55=1];
SCH25393: 5 pg/ml (R26), 5 pg/ml (R55-1). Graphs were then plotted
of optical density against time.

Each compound was tested as an inducer of resistance to each
of the four drugs. Thus, each drug was studied on the role of inducing
agent and challenging agent. For the purpose of induction, 1 pg/ml
of the compound was used in each case. These experiments were done

for both' R26 amnd R55=1.



RESULTS

The host strain used in these experiments, E. coli K12 J5-3,
showed a similar intrinsic resistance to Cm, SCH25288 and SCH253893
as measured in the MIC tests (Table 3.1). A higher intrinsic
resistance was recorded to SCH248383. Growth and challenge tests
were carried out to test the response of broth cultures of the
plasmid-free host to the inducing concentrations of the four drugs
and to record the growth pattern of the host under uninduced/
challenged or induced/challenged conditions (Fig. 3.2). Data for
all four drugs in the role of inducer are shown, although only data
for SCH25298 as challenging agent are given. The results obtained
with the other three antibiotics as challenging agents were similar.
From the growth curves, it can be seen that 1 pg/ml of any of these
drugs depressed the growth-rate of the plasmid-free host strain
considerably and that no resistance whatsoever was recorded to the
challenging concentration. As expected, prior incubation with a sub-
toxic concentration of antibiotic made no difference to the growth
rate when challenged, as compared with the uninduced control.

A marked difference in MIC value was recorded for J5-3 (R26)
and J5-3 (R55-1) with respect to resistance to Cm (Table 3.1). In
each case a two-fold increase in resistance was recorded for the
induced culture over the uninduced control but the MIC value for
J5-3 (R55-1) was about two-fold higher than that for J5-3 (R26).

These strains were tested in growth and challenge experiments
in which each strain was induced in turn with each of the four
antibiotics and then challenged with Cm (Fig. 3.3 and 3.7). It was
found that resistance to Cm was inducible in each strain and that
all four drugs were efficient inducers of resistance. Furthermore

it was found that Cm' was induced more rapidly in J5-3 (R55-1) than
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TABLE 3.4 Minimum inhibitory concentration determinations

a. The numbers are the meang‘of four independent experiments.
b. Induction was with 1ug/ml of Cm or analogue for 60 min.

priczitoipliating.

*Note: no variation was seen between replicates.




(i) E. coli K12 J5-3 (plasmid-free)

Minimum inhibitory

concentration (ug/ml]a

L SD
togetion . Cm | SCH24893 | SCH25298 | SCH25393
Challenge
Cm 1 1 il 1 1
SCH248393 4 4 4 4 4
SCH25298 2 il . il 1
SEH25383 2 1 il 1 9
coli K12 J5-3 (R26)
Minimum inhibitory concentration (ug/ml]a
Inductionb
= Cm SCH24883 SCH25298 SEH25398
Challenge
Cm 15 30 30 30 30
SCH24883 - 4 B 4 o
SCH25238 8 B 5 5 5
SCH25393 3 4 4 4 4
(111) E. celdykKl2ai5=3t R 5%
Minimum inhibitory concentration [ug/ml)a
Inductionb
= Cm SCH24883 SCH252398 SEFR25338
Chailenge
Cm 30 50 50 50 50
SCH24893 4 4 4 4 4
SCH25238 745 10 10 10 40
SCH25393 5 5 5 5 5




FIGURE 3.2 Growth and challenge test data for the plasmid-free

host, E. coli K12 J5-3

In all panels, the challenging drug was SCH25288 (7.5ug/ml).
Similar results were obtained with Cm (15 Hg/ml), SCH24893
(8 Hg/Zml), s SCH25298 (5 ug/ml), and SCH25393 (5 pg/ml). Panel 1,
"I nduction® *by Cms “Papel 2, "induction” by SEH24883; Panel 3,
rinductiaon by SEH25288; Pansl 4, "induction” by SCH25393. These
data illustrate the effects of inducing concentrations of the
four drugs on the plasmid-free host. Symbols: (e) uninduced,
unchallenged; (o) induced, unchallenged; (&) induced, challenged;

(m) uninduced, challenged.




=675nm)

0 D(A

1.2

4,0
0-9

08 |

07
0-6

1ot

04

0.3}

0-2
0-1
0-0

127

g
1-0
0-9
0-8
07
0-6

Ols

(J‘ .3 F

0:2
0

0-0

b

U 30 60 90 120 15080 210 0 30 60 90 120 150 180 210
Time(min)



FIGURE 3.3 Growth and challenge test data for E. coli K12 J5-3

(R26]) challenged with chloramphenicol (15 pg/ml)

Panel 1, induction by Cm; Panel 2, induction by SCH248393; Panel
3, induction by SCH25298; Panel 4, induction by SCH25393.
Symbols: (@) uninduced, unchallenged; (o) induced, unchallenged;

(0) induced, challenged; (m) uninduced, challenged.




=675nm)

0D (A

0- Lalhy / pe
0%60901201501&)2'00 30 60 90 120 150 180 210
Time (min)



FIGURE 3.4 Growth and challenge test data for E. coli K12

J5-3 (R26) challenged with SCH248383 (5 pg/ml)

Panel 1, induction by Cm; Panel 2, induction by SCH248383;
Panel 3, induction by SCH25288; Panel 4, induction by SCH25383.
Symbols: (®) uninduced, unchallenged; (o) induced, unchallenged;

(a) induced, challenged; (m) uninduced, challenged.
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FIGURE 3.5 Growth and challenge test data for E. coli K12 J5-3

(R26) challenged with SCH25238 (5 pg/ml)

Panel 1, induction by Cm; Panel 2, induction by SCH248393; Panel
3, dndiiction DVESECHZS298; “Panel® 4" induction by SEH25393.
Symbols: (e) uninduced, unchallenged; (o) induced, unchallenged;

(o) induced, challenged; (m) uninduced, challenged.
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FIGURE 3.6 ‘Growth and challenge test data foer E. coli K12 J5-3

(R26) challenged with SCH25333 (5 pg/ml)

Panel 1, induction by Cm; Panel 2, induction by SCH24883; Panel
i dindistdentpyiSERH25238: Panel 4, induction by '‘SCH253983.
Symbols: (e) uninduced, unchallenged; (o) induced, unchallenged;

(@) induced, challenged; (=) uninduced, challenged.
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FIGURE 3.7 Growth and challenge test data for E. coli K12 J5-3

(R55-1) challenged with chloramphenicol (35 pg/ml)

Panel 1, induction by Cm; Panel 2, induction by SCH26893; Panel
3, induction by SCH252398; Panel 4, induction by SCH25383.
Symbols: () uninduced, unchallenged; (o) induced, unchallenged;

@) induced, challenged; (@) uninduced, challenged.
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ELGURE 3.8 | Groweh and challenge test data for E. eoli K12 J5-3

(R55-1) challenged with SCH24883 (8.5 jg/ml)

Panel 1, induction by Cm; Panel 2, induction with SCH24883; Panel
35 idnduction. with SCH25298; Pamsl 4, induction with SCH 25383.
Symbols: (e) uninduced, unchallenged; (o) induced, unchallenged;

(O) induced, challenged; (m) uninduced, challenged.
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FIGURE 3.9 Growth and challenge test data for E. coli K12 J5-3

(R55-1) challenged with SCH252393 (5 Hg/ml)

Panel 1, induction by Cm; Panel 2, induction by SCH24833; Panel 3,
induetion’ by SEE25298;;0 Panel 4, induction by SCH25393.
Symbols: (e) uninduced, unchallenged; (o) induced, unchallenged;

() induced, challenged; (w) uninduced, challenged.
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FIGURE 3.0 "Grewth and challenge test data for E. coll K12 J5-3

(R55-1) challenged with SCH25383 (5 ;,g/ml)

Panel 1, induction by Cm; Panel 2, induction by SCH24883; Panel
8y vinductieontby’ SCHZ5288 ;' Pansl 4, ‘induction by SCH25393.,
Symbols: (e) uninduced, unchallenged; (o) induced, unchallenged;

(@) induced, challenged; (m) uninduced, challenged.
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in J5-3 (R26), as indicated by the time taken for the induced/
challenged growth curves to diverge from the uninduced/challenged
controls. In all growth and challenge tests the effect of the
inducing concentration of drug on the plasmid-bearing host was
investigated. Each was found to have some inhibitory effect, Cm
being less inhibitory than the other three (Figs. 3.3-3.10).

Neither RZ26 nor R55-1 conferred additional resistance to
SCH24893 on E. coli K12 J5-3, plasmid-free and plasmid-containing
cells having the same MIC values (Table 3.1). Resistance levels
were not increased upon induction by any of the four antibiotics.
This observation was supported by the results of growth and
challenge tests (Figs. 3.4 and 3.8).

A different situation was found to obtain in the case of
SCH25288. Here, induced resistance levels were higher than those
of uninduced controls (Table 3.1). In the case of J5-3 (R2B) the
induced MIC value was 60% higher than the uninduced value (5 pg/ml
compared to 3 ug/ml) while in the case of J5-3 (R55-1) the induced
value was 30% greater than the uninduced MIC (10 pg/ml compared to
7.5 pg/ml). All four drugs proved to be equally effective as
inducers of resistance in both strains (Table 3.1). Growth and
challenge tests did not confirm the observation that low-level
(i.e. 5 pg/ml) resistance to SCH25288 could be induced in J5-3 (R26)
by the four drugs (Fig. 3.5). However, inducible resistance to
SCH25298 was recorded in the case of J5-3 (R55-1) and the growth
curves suggested that induction occurred with equal efficiency with
all four antibiotics (Fig. 3.9).

MIC experiments showed a slight (25%) increase in resistance to
SCH25383, the third fluorinated analogue, for induced cultures of
J5-3 (R26) compared to the uninduced control. These experiments

showed no evidence of inducible resistance to this drug in the case



30

of J5-3 (R55-1) [Table 3.1]. Growth and challenge data indicated
that resistance to SCH25393 was not inducible in J5-3 (R26) [Fig. 3.6]
or in J5-3 (R55-1) [Fig. 3.10]1. This was true regardless of which

drug was used as an inducer.



DISCUSSION

The E. coli K12 strains J5-3 (R26) and J5-3 (R55-1) were tested
for resistance to the fluorinated derivatives of chloramphenicol,
SCH24883, SCH25298 and SCH25393. The resistance patterns, as
determined by MIC tests and growth and challenge tests, were
compared with those for Cm®' as specified by these two strains. The
induced Cm' MIC values were different for J5-3 (R26; 30pg/ml) and
J5-3 (R55-15 50 pg/ml) suggesting that the Cm' determinant in the
latter strain was more effective at protecting its host from
chloramphenicol inhibition. Growth and challenge tests gave a
gualitative impression of the responses of these strains to
chloramphenicol challenge. Induced strains of J5-3 (R55-1) entered
log phase much sooner than did induced strains of J5-3 (R26)
after challenge with Cm, suggesting that the Cm®' determinant of R55-
responds more rapidly to induction.

Both MIC experiments and growth and challenge tests showed
that SCH24893 was the least inhibitory of the four drugs to E. coli
K2y J5=8F- However, possession of a cm® R plasmid gave no increase in
resistance to this drug, suggesting that it can evade the Cm® mechanism

in these strains. SCH25238 and SCH253383 were more effective than

SCH24883 against the plasmid-free host. Perhaps these drugs bind
more effectively to the ribosomes in this strain. The MIC data for
these antibiotics were very similar to those for chloramphenicol
itself (Table 3.1). This may be because their ribosome-binding
efficiency matches that of Cm closely. However, in the plasmid-
containing strains, these drugs inhibited growth more effectively
than Cm, as shown by the growth curves from growth and challenge

tests. Moreover, the MIC values for these compounds were several
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fold lower than those for Cm itself.  Thus SCH25298 and SCH25893;are
more effective at evading the non-CAT Cm® specified by R26 and R55-1 .
than is Cm. SCH25393 was effective against the plasmid-bearing

strains to the same degree as SCH24883, as reflected by similar

MIC values for the two compounds and the fact that increased resistance
to them could not be induced.

SCH25298 differed from the other analogues in that an increase
in resistance was recorded upon induction. Of the three fluorinated
analogues, this was the least effective against the plasmid-
containing strains.

Possibly, the 3'-0OH group of Cm has a rocle to play in the non-
CAT CmY specified by plasmids R26 and R55-1. When this group is
replaced by a fluorine atom the resulting compound is no longer as
effectively prevented from causing inhibition of translation by the
Cm' determinants of these R-factors.

In contrast, fluorination did not impair the ability of these
inhibitors to induce resistance to Cm. With beth J5-3 (R26) and
J5-3 (R55-1) 1pg/ml of each analogue induced resistance to Cm with
the same efficiency as1pg/ml of Cm itself, as determined by MIC
experiments. Growth and challenge tests confirmed this. Therefore,
the mechanism of induction by the drugs does not depend upon the
retention of the 3'-0H group. Nor does it depend upon the presence
of the para-nitro group nor the two chlorine atoms on the dichloro-
acetamido side chain. The former group is replaced in both SCH25288
and SCH25283 while the chlorine atoms are replaced in SCH25383
(Fig. 3.1). The induction phenomenon may be due to either a
structural or a functional facet of the drugs. The structural aspect

could involve some part of the Cm molecule other than those which were
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altered in the synthesis of the analogues. The functional facet
could involve the ability of these drugs to inhibit translation
thbugh binding to the ribosome. Alternatively, induction may be
due to the interaction of the antibiotics with some cellular
constituent other than the ribosome.

No other investigation of the responses of inducible non-
CAT Cm! determinants to fluorinated Cm analogues has been carried
out to date. Syriopoulou et al., (1981) reported strains of

Haemophilus influenzae which were Cm® but had extremely low levels

of intracellular CAT indicating the presence of an alternative, non-
CAT, CmY¥ mechanism. These strains were resistant to the analogues.
Whether or not those Cmf determinants were inducible was not

reported and the relationship (if any) between the H. influenzae

determinant(s) and those of of J5-3 (R26) and J5-3 (R55-1) is not

known.
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Molecular Cloning and Physical Mapping of the Chloramphenicol

Resistance Determinant of Plasmid R26

INTRODUCTION

This Chapter describes the molecular cloning of the CmT

determinant of plasmid R26. This was performed in order to
facilitate a detailed genetic analysis of the determinant. The
cloning and subsequent sub-cloning experiments were performed
using technigues which are now commonplace in molecular bioclogy
laboratories. The first gene cloning experiments were reported
in 1872 (Jackson et al., 1872) and these depended on the
availability of three technigues which are fundamental to such
experiments. These are (A) a system which permits the precise
cutting and joining together of DNA from different sources;

(B) a method for monitoring this cutting and joining and (C) a
system for introducing recombinant DNA into a host organism.

These three fundamental technigues will be briefly reviewed here.

A. Cleaving DNA molecules

Modern DNA technology is absolutely dependent upon our ability
to cleave DNA molecules at specific sites with enzymes called
restriction endonucleases. Early work with bacteriophage lambda
predicted the existence of these enzymes (Dussoix and Arber, 13862;
Lederberg and Meselson, 13964). The first restriction endonuclease
(or restriction enzyme) to be isolated and studied in detail was
obtained from E. cﬁli K by Meselson and Yuan (1968). It was
designated a Type I endonuclease and had a number of features which
made it unsuitable for routine use in DNA manipulation: (i) it
required magnesium cations, ATP and s-adenosylmethionine, (ii) DNA

was cleaved on one strand only, (iii) the cleavage occurred at
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between one and five kilobases from the recognition site for the
enzyme (Bickle et al., 1978; Rosamund et al., 1978)..
The prototype of the Type II resitrction enzymes was isolated

from Haemophilus influenzae in 1970 (Kelly and Smith, 1870; Smith

and Wilcox, 13970). Type II enzymes recognise a particular sequence
within a duplex DNA molecule and cut both strands within that
sequence. The cleavage products are discrete fragments of DNA which
give characteristic banding patterns in gel electrophoresis (01d
and Primrose, 1881).

The DNA sequences recognised by restriction enzymes vary greatly.
They may contain as few as four nucleotides but may be much longer;
they may or may not have rotational symmetry; the enzyme may cut
within the sequence or immediately next to it; the fragments resulting
from digestion may be flush-ended (e.g. I_-Ii_nclﬂ, have 3-cohesive ends [E'Q'EQQRILG 5" cohesive

(e.g. PstI). Several enzymes may recognise the same site (e.g. BamHI,

MboI and Sau3A will all cut within the sequence 5'-GGATCC-3'). Mbo I and

Sau3A are termed isoschizomers. In the example given, BamHI
recognises the hexanucleotide 5'-GGATCC-3' but MboI and Sau3A only
require the sequence 5'-GATC-3’' in order to cut. However, all three

enzymes will generate the same 'ends’ from cutting the sequence

58 ~GCEATIEBE=8"

5'-GGATCC-3"
3'-CCTAGG-5"
1BamHI/Mbol/Sau3A
5'G + GATCC-3'
.3'-CCTAG G-5"'

In any given piece of DNA, the sequence GATC has a higher statistical
probability of occurring than has the hexanucleotide GGATCC. Thus
MboI and Sau3A will generate more fragments from any given DNA

molecule than will BamHI.
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B. Joining DNA molecules

In gene manipulation experiments, DNA molecules are usually
joined together by T4 DNA ligase. First, cohesive ends are generated
by restriction enzyme cleavage. For example, a vector plasmid such
as pBR322 is linearised (i.e. cut once) by BamHI. The cohesive ends
generated by this enzyme have been illustrated in the previous
section. The DNA to be cloned can then be cut by, e.g., Sau3A to
generate complementary cohesive ends. These cohesive ends can anneal
with those of the BamHI-cleaved vector, i.e. hydrogen bonding can
occur between the complementary base-pairs of the overhanging ends.
Bacteriophage T4 DNA ligase is an enzyme which can then seal the
single-stranded nicks between the adjacent nucleotides in the duplex
DNA molecules, yielding a new 'recombinant’ plasmid (Olivera et al.,
1968; Gumport and Lehman, 1871). The nick to be sealed must expose
a 5'-phosphate and a 3'-hydroxyl group. The enzyme complex binds to
this nick and a covalent bond is formed in the phosphodiester
backbone of the DNA molecule (0ld and Primrose, 13981).

Agarose gel electrophoresis provides a method for monitoring
the cutting and joining of DNA molecules. Aaji and Borst (1972)
showed that the migration rates of DNA molecules in agarose gels
were proportional to the inverse of their molecular weights. By
plotting the logarithms of molecular weight against migration, accurate
measurements of the sizes of DNA molecules can be performed.
Radiolabelling is unnecessary; instead the DNA is visualised with

ethidium bromide, an intercalating dye which fluoresces in ultraviolet

light.
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C. Transformation of Escherichia coli

Mandel and Higa (1970) showed that E. coli cells which had been
treated with CaClZ could take up bacteriophage lambda DNA. In 1872
Cohen et al., (1972) showed that CaCl,-treated E. coli cells could
take up plasmid DNA. Systematic studies have since been done to
optimise transformation conditions for plasmid DNA uptake by E. coli

(Humphreys et al., 1978).

D. Restriction enzyme analysis

A 'physical’ map of the cloned DNA fragment can be formed by
ordering different restriction endonuclease recognition sites with
respect to one another. Known recognition sites within the vector
can be used as reference points so that the locations of recognition
sites within the cloned DNA fragment may be determined by single and
multiple digests with different enzymes. The physical map is

essential for further molecular genetic analysis of the cloned genel(s).

E. In vitro deletion mutagenesis

The physical map can be used to plan in vitro deletion muta-
genesis experiments. Here, specific fragments of DNA are removed
from the recombinant plasmid by cutting with endonucleases and religating.
Two tasks are performed in this way: (i) DNA which is not essential
for the specification of the phenotype of interest (e.g. chloramphenicol
resistance) can be removed and (ii) DNA essential for the expression
of the genel(s) of interest can be identified. This second type of
experiment is known as deletion mutagenesis. The technique of
transposon mutagenesis with Tn5-was also used here to map the cloned

genes.
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F. Transposon Tn>

Tn5 belongs to a class of transposable genetic elements, called
transposons, whose properties have been widely reviewed (Berg, 1983a;
Berg and Berg, 1881; Campbell, 1981; Campbell et al., 19783;
Goodenough, 1983; Kleckner, 1981; Shapiro, 1983). Tn5 consists of
a 5.7 Kb DNA sequence made up of two 1.5 Kb terminal inverted repeats
flanking a 2.7 Kb unique central region. This was determined by
mapping restriction endonuclease cleavage sites (Fergensen et al.,
1973), by DNA seguence analysis (Auerswald et al., 1980; Beck et al.,
1982) .and electron microscope heteroduplex analysis (Berg, 1983a).

The inverted repeats are termed IS50L (left) and ISS0R
(right), their orientations being defined by the direction of
transcription of a KmT gene within the unigue 2.7 Kb sequence
(Fergensen et al., 1978). The structure of the transposon is
illustrated in Fig. 4.1.

IS50L and IS50R are not perfect repeats of one another; they
differ by a single base-pair non-homology (Rothstein and Reznikoff,
1981). It has been shown that IS50R is an autonomous transposable
element, an insertion sequence. It carries the necessary genetic
information to promote its own translocation from one bacterial
replicon to another (Berg et al., 1982b). The single base-pair
change in IS50L produced an ochre mutation (a translational stop
signal) in an open reading frame now known to encode the transposase
function (Rothstein et al., 1980; Rothstein and Reznikoff, 1978).
This I550L can no longer produce an active transposase protein but has
acguired a functional promoter which permits transcription of the Km®
gene of Tn5S (Fig. 4.1; Rothstein and Reznikoff, 1979). The recently-
discovered streptomycin resistance gene of Tn5, which functions in

non-enteric bacteria, is also transcribed from this promoter (Fig. 4.1;



Fig. 4.1 Physical map of transposon Tn5

TnS sequences are represented by the open bar. The
narrow portion of this represents the unigue seguences between
the inverted repeats, these being denoted by the wider portions
of the bar. The respective lengths of these components of Tn5
are given at the base of the figure. The locations of
recognition sites of the restriction endonucleases HincII,
HindIII and PstI are shown, together with the distances between
them (at top of figure). All distances are in base pairs.

The locations and directions of expression of the genes for
KmE and Str® are given, together with that for transposase.
This figure was based on those of Rothstein and

Reznikoff (1980) and Berg (1383a).
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De Vox EE.El" 1884 ; Mazodier EE.EL" 1982; Mazodier EE.E&" 1883
0'Neill EE.El" 1984; Putnoky EE.il" 1983; Selverey and Iyer, 1984).
1S50L will produce an active transposase in an ochre-suppressing host
(Rothstein and Reznikoff, 1981). The transposase gene has a second,
in phase, translation initiation signal 40 codons downstream from its
own initiation site. This internal start signal has been shown to
initiate a second, smaller protein which co-terminates with transposase
and has a function in transposition regulation. The ochre mutation
in TS50L abolishes the function for this element in non-ochre-
suppressing hosts (Rothstein and Reznikoff, 1981; Rothstein et al.,
1950).

Transposase has been shown to be a largely Eii-acting function
which requires the ends of an 1550 element to bind to in order to
promote transposition (Berg et al., 1982c). The ends of T530 are
nine base-pair inverted repeats and Tn5 carries four copies of this
sequence (Auerswald et al., 1980). Transposase is a DNA binding
protein and is thought to bind to the outside 17 bp of IS50L and
1550R to promote transposition (Sasakawa et al., 198875, The
smaller protein, which is co-translated with transposase, represses
transposition, possibly by complexing with the transposase protein
itself (Berg, 1983]. It does not cause repression by inhibiting
either transcription or translation of transposase (Johnson et al.,
1982; Isberg et al., 1882). This protein has also been abolished
in TS50L by the ochre mutation.

Tn5 does not depend upon the host cell's recA gene for
transposition (Berg, 1983), although gyrA and polA products are
needed for transposition at maximum efficiency (Isberg and Syvanen,
18982; Syvanen et al., 1882). It does not have an absolute requirement

for any particular insertion site in E. coli, transposing to different
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places in the genome in a near-random fashion (Shaw and Berg, 1978).
However, there have been reports that insertion occurs at certain sites
at a higher frequency than elsewhere (Berg et al., 1980b; Miller et
El" 1980; Bossi and Ciampe, 1881). The properties of these preferred
sites or hotspots are not clearly understood (Berg, 1983q.

Two general models have been advanced to describe transposition.
One involves conservative transposition (Berg, 13977; Berg, 13983b);
the other involves replicative transposition (Arthur and Sherratt, 1979;
Berg, 1983b; Galas and Chandler, 1981; Harshey and Bukhari, 1981;
Shapiro, 1979).

The properties of Tn5 which have been briefly reviewed above
confer upon that element characteristics which make it a useful tool
in the genetic manipulation of gram-negative bacteria. The uses of
Tn5 in this way have recently been reviewed (Berg, 1983b; de Brujin
and Lqu ki/ 1984).

Tn5 may be used to study operon organisation (N Bhriain et al.,
1983; Merrick et al., 1978); as a mobile region of homology for use
in chromosome mobilisation (Berg and Curtiss, 1967; Hooybaas et al.,
1982; Kleckner et al., 1877; Pischl and Farrand, 1983). Tn5 can be
used to provide duplications, i.e. produce partially diploid strains,
for complementation analysis (Avery and Kaiser, 1983). Tn5 has been
directly exploited as a tool for gene cloning (Guarente et al.,

1980); and it can be used as a portable set of restriction enzyme
recognition sites for use in in vitro deletion experiments (Coleman
et al., 1983). It can be used to generate deletions with fixed end-
points in vivo (Berg et al., 1980a) and as an agent for mapping silent
regions of bacterial genomes (Fouts and Barbour, 1882). A number of
workers have exploited the fact that the Km' gene of Tn5 specifies

resistance to an aminoglycoside antibiotic called G418, which is toxic
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to eukaryotic cells. The Km' determinant from the transposon has
been introduced as a selectable marker into a number of cloning
vectors used in plants and animals (Colberre-Garapin et al., 1982;
McKinnon et al., 1882; Southern and Berg, 1982).

In this study, Tn5 was used to interrupt the coding sequence of
a specific gene by insertion. The methodology used to achieve this

effect is described in the Materials and Methods section.



MATERIALS AND METHODS

A. Bacterial strains and plasmids

E. coli K12 strain J5-3 was described in Chapter 3. Strain

C600 (thr leu lac supE) was obtained from N. Kleckner (Harvard

University). Strain XAc Su  [A(pro-lac) XIII ara argE rpoB gyrA

thil was from J. Beckwith via N. Kleckner. The plasmid R26 was
described in Chapter 1. The other plasmids used in the work

described here are listed in Table 4.1.

B. Bacteriological media, chemicals and antibiotics

The compositions of L broth, L agar and M9 minimal medium
have been described in Chapter 2. Antibiotics were incorporated
into agar as follows: ampicillin, 50 pg/ml; chlormaphenicol,
20 pg/ml; kanamycin, 20 pg/ml; sulphathiozole, 20 ug/ml; tetra-
cycline, 10 pg/ml; trimethoprin, 30 pg/ml. Chemicals were purchased

from Sigma or were the best available from B.D.H.

C. Enzymes and enzyme buffers

The restriction endonucleases and ligase used were purchased
from New England Biolabs or Boehringer and were used according to

the manufacturers’ instructions.

D. DNA isolation techniques

I. Large-scale cleared-lysate procedure.

A 500 ml L broth culture of the strain harbouring the desired
plasmid was incubated for 15h with shaking in a 1L baffled flask at
37°. Antibiotic selection for the desired plasmid was used where
appropriate. Cells were harvested in 250 ml centrifuge bottles by

centrifuging for 10 min at 16,000 x g in a GSA Sorvall rotor. The
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supernatant was discarded and the pellet thoroughly drained. It
was then resuspended in 3 ml of a solution containing 25% sucrose
in 0.05M Tris-HC1l (pH 8.0), and transferred to a 30 ml Sorvall
centrifuge tube. To this was added 1ml of a lysozyme solution

(25 mg lysozyme per ml of 0.25M Tris-HC1l (pH 8.0). This mixture
was allowed to stand at 4° for 15 min. Then 7 ml of a triton
lysing mix was added (2% Triton-X100 in 0.05M Tris-HC1l and 0.625M
EDTA [pH 8.0]). This was left at 4° for a further 15 min. It was
then centrifuged at 48,000 x g in an SS-34 Sorvall rotor for 30 min
at 4°; 9.5 ml of supernatant was decanted into an acid-washed
glass universal bottle. 1g of CsCl was added per ml of cleared
lysate, together with 0.5 ml of ethidium bromide. When the CsCl
had dissolved, the mixture was centrifuged at 8,000 x g in a MSE
bench <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>