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ABSTRACT

The 4-quinolones act primarily on the A subunit of DNA gyrase coded by the gyrA
gene. The nalA mutation in gyrA was found to abolish mechanism B which is the first
evidence that mechanism B may reside within gyrase.

The coumarins novobiocin and coumermycin inhibit the B subunit of DNA gyrase.
The sensitivities of the Escherichia coli KL16 nalR mutants to both coumarins were
investigated. New novobiocin-resistant (nov*) and coumermycin-resistant (couR) mutants
of E.coli KL16 and Staphylococci warneri were isolated and their sensitivities to
ciprofloxacin, novobiocin and coumermycin determined. Both species showed incomplete
cross-resistance.

Other workers have found that the 4-quinolone antibacterials do not seem to
interact with the coumarin antibacterials when minimum inhibitory concentration tests
were used to judge interactions. However, when bactericidal interactions between the 4quinolones and novobiocin or coumermycin were studied in this thesis with E.coli KL16
and Staphylococci significant antagonism of the 4-quinolones by the coumarins was found
in all combinations tested. These results agreed with in vivo findings, which hence
disagreed with the in vitro results of other workers.

SOS DNA repair did not repair damage caused by nalidixic acid, while
recombination repair did repair damage caused by the drug. Ciprofloxacin- ofloxacin- and
norfloxacin-induced damage, however, showed some differences as regards these DNA
repair systems.

Nalidixic acid possesses only one mechanism of bactericidal activity, termed A,
ciprofloxacin and ofloxacin possess mechanisms A, B and C, while norfloxacin possesses
mechanisms A and C. Mechanism B, which does not require protein synthesis or RNA
synthesis nor bacteria capable of dividing, was found to operate when drug concentrations
reached the co-operative binding concentrations with supercoiled DNA.

The effect of the 4-quinolones and coumarin antibacterials on DNA supercoiling
was investigated by alkaline or in situ lysis. In-situ lysis was found to be more appropiate
than alkaline lysis for such investigations.

4-quinolones are known to exhibit post antibiotic effects (PAE’s). E.coli KL16,
Staph, aureus, Klebsiella pneumoniae and Streptococcus pyogenes were investigated for
PAE’s with ciprofloxacin, ofloxacin and a new cephalosporin, cefdinir. PAE’s were found
with all three drugs in Staph, aureus and Strep, pyogenes. However in E.coli PAE’s were
only found with ciprofloxacin or ofloxacin and were generally absent with Klebsiella
pneumoniae.
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INTRODUCTION
The development of new antibacterial agents is prompted by the ever-increasing
problems of antibiotic-resistant bacteria. Newer compounds with greater activity
against resistant bacteria have been designed from naturally available antibiotics, e.g.
the penicillins, cephalosporins and aminoglycosides, but these have been found to have
limited use because bacteria rapidly adapt to resist them. So the emergence of a new
unrelated group of synthetically-derived compounds is a major step forward in the
management of serious infections. Such a group is the 4-quinolones and to explain or
describe their effects, an understanding of the role of the bacterial systems affected and
their significance in the bacterial cell is required.

A. The bacterial chromosome.

In Escherichia coli the chromosome is a covalently closed circular molecule of
double stranded DNA about 4 x 106 base pairs (bp) in size. This genetic material is
enormous in size compared with the size of the bacterium. It is thought to code for
about 2000-3000 gene products of which 1403 have been identified so far (Bachmann,
1990). For this molecule of 1300 microns (p.) in length, 2nm in diameter to fit into the
bacterial cell, which is 2\x long by l|i wide, the DNA must be bundled into a smaller
structure termed a nucleoid of a diameter approximately If! (Ryter, 1968). This
bacterial nucleoid consists of 80% DNA, 10% RNA, and 10% protein. The protein
portion is made up mostly of RNA polymerase (Stonnington and Pettijohn, 1971). The
helical DNA has a definite structure in the nucleoid. Worcel (1974) found that the
DNA is wound around a central core of RNA.
Encircling this core are regions of organised twisting of the DNA helix, which
Worcel termed "domains of supercoiling". Each domain was found to be about 20\i
long and was condensed by supertwisting of the DNA which was quite independent of
the supercoiling of any other domain (Drlica, 1984). Thus as the E.coli chromosome is
1300(1 long, there would be about 65 domains per chromosome. Worcel calculated the
number of supertwists to be one every 400 bp. However this was calculated in the
presence of ethidium bromide and the accepted value today (Wang, 1974) is one
supercoil every 144 base pairs. If there are 65 domains of supercoiling per
chromosome, each domain would hence contain about 406 negative supertwists, using
the value of 3.8 x 106 bp for the E.coli chromosome.
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In E.coli, the nucleoid is not bound by a nuclear membrane but is attached to
the bacterial cell membrane (Drlica and Snyder, 1978). The organisation of the
chromosome into domains reduces its size, but the supercoiling is essential to reduce
further the size of the DNA/RNA complex so that it can fit into the bacterial cell.
Supercoiling was first identified by Vinograd et al (1965). In a study of closed circular
double-stranded DNA, supercoiling has found to be in the same or in the opposite
direction to the Watson-Crick winding of the double helix. If the DNA is twisted in
the same direction as the Watson-Crick helix this is termed positive supercoiling.
Wang (1984) found that DNA isolated from natural sources was negatively supercoiled
(though there was one exception). Gellert (1981) reported the occurrence of negative
supercoils once every 15 double helical twists. Negative supercoiling has been found to
be controlled by the enzyme called DNA gyrase (Gellert et al, 1976). DNA gyrase is
one of several enzymes belonging to the class of enzymes known as the DNA
topoisomerases.

B. DNA topoisomerases

DNA topoisomerases control DNA topology and enable the conversion of one
DNA topological isomer (topoisomer) to another. There are different types of these
enzymes: (a) those which can relax DNA and (b) those that can supercoil DNA. The
level of DNA supercoiling in bacteria is presumed to be a balance of the DNA
supercoiling and the DNA relaxing activities. Before describing the properties of these
enzymes it would be appropriate at this point to describe in more detail the concept of
supercoiling.

B.l Topology and energetics of supercoiling

Double-stranded DNA can be represented as two topologically linked single
stranded rings. Supercoiling of the strands is defined by the linking number (a) which
designates the number of times the two strands are intertwined. As DNA is a righthanded helix, its linking number is normally regarded as positive (Liu and Wang,
1979). DNA in solution has been measured to have a pitch of 10.4 base pairs per
helical turn (Wang, 1979). The linking number of a relaxed double-stranded DNA ring
of n base pairs is n/10.4 and is referred to as Oq (Liu and Wang, 1979). This is the
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most energetically favoured state of a closed circular double strand DNA molecule. To
measure the degree of supercoiling a value is calculated which is a measure of
titratable supercoils, or in other words the difference between the linking number of
the topoisomer and the linking number of a relaxed topisomer of the same molecule.

This can be described:

Aa = a - Oq

where Aa = No of titratable supercoils
a = Linking No of the supercoiled topoisomer
Oq = Linking No of the relaxed topoisomer

If there are more than 10.4 base pairs per helical twist then the DNA is
underwound and Aa is negative and then the DNA is negatively supercoiled. If greater
than 10.4 than the DNA is overwound and Aa is positive and the DNA is positively
supercoiled (Drlica, 1984). The value of Aa can be used to measure the local pitch of
the helix, also known as twist (Tw) and writhe (Wr), a measure of the contortion of
the helical axis in space.
Aa = Tw + Wr

Writhe is the concept that closely relates to the concept of supercoiling as a
spiraling of the axis of the double helix in space. However there is no method so far to
partition Aa into separate Tw and Wr values. Thus the linking number serves as a
convenient invariant to describe a covalendy-closed double strand DNA molecule
(Gellert, 1981).

Another accessible measure of degree of supercoiling independent of molecular
length is provided by the specific linking difference (S.L.D.) where:

S.L.D

=

Aa / Oq

23
Other methods available for measuring Aa are velocity sedimentation (Bauer
and Vinograd, 1968) or equilibrium density gradient sedimentation (Radloff et al,
1967). Both methods utilise ethidium bromide as an intercalating dye and
electrophoresis in agarose gel. These procedures provide high resolution between DNA
isomers differing even by one linking number, by distinguishing separate bands in gels.
Negatively or positively supercoiled DNA has an excess free energy compared
with relaxed DNA; it is this energy that is used to unwind or overwind the DNA helix,
(Gellert, 1981; Giaver et al, 1986; Maxwell and Gellert, 1986; Wang, 1985) but this
can only be changed as a result of breaking at least one of the DNA strands (Drlica,
1984).

B.2 Nomenclature of DNA topoisomerases

These can be classified into two main groups, Type I and Type II
topoisomerases dependent on their mechanism of action.

B.2.1 Type I topoisomerases
These operate by a mechanism involving a catalytic single-strand break of one
DNA strand followed by rejoining and a change in the linking number by one occurs
(Gellert, 1981). Such enzymes do not require ATP as an energy source. The first
known topoisomerase of this type was called Escherichia coli topoisomerase I or
omega (w) protein (Wang, 1971) and this enzyme was found to be able to relax only
negatively supercoiled DNA. Since then many other type I topoisomerases have been
found both in prokaryotic and eukaryotic systems (Gellert, 1981; Vosberg, 1985).

B.2.1.1 Prokaryotic Type 1 Topoisomerases

E.coli topoisomerase I, is the product of topA gene found at 28mins on the
E.coli chromosome (Stemglanz et al, 1981). Its molecular weight is 110,000 as
determined by denaturing gel electrophoresis and exists in solution as a monomer
(Wang, 1971). It shows preference to relax highly negatively supercoiled DNA and
relaxes it with high efficiency but shows no activity against positively supercoiled
DNA (Wang, 1971). The rate of relaxation decreases as the DNA becomes less
supercoiled. This led to the notion that the enzyme may require sections of single-
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stranded DNA for its activity as transient formation of single strand regions is
favoured by negatively supercoiled DNA and not by positively supercoiled DNA
(Wang, 1971).
Thus the mechanism of action of topoisomerase I is thought to involve firstly the
nicking of a single strand of the DNA, followed by a covalent enzyme/DNA bond
which then holds the broken ends of the DNA strand apart but in place. The opposite
DNA strand is then passed through the nick which is then sealed by a ligase function
of the enzyme (Wang, 1971; Depew et al, 1978).
Bacterial topoisomerase I can also catalyse the knotting and unknotting of
covalently closed single strand DNA (Liu et al, 1976) or the formation of intertwined
duplex rings from rings of complementary sequences (Kirkegaard and Wang, 1978).
Also the enzyme can separate or form catenanes of double stranded DNA, if one of the
rings has a single-strand break (Tse et al, 1980). Dean et al (1982) proposed that type
I topoisomerase could accomplish double-stranded breaks in DNA by cutting each
strand in turn. All these reactions do not require the presence of a cofactor but are
dependant upon a cation, mainly magnesium (Mg2*) ions.
There is a second type I topoisomerase in E.coli called topoisomerase III (Dean
et al, 1982; Scrivenugopal et al, 1984). Originally described as a relaxing enzyme
distinct from topoisomerase I it now has been repurified as an enzyme that decatenates
plasmid dimers which accumulate in reconstituted replication systems (Digate and
Marians, 1988). The gene that codes for topoisomerase ID is topB. Topisomerase III is
not believed to be very significant in the modulation of superhelical density (Digate
and Marians, 1988).

B.2.1.2. Eukaryotic Type I topoisomerases
These have isolated from yeasts (Thrash et al, 1985) and other eukaryotic
organisms such as rat liver (Champoux and McConaughy, 1976), human Kb cells
(Keller, 1975), mouse LAG cells (Vosberg et al, 1975) and calf thymus cells (Prell and
Vosberg, 1980). The eukaryotic enzymes are different from their prokaryotic
counterparts as they relax positively supercoiled DNA equally well as negatively
supercoiled DNA (Keller, 1975; Gellert, 1981; Vosberg et al, 1975). They also do not
require energy cofactors like ATP but unlike prokaryotic type I topoisomerase they do
not exhibit a requirement for Mg2* (Keller, 1975).
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4 quinolones have been found to inhibit bacterial type I topoisomerases (Tabary
et al, 1987). However, the drug concentrations required to inhibit the enzyme are very
much higher than those to inhibit bacterial growth and the biological significance of
these findings is unclear.

B.2.2 Type II topisomerases

Type II topoisomerases are distinct from type I topoisomerases in that they
catalyse the breaking of both strands of DNA simultaneously and also require ATP as
an energy source, with one exception (Gellert, 1981; Maxwell and Gellert, 1986;
Wang, 1987; Giaver et al, 1988). DNA gyrase, otherwise known as topoisomerase II is
a type II topoisomerase and is the only enzyme known that is able to promote negative
supercoiling. Another type II enzyme is known as DNA topoisomerase IT which has
only been found in E.coli. This enzyme is unique in that it can relax both negative and
positively supercoiled DNA, but lacks the supercoiling activity of DNA gyrase and it
does not require ATP as an energy source.

B.2.3 DNA gyrase

This topoisomerase II enzyme is believed to be the target site for the 4quinolones antibacterials (Gellert et al, 1977; Sugino et al, 1977; Snyder and Drlica,
1979; Hooper et al, 1986; Aoyama et al, 1988; Takahata and Nishino, 1988). These
discoveries are important in understanding the mechanisms of action of the 4quinolones.

B.2.3.1 Discovery of DNA gyrase

DNA gyrase has so far been located in Micrococcus luteus (Liu and Wang,
1978a), Pseudomonas aeroginosa (Inoue et al, 1987; Miller and Scurlock, 1983),
Bacillus subtilis (Orr and Staudenbauer, 1982) Citrobacter freundii (Aoyama et al,
1988), Staphylococcus aureus (Takahata and Nishino, 1988) and Streptomyces
sphaeroides (Thaira and Cundliffe, 1988) and E.coli (Sugino et al, 1977; Higgins et al,
1978; Mizuuchi et al, 1978; Staudenbauer and Orr, 1981).
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B.2.3.2 Structure of DNA gyrase

DNA gyrase extracted from E.coli is made up of two nonidentical subunits A and
B. It is found to exist as a tetrameric structure of A2B2. The A subunit monomer is a
97,000-Dalton protein encoded by the gyrA gene and subunit B is the 89,835-Dalton
protein product of the gyrB gene (Sugino et al, 1977; Higgins et al, 1978; Mizuuchi et
al, 1978; Staudenbauer and Orr, 1981). DNA gyrases from other bacterial species
without exception have been found to exist solely as a tetramers.

B.2.3.3. Extraction of DNA gyrase

Gyrase from E.coli can be extracted as the holoenzyme (Mizuuchi et al, 1978) but
for in vitro work so far performed the preferred method is to isolate the independent
subunits (Gellert, 1981; Higgins et al, 1978; Mizuuchi et al, 1984; Sugino et al, 1977).
Most of the purification methods are based on column chromatography (DEAESepharose, heparin-Sepharose, and hydroxyapatite) (Mizuuchi et al, 1984; Otter and
Cozzarelli, 1983). The extraction can be made easier by using strains of E.coli that
overproduce the subunits. Problems involved with this technique involve the
purification of GyrB protein because a GyrB* polypeptide is co-produced. Although the
reasons for the production of the latter are not known the polypeptide is encoded
within the C-terminal region of the gyrB gene (Adachi et al, 1987). In the extraction of
gyrase an A2B \ tetramer can complicate the isolation of DNA gyrase A2B2 because
A2B ’2 can relax but not supercoil DNA.
Another purification scheme that has been successful in the isolation of gyrase
is using a novobiocin-Sepharose affinity column that enriches for gyrase and other
proteins that bind to novobiocin (Staudenbauer and Orr, 1981).
So far all in vitro work has involved using sources of DNA gyrase extracted by
the above techniques, but a question arises if this in vitro work physiologically reflects
the supercoiling action of the enzyme in vivo. The reason for this view is that for
convenience virtually all workers use relaxed DNA as substrate and this is probably
not the physiological situation within most bacteria. It would seem that new methods
are needed to observe the effects of gyrase on DNA in situations that more closely
resemble the in vivo situation.
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B.2.3.4. Supercoiling of DNA by gyrase

In accordance with other topoisomerases, gyrase catalyses the breaking and
rejoining of DNA strands by storing the energy of the phophodiester bond by forming
a covalent enzyme-DNA intermediate complex. DNA gyrase first binds non-covalendy,
possibly to specific DNA sequences whilst maximal binding occurs in the prescence of
magnesium ions. Unlike other topoisomerases DNA gyrase has a 10-fold preference for
relaxed rather than for supercoiled DNA (Higgins and Cozzarelli, 1982). On binding, a
single turn of DNA is believed to be wrapped in a positive way about the enzyme with
the entry and exit points bearing an angle of 120 degrees to each other (Rau et al,
1987). In the centre of this 100-140 bp wrap, cleavage is thought to occur by each A
subunit by attachment to a tyrosine hydroxyl group of a newly formed 5’ terminus on
each strand at positions 4 bp apart (Fisher et al, 1981; Kirkegaard and Wang, 1981;
Liu and Wang, 1978b; Morrison and Cozzarelli, 1981; Rau et al, 1987). When ATP
binds a major conformational change takes place in the newly formed DNA-gyrase
complex, the outcome of which is believed to be that the the two DNA tails fold back
onto the complex (Rau et al, 1987). When ATP binds it triggers strand passage
through the transient opening in the DNA double helix without disturbing the enzymeformed bridge (Brown and Cozzarelli, 1979; Cozzarelli, 1980; Rau et al, 1987). The 4quinolone norfloxacin has been found to inhibit the ATP-induced conformational
changes at this stage (Rau et al, 1987). After the double-strand break is resealed, the
introduction of a negative supercoil decreases the linking number by a factor of two.
Following the hydrolysis of another molecule of ATP by the B subunit the DNAgyrase complex is then prepared to initiate another cycle (Rau et al, 1987). The whole
process is usually processive with many cycles of catalysis happening before the
enzyme dissociates itself from the DNA.
The supercoiling reaction is inhibited by novobiocin and coumermycin which
competitively inhibit ATP binding (Sugino et al, 1978). These two drugs act on the B
subunit and thus we assume the B subunit to be involved in the ATP hydrolysis step.
Oxolinic acid is believed to interfere with the breakage-rejoining step of the overall
supercoiling action and also affect the A subunit (Tse et al, 1980). Nalidixic acid also
has a weak A subunit inhibitory action but this is usually inadequate for in vitro work.
The 4-quinolones ciprofloxacin and ofloxacin have been found to act mainly on the A
subunits with some activity on the B subunits (Drlica and Franco, 1988).
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In absence of ATP, DNA gyrase will relax negatively supercoiled DNA (Gellert
et al, 1976; Sugino et al, 1977). This relaxing activity is much less efficient than the
supercoiling activity, with about 20-40 times the amount of enzyme required to give a
comparable rate (Higgins et al, 1978; Gellert et al, 1979). Relaxation of negatively
supercoiled DNA by DNA gyrase is inhibited by oxolinic acid but not by novobiocin
or coumermycin (Gellert et al, 1977; Sugino et al, 1977). The amount of oxolinic acid
required is comparable to that required to inhibit supercoiling, and thus as this drug is
believed to interfere in the breakage and rejoining step of the supercoiling reaction, we
can assume that the A protein of DNA gyrase is responsible for this action.
DNA gyrase has also been found responsible in the formation and resolution of
knotted and catenated covalently closed duplex DNA molecules. These processes can
only take place by a combination of both breakage and rejoining of both DNA strands
in synchronisation. DNA gyrase can also remove knots from nicked DNA and
covalently closed DNA, form catenanes and separate catenated rings (Mizuuchi et al,
1980; Kreuzer and Cozzarelli, 1980). These reactions require ATP for activity and are
inhibited by novobiocin or by oxolinic acid (Kreuzer and Cozzarelli, 1980).

B.2.4. Other Type II topoisomerases

B.2.4.1 Prokaryotic topoisomerase II’

Another protein has been isolated from E.coli with a molecular weight of about
50,000 and is very similar to a fragment of the gyrase B protein (Gellert et al, 1979).
A complex of this gyrase B’ subunit together with gyrase A protein has been called
topoisomerase II’. The enzyme can relax negatively supercoiled DNA but unlike DNA
gyrase can also relax positively supercoiled DNA without the involvement of ATP
(Brown et al, 1979). Gellert et al, (1979) found this enzyme to alter the linking
number by a factor of two and thus it can be classified as a type II topoisomerase.
Oxolinic acid inhibits topoisomerase II’ whereas novobiocin does not (Brown et al,
1979; Gellert et al, 1979). ATP does not alter the pattern of cleavage and the complex
does not possess an ATP-dependant supercoiling activity or a DNA-dependant ATPase
activity. It is almost as if the topoisomerase II’ has lost a portion of the B protein
required for energy coupling (Gellert, 1981).
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B 2.4.2 Topoisomerase IV

Recently a new type II topoisomerase has been found in E.coli (Kato et al.
1990). This enzyme consists of subunits coded by the parC and parE genes essential
for chromosomal segregation in E.coli. The parC and parE gene products are partially
homologous to the A and B subunits of DNA gyrase, respectively. A topA mutation
defective in topoisomerase I can be compensated by increasing the parC and parE
expression. Very little is known of this enzyme and studies of drugs inhibiting the
activity of this enzyme have yet to be reported (Kato et al, 1990).

B.2.4.3. T4 DNA topoisomerase

In E.coli infected with phage T4, an enzyme has been purified that can relax
positively and negatively supercoiled DNA. One enzyme molecule can relax many
DNA molecules. This enzyme requires ATP to relax DNA and has a DNA-dependant
ATPase activity. Novobiocin does not inhibit it nor does oxolinic acid (Liu et al,
1979). Mutations in genes coding for the subunits of this enzyme, delay the initiation
of viral replication, with no effect on the rate of fork movement (McCarthy et al,
1976). As wild-type phage is resistant to novobiocin and to coumermycin, it is
assumed that the gyrase of the host is able to replace the missing function (McCarthy
et al, 1976).

B.2.4.4 Reverse gyrase

In 1984, an enzyme with a molecular weight of 500,000 was found with gyrase
activity that can introduce positive supercoils into DNA and is named reverse gyrase
(Kikuchi and Asai, 1984). It was found in Sulfolobus, which is an acidothermophilic
archebacterium. The enzyme is active at temperatures of 55°C and higher and requires
Mg2+ and ATP for its activity. The superhelical activity of this enzyme takes place in
steps of two implying a type II topoisomerase. Reverse gyrase is able to relax negative
supercoils and is capable of unknotting and catenation reactions as well.
Positively supercoiled DNA is not observed in other prokaryotic organisms or in
eukaryotes so why it is found in Sulfolobus ? It could be that positive supercoiling acts
to protect DNA from denaturation at high temperatures (Kikuchi and Asai, 1984).
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B.2.4.5. Eukaryotic type II topoisomerases

These have been located in Drosophilia (Hsieh and Brutlag, 1980), Xenopus laevis
(Baldi et al, 1980), rat liver mitochondria (Duguet et al, 1983) HeLa cells (Miller et
al, 1981) and calf thymus (Schomberg and Grosse, 1986). Eukaryotic type II
topoisomerases interact preferentially with negative supercoiled DNA over relaxed
DNA (Osheroff and Brutlag, 1983).
The enzyme in Drosophilia binds DNA in a non-covalent but sequence-specific
way with no DNA wrap. As there is no direction for the order of strand passage to
effect supercoiling, strand passage of supercoiled DNA is thermodynamically favoured
towards relaxation (Gellert, 1981). The topoisomerase II of Drosophilia operates to
introduce two co-ordinated, staggered single-strand breaks rather than concerted
double-strand breaks (Osheroff, 1989; Zechiedich et al, 1989). A large number of
anti tumour drugs interact with DNA in vitro (Waring, 1981) and exert effects on
eukaryotic type II topoisomerases. The mechanism of action of these drugs is possibly
to stabilise the cleavable complex between topoisomerase II and DNA (Nelson et al,
1984; Tewey et al, 1984). Topoisomerase II is a prime target in mammalian systems
for these drugs. Novobiocin and coumermycin prevent induction of DNA breaks
together with m-AMSA (4’-[9-acridinylamino]methansulfon-m-anisidide) (Nelson et al,
1984; Tewey et al, 1984; Vosberg, 1985). VP16-213 has also been found to be a
potent topoisomerase II inhibitor and a potentially effective anticancer drug (Minocha
and Long, 1984). Liu et al (1983), speculated that the main function of mammalian
type II topoisomerases was in the termination of replication.

B.3 Comparison of eukaryotic topoisomerase II with E.coli DNA gyrase.

Both these enzymes require ATP, and are multimeric structures with similar
features in cleavage mechanisms, form staggered breaks, form covalent links at the 5’
ends and possess specificity of cleavage. However while DNA gyrase is a tetramer, the
eukaryotic counterparts are dimers (Miller et al, 1981; Vosberg, 1985). Oxolinic acid
acting on DNA gyrase and m-AMSA acting on eukaryotic topoisomerase II can cause
DNA breaks. However eukaryotic topoisomerase II does not promote negative
supercoiling but does relax both positively and negatively supercoiled DNA (Vosberg,
1985). There is also a difference in the effect of single stranded DNA (ssDNA) on the
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action of these enzymes. SsDNA is a potent inhibitor of the relaxing activity of
eukaryotic topoisomerase II whereas it has no effect on the supercoiling reaction of
DNA gyrase (Vosberg, 1985).
The ATP binding sites of both types of enzymes are competitively inhibited by
novobiocin and coumermycin, but more efficiently when acting on DNA gyrase
(Vosberg, 1985). It is not certain whether negative supercoiling in eukaryotics occurs
as a consequence of co-operative activity of known or unknown proteins (e.g. of
histones and topoisomerase I and / or topoisomerase II) or whether from yet unknown
gyrase-like enzymes (Mattem and Painter, 1979; Edenburg, 1980; Glikin et al, 1984;
Ryoji and Worcel, 1984).

B.4. Topoisomerases in mitochondria and chloroplasts and viruses.

Topoisomerases have been located in mitochondria (Robberson et al, 1972) and
in chloroplasts (Siedlicki et al, 1983). These enzymes may be associated with viruses
as well, either being coded for by viral genomes or are of host origin and found
associated with viral components like T4 bacteriophage in E.coli. (Stetler et al, 1979,
Liu et al, 1979 & 1980; Rreuser and Alberts, 1984). If 4-quinolones can inhibit
topisomerases in viruses this leads to a whole new area of potential antiviral therapy.
This has already been found by Ikeda et al,(1987) with ofloxacin effective against
vaccinia virus but weaker against herpes-simplex and influenza viruses.

C. Physiological Role of Topoisomerases

C.l. Topoisomerases and the level of supercoiling in vivo.

As previously mentioned, chromosomal as well as extrachromosomal DNA in
E.coli is maintained in a negatively supercoiled state. For replication, recombination
and transcription some degree of supercoiling is required (Cozzarelli, 1980; Gellert,
1981). Although topoisomerase I is vital for viability it is very important together with
DNA gyrase genes in controlling the topology of the DNA in vivo. Inside the cell is
the capacity to supercoil and relax DNA is balanced by the actions of DNA gyrase and
DNA topoisomerase I, respectively. The transcription of the topA gene requires
supercoiled DNA while transciption of the DNA gyrase genes is enhanced when the
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DNA is in a more relaxed state (Menzel and Gellert, 1983; Menzel and Gellert, 1987;
Tse-Ding, 1985). Mutants that are partly defective in topoisomerase I have a higher
level of supercoiling (Stemglanz et al, 1981) whereas cells with the topA gene deleted
(and hence no topoisomerase I activity) were found to have compensatory mutations in
the gyrA and gyrB genes. This compensation then, would lead to a partly defective
gyrA protein or gyrB protein and an overall decrease in negative DNA supercoiling
(DiNardo et al, 1982; Pruss et al, 1982; Menzel and Gellert, 1983). It would seem that
when there is a topA deletion there is a pressure on the cell to find a level of
supercoiling that it can tolerate and this creates a selective pressure for gyr mutations.
This is believed to be a homeostatic regulation for a "normal" superhelical density
(Menzel and Gellert, 1983).
As gyrase synthesis seems to be controlled by the level of supercoiling then
perhaps it is not surprising to find that an increase in the transcription of gyrA and
gyrB genes takes place when bacteria are treated with drugs affecting DNA gyrase. At
the same time a decrease of transciption of the topA gene leads to a decrease in
production of topoisomerase I. Homeostatic regulation is also seen by an increase in
the degree of supercoiling due to drug treatment. For example, in an E.coli strain
where the DNA is less negatively supercoiled than in the wild-type (Tse-Ding and
Beran, 1988), treatment with oxolinic acid increased the level of negative supercoiling
due to a mutation in the gyrA gene that conferred partial resistance to the drug as well
as mutations in gyrB and topA genes (Manes et al, 1983, Pruss et al, 1986). From this
study it was shown that topA promotors responded to the effect of the drug and also
responded in the way required for the homeostatic control if DNA became more
negatively supercoiled than in normal E.coli cells (Tse-Ding and Beran, 1988). Thus,
this homeostatic balance controls the level of supercoiling in the cell (Menzel and
Gellert, 1983; Tse-Ding, 1985).

C.2. Topoisomerases and DNA replication

DNA gyrase is required for DNA replication. This has been found from the fact
that antibacterials inhibiting gyrase in vivo and in vitro inhibit DNA replication. Also
temperature-sensitive mutations of gyrA and gyrB genes in E.coli block DNA
replication (Orr et al, 1979; Kreuzer and Cozzarelli, 1979). DNA gyrase is also
required to terminate DNA replication by its actions affording segregation of the
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daughter chromosomes (Steck and Drlica, 1984).
Novobiocin and coumermycin which inhibit GyrB subunits affect initiation and
elongation of replicative synthesis in vivo (Smith and Davies, 1967; Drlica and Snyder,
1978; Ryan, 1976). A temperature-sensitive (ts) gyrB mutant has been found that is
only impaired with respect to initiation of replication but not to chain elongation (Orr
et al, 1979; Orr and Staudenbauer, 1981), in contrast to the action of coumermycin
which inhibits both initiation and elongation (Ryan, 1976; Drlica and Snyder, 1978;
Engle et al, 1982). Another ts gyrB mutant has been discovered which is deficient in
chain elongation as well as in initiation (Filutowicz and Jonczyk, 1983). A mutant in
gyrA has been found to have a rapid arrest of elongation (Kreuzer and Cozzarelli,
1979). This suggests that the gyrase A subunit is involved in this aspect of replication.
Thus the DNA gyrase tetramer is required for both the initiation and for the elongation
of DNA replication and that its function in elongation is in close proximity to the
replication forks (Drlica et al, 1980). In chromosomal replication, DNA gyrase has a
preferred binding site at oriC, the origin of replication in E.coli (Lother et al. 1984).
The binding to this site is inhibited by oxolinic acid.
A high coumermycin sensitivity of the initiation step was found with a ts dnaA
mutant of E.coli (Filutowicz, 1980). The product of the dnaA allele which maps next
to the gyrB gene, is involved in initiation of replication. Also DNA gyrase-promoted
supercoiling of the region where replication originates is required for binding of the
dnaA protein (Kagumi and Komberg, 1984a; 1984b).
Plasmid replication is more sensitive to DNA gyrase inhibition than replication
of the host chromosome, but it might also be due to selective degradation of the
plasmid (Danilevskaya and Gragerov, 1980). Novobiocin and coumermycin are able to
cure plasmids from E.coli (Taylor and Levine, 1979; Danilevskaya and Gragerov,
1980; Wolfson et al, 1982).
The inhibition of replication in E.coli DNA by nalidixic acid and oxolinic acid
in vivo (Cook et al, 1966; Crumplin and Smith, 1976) and in permeabilised cells
(Pedrini et al, 1972) is not just due to interference with supercoiling but also due to
DNA gyrase actions leading to formation of complexes resulting in loss of
chromosomal integrity. Ryan (1976) found that after prolonged nalidixic acid exposure
intracellular DNA fragmentation occurs and it is not known if DNA gyrase is direcdy
involved in this breakdown. Oxolinic acid is also able to induce DNA gyrase
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aggregates and when these are treated in vitro with SDS, DNA fragmentation occurs.
Other gyrB mutations have found to affect cell division and even completely
stop it altogether (Mirkin and Schmerling, 1982). In addition, there also exists indirect
evidence for topoisomerase I having a function in DNA replication. A ts dnaA
mutation can be suppressed in a topA deletion mutant implying that a defiency in dnaA
protein is compensated for by a change in the superhelicity of the chromosome
(Lowam et al, 1984).
Further studies showed topoisomerase I expressed specificity in the oriC locus
(Kaguni and Komberg, 1984a; 1984b). This was explained by destabilisation of
replicative primers in regions other than oriC. Therefore the topoisomerase prevents
random initiation by relaxing unspecific primer template-complexes, causing
dissociation of those RNA primers that are not tightly bound to DNA by the oriCspecific dnaA protein. More recently it has been proposed that one or more
topoisomerases may act as the swivel in replication (Wang, 1987).
Despite E.coli topoisomerase I being unable to relax positively supercoiled
DNA (Wang, 1971), if a short single strand of DNA is present in positively
supercoiled DNA, the enzyme is fully active in relaxing it (Kirkegaard and Wang,
1985) and such a single-stranded region is found near the replication fork (Yang et al,
1987).

C.3 Supercoiling effects of topoisomerases on transcription and gene
expression

DNA supercoiling is not only vital for the packing of DNA into the cell and
for DNA replication, but also for the expression of genes (Dorman et al, 1988). In
1971, Hayashi and Hayashi first noticed that the initial rate of RNA synthesis was
about three times higher from a supercoiled bacteriophage template than from a
relaxed one. Thus DNA molecules having different superhelical densities displayed
proportional activity between the level of DNA supercoiling and transcriptional activity
(Botchan et al, 1973; Richardson et al, 1984; Wang, 1974).
However, Wu et al, (1988) proposed that the transcription of DNA inside
bacteria may display local and temporal supercoiling of the DNA template as
transcription proceeds. The DNA in front of the transcription ensemble could become
positively supercoiled whilst the DNA behind the transcription complex could become
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negatively supercoiled.
It is known that bacterial DNA gyrase and topoisomerase I act differently on
positively and negatively supercoiled DNA (Menzel and Gellert, 1983) and that there
is a homeostatic regulation of the level of supercoiling. The proper level of
supercoiling of bacterial DNA in E.coli is controlled by the diametrically opposed
actions of the two enzymes. However, there are some exceptions to this. In topA
mutants of E.coli and Salmonella typhimuriwn the supercoiling of plasmid DNA
pBR322 has been found to be dependant on the rate of transcription of the tetA gene
(Pruss, 1985; Pruss and Drlica, 1986). Also highly supercoiled pBR322 DNA has been
found in E.coli treated with DNA gyrase inhibitors (Lockshon and Morris, 1983). To
explain this Wu et al (1988) proposed that the transcription process can simultaneously
generate two oppositely supercoiled domains which are acted upon differently by the
two topoisomerases (Liu and Wang, 1987).
Wu et al (1988) described a model picturing a single RNA polymerase
molecule transcribing along a circular plasmid DNA molecule. As transcription takes
place movement of the RNA polymerase / RNA complex (R) could lead to positive
supercoiling of DNA ahead of the complex R and negative supercoiling behind it.
However should R be able to spin round the DNA then changes in supercoiling will
not ensue.
However, the opposite view has been proposed by Frank-Kamenetskii (1989)
who suggested that supercoiling may depend on transcription to a far greater extent
than transcription depends on supercoiling (Frank-Kamenetskii, 1989).
The findings of Giaver and Wang (1988) stress the importance of unusual
structures in DNA (open regions / cruciform / Z and H forms) which form in vitro
under negative supercoiling. These structures could form transiently in the negative
domain of the wave of supercoiling behind a moving RNA polymerase and could be
trapped by specific proteins. This could even explain the transcriptional activation of
replication and recombination (Frank-Kamenetskii, 1989). Horwitz and Loeb (1988)
showed that the tet promotor (which is capable of adopting a cruciform base pairing)
increasingly repressed the transcription of RNA polymerase in vitro as the cruciform
form was extruded by increasing negative supercoiling. Experiments with plasmids
showed the repression of transcription occurred at certain superhelical densities that
were predicted to lead to cruciform formation. In vivo however, transcription was
induced as supercoiling was relaxed by growth in conditions that inhibit DNA gyrase.

36
Thus the plasmid system may not be a true representative of the in vivo situation. Still,
from these experiments the cruciform may be another way to regulate transcription
initiation, by obstructing recognition of the promotor by RNA polymerase or disrupt a
later step in the pathway. The transition between abortive cycling and the formation of
an elongating complex has been put forward as a point of control for the E.coli DNA
gyrase promoters, which are stimulated by supercoil relaxation (Menzel and Gellert,
1987).
However, much work studying the effect of gene expression involving
treatment of bacteria with DNA gyrase inhibitors, supports the proportional effect of
supercoiling and degree of expression. In vitro work has also shown that superhelical
tension does not affect all genes in the same way. With lambda DNA increasing
supercoiling increases the overall amount of RNA synthesis but lowers the relative rate
of early gene transcription (Botchan et al, 1973). This is achieved by increasing
transcription from promotors not used on linear DNA (Botchan, 1976). In another
study with relaxed plasmid DNA as the template, novobiocin was found to block the
supercoiling activity and reduce the synthesis rate of some proteins but not all (Yang
et al, 1979). With lambda as the template, expression from the lacZ and rrnB
promotors but not from the trp promotor was reduced by novobiocin. Smith et al,
(1978) found that trp transcription was inhibited by the DNA gyrase inhibitors
nalidixic acid, novobiocin or coumermycin, if it was under control by the phage PI
promotor but not whilst under the control of its own promotor. Linear DNA as the
template is known to show selective inhibition of gene expression by novobiocin
(Yang et al, 1979). It is possible that DNA gyrase can introduce local superhelical
tension, which may be important in the transcription of linear bacteriophage DNA (De
Wyngaert and Hinkle, 1979; Falco et al, 1978). Nalidixic acid (Fairweather et al,
1980; Goss et al, 1965; Ryan, 1976) was found to be selective in its inhibitory action
exhibiting reduced expression of some genes, increased expression of others and
unchanged expression of still others (Drlica, 1984). Cells with temperature-sensitive
mutations affecting gyrase activity exhibited reduced rates of RNA synthesis.
(Filutowicz and Jonczyk, 1983; Kreuzer and Cozzerelli, 1979; Mirkin and Schmerling,
1982; Oostra et al, 1981; Orr et al, 1979). The results however were not wholly as
predicted but some did fit the proposed theory. When E.coli were treated with
novobiocin, selective reduced expression of the gal gene was found (Sanzey, 1979).
GyrA and gyrB expression were stimulated by novobiocin and coumermycin (Menzel
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and Gellert, 1983) whilst thrA was unaffected by either drug (Sanzey, 1979).
Treatment of temperature-sensitive DNA gyrase mutants with coumermycin caused a
loss in the number of titratable supercoils from bacterial nucleoids (Drlica and Snyder,
1978; Steck and Drlica, 1984; von Wright and Bridges, 1981) and plasmids (Kano et
al, 1981; Lockshon and Morris, 1983; Mirkin and Schmerling, 1982; Pettijohn and
Pfenninger, 1980) thus reducing DNA superhelical tension. There is rough correlation
between the change in total RNA synthesis and change in titratable supercoils with
bacteria treated with coumermycin (Manes et al, 1983).
Another approach to study gene expression is considering topoisomerase
mutations that alter supercoiling. In Salmonella typhimurium the supX mutation
supresses the leu-500 promotor mutation (Mukai and Margolin, 1963). The suppression
effect came from the deletion of topA loss i.e. a loss in topoisomerase I activity
(Stemglanz et al, 1981; Trucksis and Depew, 1981). In E.coli, topA mutations induce
B-galactosidase production (Stemglanz et al, 1981) and also cause higher levels of
supercoiling (Pruss et al, 1982). In compensatory mutations in DNA gyrase due to
topA deletions (Pruss et al, 1982; DiNardo et al, 1982) altered supercoiling affects
gene expression. Oxolinic acid was found to increase supercoiling (which is blocked
by chloramphenicol), in a partially resistant mutant to oxolinic acid (Franco and Drlica,
1989). In this same study, coumermycin was found to increase the supercoiling of
DNA at low concentrations. This was found to be due to an increase in the expression
of gyrA. In topA mutants oxolinic acid still increased supercoiling. The levels of
supercoiling and topoisomer heterogenicity were much higher when the plasmid
studied contained several promoters fused to galK showing that the levels of DNA
gyrase in transcription-mediated changes in supercoiling is important in the absence of
topoisomerase I (Franco and Drlica, 1989). Compensatory RNA polymerase subunit B
mutations have been found to suppress the impairment of transcription due to
unfavourable supercoiling levels (Filutowicz and Jonczyk, 1983).
Enviromental factors can also influence the topology of intracellular DNA.
Studies in E.coli and S.typhimuriwn support the role of DNA supercoiling in gene
expression, especially under anaerobic conditions. The tonB gene of E.coli and
S.typhimuriwn is highly sensitive to changes in DNA supercoiling. TonB is required
for energy-dependent outer membrane processes such as iron transport and vitamin B12
uptake (Neilands, 1982; Postle and Good, 1985). Expression of tonB is regulated by
iron availability mediated by the Fur protein which acts as a repressor in the prescence
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of iron (Bagg and Neilands, 1987). The expression of tonB is induced aerobically in an
excess of iron. This occurs independently of iron availability and Fur protein. This
induction is physiologically important as when iron is oxidised it loses solubilty and
becomes less available for uptake (Hantke, 1981). Under anaerobic conditions tonB is
repressed in the presence of iron when the iron is in a more favourable state for
uptake. It is not clearly understood how gene expression is regulated in response to
anaerobiosis. On switching to anaerobic growth at least 50 new proteins are made
while the synthesis of other proteins are produced at reduced rates or remain
unchanged (Smith and Neidhardt, 1983a; 1983b). In all cases so far studied regulation
of the synthesis of these proteins is at the transcription level (Jamieson and Higgins,
1984; 1986; Kuritzkes et al, 1984; Strauch et al, 1985; Yerkes et al, 1984). The
regulatory pathway operates together with many interacting networks. The expression
of several anaerobically-induced genes requires the Fnr protein [also known as NirA or
OxrA (Lambden and Guest, 1976; Newman and Cole, 1978; Strauch et al, 1985)]
which is a regulatory protein similar to the cyclic AMP repressor protein (Shaw et al,
1983; Spiro and Guest, 1987).
Yamamoto and Droffner (1985) proposed that DNA supercoiling may play a
role in the anaerobic response. Studies following this idea have shown that tonB is
very sensitive to changes in supercoiling (Dorman et al, 1988) and it is change in
supercoiling that represses tonB and not iron alone. Certain anaerobic promotors
including the tonB promotor are supercoiling-sensitive though some other promotors
are topologically insensitive. DNA supercoiling in vivo also changes in response to
anaerobic conditions. In fact environmental-induced changes in DNA supercoiling are
responsible for the oxygen and growth phase regulation of tonB. Yamamoto and
Droffner (1985) found that under anaerobic growth there was an increase in
supercoiling which may be the switch between aerobic and anaerobic growth being a
means of regulating anaerobic gene expression. (Dorman et al, 1988). For example
some DNA gyrase mutants are unable to grow anaerobically and some topoisomerase I
mutants are unable to grow aerobically (Yamamoto and Droffner, 1985). It is likely
though, that anaerobically-induced changes in topology do play a role in the regulation
of some genes but are unlikely to be solely responsible for the switch.
The expression of many genes is also affected by changes in osmolality or pH
of the growth medium (Higgins et al, 1987; Guitterez et al, 1987; Aliabadi et al,
1986). DNA supercoiling is known to affect the transcription of many promotors
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especially if the enzymes involved are inhibited (Sanzey, 1979; Drlica, 1984). Changes
in the osmolality or anaerobicity and growth phase influences the supercoiling (Higgins
et al, 1988; Dorman et al, 1988). This results in the expression of genes in response to
the environmental stimuli.
The OmpC and OmpF porins are major outer membrane proteins of E.coli and
Salmonella typhimurium. The level of these proteins depends on growth conditions,
most important being osmolality (Hall and Silhavy, 1981). At low osmolarity
transcription of ompF is increased while ompC is repressed. At high osmolality ompF
is repressed and ompC expression is increased. Anaerobiosis was found to be important
in regulating ompC only, which was expressed under anaerobic conditions whether or
not high or low osmolality conditions were present (Ni Bhriain et al, 1989).
The proU gene codes for a glycine-betaine transport system in the adaption of
bacteria to osmotic stress (Csonka, 1982). The regulation of gene expression is by
osmolality changes which is mediated by changes in supercoiling (Higgins et al, 1988).
This gene is also induced by anaerobic conditions but also must have high osmolality
to be expressed (Ni Bhriain et al, 1989).
Both ompC and proU are osmotically-regulated genes which are induced by
anaerobiosis as well. Genes involved in the anaerobic response can be affected by
osmotic stress. The tppB locus is such a gene, which codes for the tripeptide permease
in S.typhimuriwn. Under anaerobic conditions osmolality affects the regulation of tppB
by changes in supercoiling while not being affected by osmotic stress in aerobic
conditions (Ni Bhriain et al, 1989).
Normal expression of tppB and ompC requires the positive regulatory protein
OmpR, but this can be overcome by conditions such as anaerobic and osmotic stress.
(Ni Bhriain et al, 1989). The anaerobic regulatory locus oxrC affects the expression of
tppB and proU. The oxrC mutation has been shown to affect the level of negative
supercoiling and thus the effect on gene expression is a "knock-on" effect of altered
DNA topology (Ni Bhriain et al, 1989). Thus these genes seem to be stress-related
genes regulated by a common mechanism including changes in the DNA supercoiling.
Any factor changing degree of supercoiling of DNA will hence effect the
expression of genes, replication and transcription processes all of which are vital for
bacterial survival. Thus drugs like the 4-quinolones and coumarin antibacterials which
inhibit DNA gyrase will drastically unbalance these functions. This maybe a reason
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why these drugs are so lethal.

D. Inhibitors of DNA topoisomerases
Drugs which can interact and inhibit the activity of topoisomerases are
potentially toxic to the cells concerned. The coumarin antibacterials and the 4quinolones are two such groups which inhibit bacterial DNA gyrase. The 4-quinolones
are more effective but less is known about their mechanisms of action than that of the
coumarins.

D. 1 The coumarin antibacterials
Novobiocin and coumermycin are two coumarin antibacterials that inhibit the
enzyme bacterial DNA gyrase. They are both coumarin- and carbohydrate-containing
antibiotics. Novobiocin (Figure 1) is produced by Streptomyces niveus and
Streptomyces spheroides (Staudenbauer 1975). Coumermycin (Figure 1) is produced by
Streptomyces rishiriensis (Fedorko et al, 1969). These drugs inhibit the B subunit of
bacterial DNA gyrase (Gellert et al, 1976). They also inhibit DNA replication but not
DNA repair (Staudenbauer, 1975; Reusser, 1977). They seem to require de novo
protein synthesis for their bactericidal activity but RNA synthesis is not required for
their bactericidal activity (Ratcliffe and Smith, 1985b). The active part of novobiocin
to inhibit DNA replication and DNA gyrase is believed to be the novenamine fragment
(A, B and C in Figure 1), which was proposed to be the minimal requirement for
interaction with DNA gyrase (Reusser and Dolak, 1986). However further studies
showed that the coumarin moeity may not be the only factor required to interact with
DNA gyrase (Althaus et al, 1988). The unsubstituted novobiocic acid (A and E in Fig.
1) did not inhibit DNA gyrase but chlorination of this produced some inhibitory effect
on DNA gyrase (Althaus et al, 1986).
Coumermycin has been shown to inhibit the synthesis of nucleic acids in
Staph.aureus (Michaeli et al, 1971). Novobiocin is a weak inhibitor of E.coli probably
due to insufficient penetration of the drug through the E.coli cell envelope (Reusser
and Dolak, 1986) and is much more active against Staph.aureus. Coumermycin is more
potent against Staph.aureus than novobiocin by about 50-fold (Ryan, 1976). The
mechanism of action of novobiocin and coumermycin has been found to be inhibition
of the binding of ATP to DNA gyrase (Sugino et al, 1978) thus decreasing
supercoiling. However, coumermycin has been found to increase supercoiling at low
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drug concentrations due to an increase in gyrA expression (Franco and Drlica, 1989).
Novobiocin has been found to eliminate plasmids from bacteria and this has been
thought to be due to the selection of plasmid-free cells (Novick, 1969).
The importance of these drugs is perhaps their use as tools to investigate the
mechanisms of action of the 4-quinolones. In some experimental work in this thesis,
the coumarin antibacterials have been used in this way and further properties and
activities will be discussed in the relevant chapters.

D.2. The 4-quinolones

The 4-quinolones are quite an unusual group of compounds used in
antimicrobial chemotherapy because they have not been isolated from moulds or fungi.
Instead they were synthesised by chemists as a by product of other chemical syntheses.
Nalidixic acid (Figure 2) otherwise known as (1-ethyl-1,4-dihydro-7-methyloxo-l,8-naphthyridine-3-carboxylic acid) was synthesised after the discovery that the
corresponding 7-chloroquinoline (7-chloro-1,4-dihydro- l-ethyl-4-oxo-quinoline-3carboxylic acid) from the original purification of chloroquine possessed antimicrobial
activity (Lesher et al, 1962). Nalidixic acid is more active against Gram-negative than
against Gram-positive bacteria and is still useful today in the treatment of urinary tract
infections. It is also well tolerated by humans and in poor renal function, therapeutic
levels can still be found (Stamey et al, 1969; Lowentritt and Schlegel, 1969). It has
use also for enteric infections, especially dysentery caused by Shigella sonnei
(Moorhead and Parry, 1965). Nalidixic acid-resistant mutants are quite easy to isolate
in vitro (Smith, 1986) but the incidence of clinically-isolated resistant mutants is fairly
low despite high use (McAllister et al, 1971, Ball and Wallace, 1974). However, the
use of nalidixic acid is limited clinically because of its narrow spectrum. Newer 4quinolones have been synthesised which are very much more active than nalidixic acid.
These newer compounds include ciprofloxacin, ofloxacin and norfloxacin (Figure 2).
Ciprofloxacin contains a C7 piperazinyl group, a C6 fluorine and a cyclopropyl group
at Cl (Chu and Fernandes, 1989). Ofloxacin has a O-ring substitution at position 8 and
substitution of methyl at C4 of the piperazinyl group which is believed to enhance its
Gram positive activity (Chu and Fernandes, 1989). Norfloxacin has a C6 fluorine and a
C7 piperazinyl group (Chu and Fernandes, 1989).

The 4-Quinolones
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D.2.1 Selectivity of the 4-quinolones

The most important factor in the property of any antibacterial agent is that the
drug will affect only bacteria and not man. With the 4-quinolones this may at first be
quite a daunting prospect knowing that these drugs affect DNA supercoiling. It is
known that both human cells and bacteria contain double-stranded DNA. However the
way these cells organise DNA is completely different. As mentioned earlier, in bacteria
the chromosomal DNA is not bound by a nuclear envelope and is condensed by
bacterial DNA gyrase. On the other hand, human DNA is composed of a complex of
chromatin with small basic proteins (histones) which are firmly associated with an
equal weight of DNA. Human DNA is very well condensed as the total length of the
DNA in 46 chromosomes is about 1-2 m and this is fitted in to a cell of about 10|im
in diameter (White et al, 1978). The condensation of human DNA is in stages, four in
total, involving condensation of the histones to produce dimers and tetramers and
finally an octet around which DNA is wrapped to form a nucleosome (White et al,
1978). Human cells possess a topoisomerase

n, like bacterial DNA gyrase, which can

cut and seal double-stranded DNA by introducing two nicks staggered apart by four
base pairs (Liu et al, 1983). However the mammalian enzyme is composed of only two
subunits of 172,000 Daltons (Liu et al, 1983). The role of the mammalian enzyme is
unclear but may be involved in local negative supercoils in regions of chromatin at
local gene expression (North, 1985; Weintraub, 1985). Mammalian topoisomerase II is
not sensitive to inhibition by the 4-quinolones (Miller et al, 1981; Hussy et al, 1986).
This results in the selectivity of the 4-quinolones to inhibit bacteria and not man. New
antitumour drugs do inhibit mammalian topoisomerase II and this may be the reason
for specific cytotoxicity to the DNA sequence rearrangements and sister chromatid
exchanges caused by such antitumour agents (Nelson et al, 1984).

D.2.2 Clinical Use of the 4-quinolones

The 4-quinolones are well distributed in body fluids and tissues on
administration (Bergan et al, 1987). Ciprofloxacin and norfloxacin concentrations
levels in the lung, gall bladder, macrophages, polymorphonuclear leucocytes, skeletal
muscle, prostrate and uterus exceed the semm levels (Janknegt, 1986; Bergan et al,
1987). Whereas distribution into the bone, skin, saliva and cerebrospinal fluid results
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in concentrations less than serum levels (Jankegt, 1986). The newer 4-quinolones are
also rapidly orally absorbed and reach urine concentrations greater than the MIC of
common pathogens. It is believed that the half-lives of the drugs are long enough to
allow 12-24 hour dosing (Norris and Mandell, 1988) but this "fashion" could lead to
resistance emerging.
The most important role so far for the 4-quinolones is in the treatment of
urinary tract infections, infectious diarrhoea, lower respiratory tract, skin, bums, bone
and joint infections (Norris and Mandell, 1988). These drugs have great potential use
in patients with cystic fibrosis, AIDS, and in neutropenic patients.

D.2.2.1. In vitro inhibitory antibacterial activity of the 4-quinolones.

Gram negative Bacteria
Ciprofloxacin and ofloxacin are more potent aginst Enterobacteriaceae than
norfloxacin or enoxacin except against Shigella and Salmonella and Yersinia
enterocolitica which are equi-susceptible to the 4-quinolones (Weber et al, 1985).
Ciprofloxacin is more potent in vitro than gentamicin, mezlocillin or ampicillin
against all Enterobacteriaceae (Aldridge et al, 1985; Chin and Neu, 1984; Cullman et
al, 1985) and as potent as cefotaxime against Klebsiella pneumoniae (Cullman et al,
1985), Shigella, (Chin and Neu, 1984), Proteus mirabilis, (Wise et al, 1983) and
Providencia, (Chin and Neu, 1984).
Neisseria gonorrhoea and Neisseria meningitidis are both very sensitive to the
4-quinolones (Barry et al, 1984).
All newer 4-quinolones are potent inhibitors of Haemophilus, with ciprofloxacin
being the most potent (Chau et al, 1986).
The 4-quinolones are not so potent against Pseudomonas, when compared to
other Gram negative bacteria. However most strains of Pseudomonas are susceptible to
ciprofloxacin which tends to be more potent than ofloxacin, norfloxacin or enoxacin
(Appelbaum et al, 1986, Comaglia et al, 1987, Floyd-Reising et al, 1987).
Ciprofloxacin has been shown to be slightly more potent than ofloxacin,
norfloxacin or enoxacin against Campylobacter (Chau et al, 1986) and 10 times more
potent than cefotaxime, ceftazidine, ampicillin or amoxycillin.
Vibrio are susceptible to 4-quinolones (Chau et al, 1986). In Legionella
ciprofloxacin and ofloxacin were found to be of similar potency and both were more
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active than norfloxacin or erythromycin but less active than rifampicin (Saito et al,
1986).
Ofloxacin has been shown to be effective against Chlamydia trachomatis
urethritis (Bischoff, 1986). Ofloxacin is a more potent inhibitor of growth than
ciprofloxacin in Chlamydia trachomatis serotype E (Heppleston et al, 1985) and in
Chlamydia pneumoniae (Fenelon et al, 1990). However although in Chlamydia
ofloxacin has been proven more effective than nalidixic acid, streptomycin, gentamicin,
ampicillin or rifampicin, it is less potent than minocycline (Monk et al, 1987).

Gram positive bacteria
Staphylococci are susceptible to both ciprofloxacin or ofloxacin in vitro and
less susceptible to norfloxacin or enoxacin (Aukenthaler et al, 1986). Similar activity
was found against strains of Staphylococci resistant to penicillins, such as methicillin
and cloxacillin.
Streptococci are moderately susceptible to ciprofloxacin and ofloxacin.
However cefotaxime and mezlocillin show greater activity than ciprofloxacin against
nonenterococcal Streptococci (Fass, 1983; Sanders et al, 1987). Other Gram positive
strains moderately susceptible to quinolones include Mycobacterium tuberculosis (Gay
et al, 1984), and Listeria monocytogenes (Aukenthaler et al, 1986).

D.2.3 Mechanisms of Killing of Bacteria by 4-quinolones

On exposure to an antimicrobial agent there are a number of things that can
happen. If growth continues the bacteria are resistant to the drug. If bacterial growth
stops and the viable count remains constant, growth of the bacteria is inhibited and the
situation is bacteriostatic. If the viable count decreases then the bacteria are killed and
the situation is bactericidal. Minimal inhibitory concentration (MIC) is defined as the
lowest drug concentration which inhibits visible growth of a known inoculum of
bacteria during incubation, usually for 18 hours. With 4-quinolones, but not all other
antibacterials (particularly the aminoglycosides), studies comparing killing of bacteria
must be done using concentrations above the MIC because at the MIC the 4quinolones are merely bacteriostatic (Smith, 1984).
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D.2.3.1. Kinetics and Characteristics of Killing

When E.coli KL16 is exposed to a 4-quinolone above its MIC, an initial rapid
rate of killing takes place which then slows (Goss et al, 1964; Cook et al, 1966; Deitz
et al, 1966; Smith, 1984; Crumplin et al, 1984; Diver and Wise, 1986; Elliot et al,
1987; Wolfson et al, 1989). The less rapidly killed cells are persisters but they are not
resistant mutants (Wolfson et al, 1989). The rate of bacterial killing by a 4-quinolone
increases with concentration increase only up to a point and higher concentrations
exert either no greater rate of kill or even less kill (Crumplin and Smith, 1975; Smith,
1984). This paradoxical effect was first seen in some Gram positive bacteria by
penicillin (Eagle and Musselman, 1948). It allows the determination of a most
(maximal) bactericidal concentration (MoBaCo) (Smith, 1984) or optimal bactericidal
concentration (OBC) (Phillips, 1987) which for the 4-quinolones is about 30-60 times
their MIC values.

D.2.3.2 Antagonism of the bactericidal effects of the 4-quinolones.

The killing effect of 4-quinolones is severely reduced or completely blocked by
chloramphenicol, rifampicin, erythromycin, tetracycline, clindamycin, dinitrophenol or
nutrient starvation (Deitz et al, 1966; Winshell and Rosenkrantz, 1970; Crumplin and
Smith, 1975; Stevens, 1980; Crumplin et al, 1984; Smith, 1984; Zeiler 1985; Diver
and Wise, 1986; Smith and Lewin, 1988). These treatments inhibit RNA synthesis,
protein synthesis or oxidative phosphorylation, suggesting that the killing by 4quinolones requires the synthesis of RNA, proteins and active transport.
Further studies of bacterial DNA, RNA and protein synthesis during exposure
to various 4-quinolone concentrations have shown that at concentrations below the
OBC DNA synthesis only is inhibited (Stevens, 1980). At the OBC, RNA and protein
synthesis are significantly inhibited and at concentrations above the OBC there is an
even greater inhibition of RNA and protein synthesis (Winshell and Rosenkranz, 1970;
Crumplin and Smith, 1975; Stevens, 1980). Decreased killing also occurs at very high
initial inoculum sizes due to a lack in oxygen which seems to be an essential
requirement for bacterial kill by the 4-quinolones (Lewin and Smith, 1988; Lewin et
al, 1989a; 1989b). Inhibition of bacterial multiplication by 4-quinolones does not
appear to be affected by a lack of oxygen and so bacterial permeability to 4-quinolones
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seems to occur whether or not oxygen is present.
Non-dividing cells produced by incubation in phosphate-buffered normal saline
are not killed as effectively by 4-quinolones (Zeiler and Grohe, 1984; Ratcliffe and
Smith, 1985a; Zeiler, 1985).
Physiological magnesium ion concentrations, especially those found in urine,
antagonise the killing activity of the 4-quinolones much more than their bacteriostatic
activity (Ratcliffe and Smith, 1983) while low pH antagonises the bacteriostatic
activity of ciprofloxacin more than its bactericidal activity (Ratcliffe and Smith, 1984b
& 1984c).

D.2.3.3 Differences in killing activity among 4-quinolones

Chloramphenicol and rifampicin treatment completely abolish the killing
activity of nalidixic acid or norfloxacin against E.coli KL16 but the bactericidal
activity of ciprofloxacin or ofloxacin is merely reduced by such treatments (Smith,
1984).
From these results and others two mechanisms of killing have been postulated
for 4-quinolones acting on E.coli (Smith, 1984):
Mechanism A: Present in all 4-quinolones and requires bacteria able to synthesize
RNA and protein and to undergo cell division.
Mechanism B: Present in ciprofloxacin and ofloxacin and is active against bacteria
unable to multiply and does not require active RNA or protein synthesis (Zeiler and
Grohe, 1984; Chalkey and Koomhof, 1985). The killing activity of a gyrA nalR E.coli
KL16 mutant was recendy found to be inhibited by chloramphenicol. This led to the
discovery of the involvement of the gyrase A subunit (encoded by gyrA gene at 48min
on the E.coli map) in mechanism B (Lewin and Smith, 1989b).
Another mechanism termed C, has been found when norfloxacin was used to
treat non-dividing E.coli. Killing by mechanism C while sensitive to inhibition by
rifampicin or chloramphenicol nevertheless occurs against bacteria that are unable to
divide (Ratcliffe and Smith, 1985a). This mechanism is hence distinct from mechanism
A or B.
With Staphylococci, ciprofloxacin kills by mechanism A only while ofloxacin
kills by mechanisms A and B (Lewin and Smith, 1987a; 1988; 1989a; Smith and
Lewin, 1988). Later work showed that with E.coli mechanism B could be detected in
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DR3355, fleroxacin, perfloxacin and lomefloxacin while enoxacin was found to exhibit
mechanism C (Lewin and Smith, 1990).

D.2.3.4 Quinolone - DNA interactions

As discussed earlier the common target of the 4-quinolones is believed to be
the bacterial type II DNA topoisomerase called DNA gyrase (Cozzarelli, 1980; Gellert,
1981; Wang, 1985; Drlica and Franco, 1988). These drugs form a complex with the
enzyme and its DNA substrate (Gellert et al, 1977; Sugino et al, 1977; Chen and Liu,
1986; Glisson and Ross, 1987). Studies with radioactively-labelled norfloxacin initially
suggested that the drug bound to the DNA and not to the enzyme (Shen and Pemet,
1985). The binding had a partial saturation phase near the supercoiling inhibition
constant. This was only found with supercoiled DNA and not with a relaxed DNA
substrate. Shen et al (1989b) later retracted their DNA binding theory to propose that
the drug binds to a DNA site created essentially by the enzyme in the presence of
ATP. Specifically they proposed that the drug bound to a partially denatured 4 base
pair staggered cut and self association among drug molecules occurred resulting in a
high binding co-operativity. This theory is very controversial with many reports
opposing Shen et a/’s work (Palu et al, 1988). However Tomaletti and Pedrini (1985)
supported Shen’s view by discovering that in the presence of magnesium 4-quinolones
can unwind DNA. Crumplin’s work on the interaction of nalidixic acid and DNA also
fitted the proposed model (Crumplin et al, 1980).
The binding specificity of a 4-quinolone to DNA is at two levels. The first
level is governed by the structure of the DNA. The 4-quinolones preferentially bind to
single-stranded DNA rather than to double-stranded DNA (Shen et al, 1989a). Binding
to double-stranded DNA did occur but there was no specificity to any particular base
pairing. However when the strands were separated the amount of drug binding
increased and exhibited a preference for guanine. This suggested that the 4-keto and /
or the 3-carboxyl group of the 4-quinolone was involved in hydrogen-bond formation
between the base and the drug itself (Shen et al, 1989a). These results were consistent
with earlier work by Crumplin et al (1980) that nalidixic acid could bind to single
stranded DNA reversibly in a reaction catalysed by metal divalent ions. Previously
Crumplin and Smith (1976) found that treatment with nalidixic acid caused the
accumulation of single-stranded precursors of DNA of about the same size of Worcel’s
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domain of supercoiling (about 38 Svedberg units). They concluded that nalidixic acid
prevented these lengths of DNA being sealed into mature chromosome (Crumplin and
Smith, 1976).
The binding affinity of nalidixic acid to DNA was about 100-fold weaker than
that of norfloxacin (Shen and Pemet, 1985).
In supercoiled DNA a specific type of binding has been found that is saturable
and takes place at the supercoiling inhibitory concentration of the drug. The binding
affinities of some 4-quinolones were roughly proportional to their supercoiling
inhibition constants (Shen and Pemet, 1985) and this binding was highly co-operative
(Shen et al, 1989b). They found that a unique site occurred in the supercoiled DNA
that acted as the drug’s co-operative binding site. It is known that supercoiled DNA is
underwound. It is thought that a bubble of single-stranded DNA may occur and it
could be to such sites that the drug binds. Another idea is cruciform structures may
form which are known to be promoted by negative supercoiling and may provide
norfloxacin binding sites (Gellert et al, 1978; Lilley 1980; Mizuuchi et al, 1982). From
these observations and from the crystal structure of nalidixic acid a 4-quinolone-DNA
co-operative binding model was proposed (Shen et al, 1986; Shen et al, 1989b)
featuring a three dimensional configuration of a drug binding site created on the DNA
and the unique ability of the drug molecule to fit into the site. Shen et al (1989b)
proposed that the bound enzyme induces a binding site for the drug in the relaxed
DNA substrate, which is formed in the ATP-dependant gate-opening step. Here the
separate DNA strands form the required bubble ideal for the drug to bind. Also drug
molecules exhibit a high co-operative binding affinity due to interactions between drug
molecules. Shen et al (1989b) proposed that four drug molecules would bind per site
and these interactions could involve 7i-7i stacking between the quinolone rings and also
tail-to-tail hydrophobic interactions between the N1 substitution groups. This extends
the binding from a unidimensional to a multidimensional domain (Shen et al, 1989b).
The number of drug molecules binding may be greater than four depending on the size
and configuration of the binding site. Thus it is possible to speculate that the drug
binding sites induced by DNA gyrase may be different in various bacteria with
different 4-quinolones, which may help to explain the different sensitivities of bacteria
to various 4-quinolones (Zweerink and Edison, 1986; Fu et al, 1986; Shen et al,
1989b) In the presence of magnesium, 4-quinolones have been shown to unwind
supercoiled DNA (Tomaletti and Pedrini, 1988). This was antagonised by polyamines
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at physiological intracellular levels (Shen et al, 1989c), implying that in intact cells
where many DNA binding components are present, the unwinding by magnesium may
not occur.
To conclude, the specific binding of 4-quinolones is believed to take place at
low concentrations at a single-stranded DNA site which is induced by DNA gyrase.
The high binding affinity of 4-quinolones may be achieved through a unique self
association mechanism as described by Shen et al, (1989b).

D.2.3.5 Inhibition of DNA synthesis

When bacteria are exposed to 4-quinolones the inhibition of DNA synthesis is
rapid (Crumplin and Smith, 1976; Cmmplin et al, 1984; Drlica, 1984; Courtright et al,
1988), indicating direct antagonism at the replication fork. The antagonism of DNA
synthesis may be related to the bactericidal effect as concentrations that inhibit DNA
synthesis are very close to the most bactericidal concentration for the 4-quinolones
(Chow et al, 1988). However with nalidixic acid, inhibition of DNA synthesis still
takes place even in the presence of chloramphenicol (Deitz et al, 1966; Winshell and
Rosenkranz, 1970) suggesting that DNA synthesis alone is not sufficient for the killing
effect of the 4-quinolones.

D.2.3.6 DNA damage

Exposure to 4-quinolones also results in damage to the bacterial chromosome
(Deitz et al, 1966; Winshell and Rosenkranz, 1970; Crumplin and Smith, 1976; Drlica,
1984; Courtright et al, 1988) and a breakdown in newly synthesised DNA at the
replication fork occurs (Ramareddy and Reiter, 1969; Drlica and Franco, 1988). Under
certain conditions the antagonism of purified gyrase by 4-quinolones stimulates
enzyme-mediated cleavage of double-stranded DNA (Gellert, 1981; Drlica, 1984;
Wang, 1987). Cook et al (1966) found an association between killing and DNA
degradation. All these findings would seem to suggest that 4-quinolones can cause
non-repairable lesions in the chromosome. However, Lewin and Smith (1988) found
that similar levels of DNA degradation occurred in the presence of chloramphenicol or
rifampicin at concentrations that inhibited bactericidal activity. They concluded that
DNA degradation alone does not explain the lethal actions of the 4-quinolones.
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D.2.3.7 The SOS repair system

When DNA is damaged or DNA replication is interfered with the bacteria can
repair the damage by switching on a series of diverse physiological responses together
termed the SOS response (Walker, 1984). These include an increased capacity to
reactivate UV-irradiated bacteriophage (Weigle-reactivation), the capacity to mutate
UV-irradiated bacteriophage (Weigle-mutagenesis), the induction of functions that
allow bacteria to be mutated by UV or a variety of agents, filamentous growth and an
increased capacity to carry out long patch excision repair (Witkin, 1976; Little and
Mount, 1982; Walker, 1984).
The expression of the genes in the SOS pathway is controlled by the recA and
lexA gene products (Witkin, 1976; Little and Mount, 1982; Walker, 1984). The lexA
gene product acts as a direct repressor of every SOS gene so far identified. When
bacteria are exposed to DNA-damaging agents or treatments interfering with DNA
replication this generates an inducing signal which activates the recA gene product.
[Inhibition of DNA gyrase has been shown to induce the recA protein (Menzel and
Gellert, 1983)]. The activated recA gene product then interacts with a monomer of the
lexA gene product at an -ala-gly- bond, which is cleaved. As the lexA gene product
molecules in a cell are inactivated by this cleavage, the SOS responses become
expressed at increased levels (Walker, 1984). The SOS response so induced is transient
because DNA repair will progressively remove the inducing stimulus so that the
concentration of the modified recA protein will decline. Consequently lexA protein
levels will rise so causing the normal state of repression of the SOS genes to resume.

D.2.3.7 a
The recA protein
The recA protein (37,000 Daltons) has two roles, (i) It is essential for
homologous recombination in E.coli and catalyzes synapsis and strand exchange
between homologous DNA molecules (Radding, 1982). (ii) The recA protein can also
regulate the SOS responses as mentioned earlier (Roberts et al, 1978; Little et al,
1980). The inducing signal for the activation of the recA protein is single-stranded
DNA, DNA containing a gap generated by processing of damaged DNA or
interference with replication fork movement (Witkin, 1976; Walker, 1984; Quillardet et
al 1982; D’ari and Huisman, 1982). Several different recA mutations have been
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isolated (Little and Mount, 1982; Walker, 1984).

D.2.3.7 b
The lexA protein
The lexA protein (22,700 Daltons) that represses the SOS genes by binding to
sequences (or SOS boxes) located near their promotors (Walker, 1984). Most SOS
genes are expressed at a significant low level in the absence of any SOS-inducing
treatment. However the uninduced level of expression of a SOS gene may be
influenced by the physical relationship of the promotor to the lexA-binding sequence
(Backendorf et al, 1983). Several mutations of lexA have been identified; those that
interfere with the ability of the lexA protein to bind to SOS boxes thereby causing
constitutive expression of the SOS responses [lex A(Def)] and those that prevent the
protolytic cleavage of the lexA protein to render the SOS responses noninducible
[/ex(Ind-)] (Walker, 1984).

D.2.3.7 c
Inducible repair involving recombination functions.
So far the genes that have been identified which are involved in homologous
recombination are, recA, recB, recC, recD, recF, recJ, recN and ruv. RecA, recN and
ruv are induced by DNA damage and their expression is controlled by the SOS
network (Walker, 1984). Mutation of any one of these 8 genes results in an increased
sensitivity to killing by DNA damaging agents, indicating the products of these
recombination genes play a role in the repair of DNA damage in E.coli. Two repair
processes so far identified that these genes are involved in is daughter-strand gap
repair (which reforms the gaps in the daughter DNA strands copied from damaged
templates), and double-strand break repair (Walker, 1985).
The recA gene is absolutely required for homologous recombination and also
plays a central role in the SOS pathway. A recA(Def) mutant is defective in daughter
strand gap repair (Smith and Muen, 1970). Double-strand breaks in DNA are produced
by physical or chemical means and their repair requires a functional recA gene as well
as the presence of another duplex DNA having the same base sequence as the broken
double helix (Krasin and Hutchinson, 1977).
The recB, recC (Dykstra et al, 1984) and recD (Amundsen et al, 1986) genes
code for subunits of the enzyme exonuclease V, which has many functions in E.coli
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including general recombination (Clark, 1973), ATP-dependant DNase activity,
endonucleolytic activity specific for single-stranded DNA (Goldmark and Linn, 1972),
DNA-dependant ATPase activity and DNA unwinding activity (Linn, 1982). However
unlike recA, the products of these genes are not absolutely required for recombination
because while mutations in these genes reduce recombination frequencies to about 1%
of the wild type frequency this deficiency is nowhere as severe as that caused by a
mutation in recA itself.
Another DNA repair pathway independant of the SOS response is the recFpathway (Peterson et al, 1988). This also seems to be implicated in the repair of
damage caused by nalidixic acid, because a recF mutation has been shown to increase
bacterial susceptibility to the drug (McDaniel et al, 1978).
Treatment of bacteria with the 4-quinolones leads to a powerful induction of
the SOS response (Gudas and Pardee, 1976; Philips et al, 1987; Piddock and Wise,
1987; Courtwright et al, 1988). This is possibly due to an impairment of DNA
replication by the 4-quinolones (Goss et al, 1965; Crumplin et al, 1984; Benbrook and
Miller, 1986). Philips et al (1987) proposed that one of the SOS genes may code for
the unknown protein (Deitz et al, 1966; Smith, 1984) postulated to cause the lethal
action of the 4-quinolones. This proposal was made because it was found that the
concentrations of the 4-quinolones which maximise the induction of the SOS response
in E.coli correlated well with the most bactericidal concentrations of these drugs
(Philips et al, 1987). However, on the contrary Drlica (1984) proposed that the SOS
response may play a role in protecting bacteria from damage caused by these drugs
because mutations that render bacteria unable to induce the SOS response increase the
bacterial sensitivity to nalidixic acid (McDaniel et al, 1978).
For the SOS responses to be induced by treatment with nalidixic acid but not
by UV treatment, it is known that bacteria must have functional recB and recC genes
(Chaudhury and Smith, 1985). These genes together with recD code for exonuclease
V (exoV). It has been suggested that the action of exo V on damaged DNA by
nalidixic acid may provide the unknown product that interacts with the recA protein
leading to lexA cleavage and induction of the SOS response (Walker, 1984; Bailone et
al, 1985). Inactivation of the recB and recC genes as well as the recA gene will render
bacteria incapable of inducing the SOS response on treatment with nalidixic acid.
Together with the unwinding activity of recBCD to induce SOS repair a replication
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fork is required (Gudas and Pardee, 1976)
Further studies on recBCD enzyme have revealed a controlling mechanism for
this enzyme. Recently Kannan and Dharmalingam (1990) found that certain mutagenic
chemicals such as mitomycin C induce the production of a promotor which in turn
expresses the exi gene. The exi gene product inhibits the production of recBCD
exonuclease V. This induction however is a lexA -independent SOS response.
Mutants defective in the SOS system which arc also unable to perform
recombination repair are inhibited by lower concentrations of 4-quinolones than their
parent strains (McDaniel et al, 1978; Lewin, 1987). The most bactericidal
concentrations of the 4-quinolones are similar to concentrations that maximally induce
the SOS system (Philips et al, 1987). This suggests that the SOS system could be
involved in the killing mechanism of the 4-quinolones (Diver and Wise, 1986; Phillips
et al, 1987; Chow et al, 1988). However another explanation is that as the
concentration of a 4-quinolone is increased so SOS induction will decrease due to the
inhibition of protein synthesis that occurs at high 4-quinolone concentrations. Further
work (Lewin, 1987 and this thesis) confirms that the SOS system is not the mediator
of bacterial killing by 4-quinolones, but may be involved in repair of 4-quinolone
damage.

D.2.3.8 Post Antibiotic Effect
Even after the removal of an antimicrobial agent bacteria can remain adversely
affected (Bigger, 1944; Parker and Luse, 1948). This is called a post antibiotic effect
(PAE) of antimicrobial agents and was first found with penicillin G in the 1940s by
Eagle et al (1950) when Staphylococci or Streptococci were exposed to concentrations
of penicillin G above the minimal inhibitory level. The PAE was described as a delay
in regrowth of bacteria which had been exposed to an antimicrobial agent after that
agent was removed.
PAE’s have been shown with Gram positive species irrespective of the drug
used. But many Gram negative bacteria do not show post-antibiotic growth suppression
after exposure to penicillins, cephalosporins and 6-lactams and only recently have been
found to exhibit a PAE when exposed to aminoglycosides (Bundtzen et al, 1981).
The 4-quinolones have been shown to exert a PAE in Gram positive bacteria
such as Staphylococci and also in Gram negative bacteria such as Enterobacteriaceae
and Pseudomonas but not Enterococci (Chin and Neu, 1987). This is an added
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advantage of these drugs and supports the less frequent dosing with the 4-quinolones
in the treatment of infections.

D.2.4 Quinolones and other antibacterials

4-quinolones are usually used as monotherapy but increasingly combinations
with other antibacterials have been used to widen the antimicrobial spectrum (Smith et
al, 1988) and hopefully to prevent the emergence of 4-quinolone-resistant strains
during therapy (Scully et al, 1986). For effective therapy antagonism must not occur.
With MIC studies little interaction between the 4-quinolones and other antibiotics has
been detected (Neu and Labthavikul, 1982; Van der Auwera, 1985; Wolfson and
Hooper, 1985). MICs however only provide information about the inhibition of
bacterial multiplication and do not give any idea about the killing of bacteria (Smith,
1984).
Mechanism A requires protein and RNA synthesis, so any antibacterial agent
inhibiting these processes would also inhibit the activity of the 4-quinolones (Smith,
1984). Chloramphenicol a protein synthesis inhibitor and rifampicin a RNA synthesis
inhibitor have both been found to inhibit the bactericidal activity of the 4-quinolones
(Smith, 1984) at sub-inhibitory concentrations, but do not show antagonism in
bacteriostatic activity.
Tetracycline, erythromycin and clindamycin which are also protein synthesis
inhibitors also showed antagonism of the bactericidal activity of 4-quinolones (Lewin
and Smith, 1989c). However the aminoglycosides, which are also protein synthesis
inhibitors were found to potentiate the killing of bacteria by 4-quinolones (Lewin and
Smith, 1989c). Aminoglycosides in addition to being able to inhibit protein synthesis
also act by damaging the bacterial membrane (Tanaka, 1982). This is believed to
increase the permeability of the membrane (Davis et al, 1986) and also interfere with
the initiation of DNA synthesis (Tanaka et al, 1984). Involvement of the oriCmembrane complex in replication initiation may be a reason for this potentiation by
aminoglycosides (Matsunga et al, 1986). Cell wall synthesis inhibitors such as
penicillins, cephalosporins and vancomycin had no effect when combined with
quinolones (Smith et al, 1988). However in Pseudomonas aeroginosa some synergy
has been reported between cell wall antagonists and ciprofloxacin (Chalkley and
Koomhof, 1985; Giamerellou and Petrikos, 1987; Fu et al, 1987). Clinically it would
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be safe to combine 4-quinolones with aminoglycosides or cell wall antagonists.

D.2.5 Quinolones and Resistance
Clinical bacterial resistance to antimicrobial agents is usually mediated by
plasmids or less often by chromosomal mutation. Plasmids are extrachromosomal DNA
molecules that can replicate independently of the chromosome and can be transferred
between bacteria of different species and even of different genera. Resistance
mechanisms mediated by plasmids can be classed into three groups:
i) inactivation of the drug e.g. the 6-lactamases
ii) production of an additional target resistant to the antibacterial agent e.g.
trimethoprim
iii) active efflux of the drug from the cell, e.g. tetracyclines.
Plasmids can cany resistance to many antibiotics and because of this plasmid-mediated
resistance is one of the major worries in antimicrobial therapy.
Recently, cases of plasmid-mediated nalidixic acid resistance were claimed in
Shigella dysenteriae (Panhotra et al, 1985, Munshi et al, 1987). However none of these
plasmids conferred resistance to the 4-quinolones but only one increased the frequency
to ciprofloxacin resistance (Munshi et al, 1987). It is thought that these plasmids might
be mutator plasmids increasing the occurrence of chromosomal mutation rather than
plasmids carrying genes for nalidixic acid resistance (Crumplin, 1987). If plasmidmediated resistance did occur then it might produce a reduction in the permeability of
the bacterium to the 4-quinolone. However known chromosomal mutations which
cause impermeability to 4-quinolones only cause modest increases in bacterial
resistance to these drugs (Smith, 1984). As the 4-quinolones are synthetically derived
then the selection of a drug-destruction mechanism is unlikely (Hooper et al, 1987)
though not completely out of the question. As regards R-plasmids conferring 4quinolone resistance via an insusceptible target site mechanism, this may be unlikely
because in E.coli sensitivity is dominant over resistance by this mechanism (Smith,
1984) However, this situation may not be applicable to all bacterial species.
Bacteria harbouring R-plasmids conferring resistance to some antibiotics have
been found to be hypersensitive to 4-quinolones (Crumplin and Smith, 1981). Also the
4-quinolones have been found to cure plasmids from bacteria in vivo (Mehtar et al,
1987; Lewin et al, 1988), and in vitro (Weisser and Wiedemann, 1986; 1987). The
clinical relevance of plasmid-curing is uncertain though as it is unlikely that the total
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elimination of plasmids could ever occur (Weisser and Weidemann, 1987; Smith and
Lewin, 1988).
Novobiocin has been found to eliminate plasmids by selection of plasmid-free
cells (Novick, 1969). Another way to eliminate plasmids is if their replication was
more sensitive than chromosomal replication to changes in supercoiling on exposure to
drugs (Uhlin and Nordstrom, 1985).
So far the only mechanism that clinical bacteria have to become resistant to the
4-quinolones is by chromosomal mutation either by altering the target enzyme DNA
gyrase or by decreasing the permeability of the cells to the drug or both (Hooper et al,
1987; Smith and Lewin, 1988).

D.2.5.1 Chromosomal mutations in DNA gyrase

Mutations in gyrA gene which codes for the A subunit of DNA gyrase have
resulted in high-level resistance to the 4-quinolones (Smith and Lewin, 1988). These
mutations confer the resistance to all 4-quinolones but are not associated with
resistance to antibacterial agents unlrelated to the 4-quinolones. Mutations have been
found in the following organisms:
Escherichia coli (cficA, gyrA, nalA, nfxA), (Nakamura et al, 1989; Hooper et al, 1986;
Aoyama et al, 1987; Chapman et al, 1989)
Pseudomonas aeroginosa (nalA, cfxA), (Rella and Haas, 1982; Hirai et al, 1987; Inoue
et al, 1987; Robillard and Scarpa, 1988).
Haemophilus influenzae (Setlow et al, 1985),
Citrobacter freundii (Aoyama et al, 1988),
and Serratia marcescens (Fujimaki et al, 1989).
Interestingly in Bacteroides fragilis a high level resistance has been reported due to a
permeability change rather than to an alteration in the gyrA gene.
The alteration in gyrA genes of E.coli causing 4-quinolone resistance have been
mapped (Yoshida et al, 1988). One of these is the nalA mutation which maps at 48
minutes on the E.coli chromosome. This alters the A subunit of DNA gyrase and
causes increase resistance to all 4-quinolones (Hane and Wood, 1969). All mutations
found in the gyrase A subunit are situated close to Tyr at amino acid 122 of the A
subunit, which has been shown to be the site in DNA gyrase that is covalently bonded
to DNA when the enzyme breaks the phosphodiester bond (Horowitz and Wang,
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1987).
Mutations in the B subunit of DNA gyrase encoded by gyrB gene also effect
the susceptibility of bacteria to the 4-quinolones. Both mutations nalC and nalD map
at 82 minutes and change the susceptibility of bacteria to all 4-quinolones. Because of
this Gellert et al (1977) concluded that the 4-quinolones must also act on the B subunit
as well as the A subunit which may help to explain why the 4-quinolones have more
than one mechanism of action.
These mutations map at the area that Cozzarelli (1980) proposed to be where
the B subunit is bound to the A subunit. The mutations cause a change in the overall
charge of the B subunit. The nalC muation is also known as the nal31 mutation and
this increases the negative charge on the B subunit, whereas another mutation nal24
(nalD) decreases the negative charge (Yamagishi et al, 1986). This might help explain
the findings of Smith (1984) that the nalC mutation confers resistance to 4-quinolones
lacking a C7 piperazine but makes bacteria hypersensitive to those 4-quinolones that
possess a C7 piperazine. If the charge on the B subunit is made more negative this
might attract positively charged piperazine-substituted 4-quinolones (Smith and Lewin,
1988; Yamagishi et al, 1986).
Most studies on DNA gyrase activity and 4-quinolone interaction have been
made in Gram-negative bacteria. It is thought that the DNA gyrase from Gram-positive
bacteria may be different and less sensitive to the 4-quinolones. Takahata and Nishino
(1988) have found that ciprofloxacin, ofloxacin and norfloxacin do inhibit the
supercoiling activity of DNA gyrase from Staph.aureus and therefore it remains
unclear how susceptible DNA gyrase of Gram-positive bacteria is to inhibition by the
modem 4-quinolones.

D.2.5.2 Mutations affecting permeabilty

If the ability of the 4-quinolones to penetrate bacteria is reduced then the
bacteria are more resistant to the drugs. The 4-quinolones diffuse through the
phospholipid bilayer and the porins of the outer membrane of Gram-negative bacteria.
The more hydrophilic a drug is, the less able it is to penetrate bacteria. The discovery
of endogenous active efflux of norfloxacin at the inner membrane of E.coli and
Pseudomonas aeroginosa suggests that the factors governing 4-quinolone entry into
bacteria are not as straightforward as first percieved (Cohen et al, 1988; Chamberland
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et al, 1989; Hooper et al, 1989). Mutations affecting permeability have been found in
the following organisms:
E.coli (nalB, nfxB, norB, cficB) (Hooper et al, 1986; 1987; 1989, Piddock et al, 1987;
Hirai et al, 1986b)
Pseudomonas (nalB, cfxB, nfxB, qrl qr2) (Rella and Haas, 1982; Hirai et al, 1987;
Robillard and Scarpa, 1988; Chamberland et al,1989; Piddock et al, 1987).
Salmonella sp.(Hirai et al, 1986a)
Klebsiella sp., Serratia sp., (Sanders et al, 1984; Gutman et al, 1985; Traub 1985;
Sanders and Watanakunakom, 1986).
Unlike resistance to 4-quinolones caused by gyrase alterations, resistance due to
impermeablity may also lead to cross-resistance to other antibacterial agents.
Mutations in the ompF gene in E.coli lead to alteration in in the outer
membrane protein F (ompF) protein. Resistance to the 4-quinolones is due to
inactivation of this gene (Bedard et al, 1987; Chapman and Georgopapadakou, 1988;
Cohen et al, 1988). The level of resistance to nalidixic acid due to an altered ompF
protein is less than that of other fluorinated 4-quinolones. This is due to the fact that
nalidixic acid is more hydrophobic than other 4-quinolones and is able to penetrate
bacteria through the lipid bilayer as well as through the ompF protein (Hirai et al,
1986a).
Resistance can also come about by mutations in genes controlling the
expression of ompF e.g. cfxB or norB (Hooper et al, 1989). The nalB mutation in
E.coli reduces bacterial permeabilty to most 4-quinolones and drug sensitivity is
slightly reduced at most by a factor of four-fold (Smith, 1984).
Changes in the lipopolysaccharides in the outer membrane can also alter the
permeability of bacteria to 4-quinolones (Hirai et al, 1986a). The norC mutation, which
confers resistance is to ciprofloxacin and norfloxacin is situated close to the lac
operon. However this mutation makes the bacteria hypersensitive to hydrophobic
agents such as nalidixic acid, novobiocin and sodium dodecyl sulphate (Hirai et al,
1986b). It is not clear how this works but the norC mutation may reduce levels of
another protein ompC (Hirai et al, 1986b).
Resistance due to reduced uptake may also be due to active removal of the 4quinolone from bacteria by pumping as proposed by Cohen et al, (1988). They
suggested that such an active efflux may apply to norfloxacin but not to other 4-
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quinolones such as enoxacin and fleroxacin (Bedard et al, 1987; Chapman and
Georgopapadakou, 1988). The reason for these differences have not yet been
elucidated (Hooper et al, 1989). It has been suggested that should this theory be
correct it could lead to another class of 4-quinolone resistance mutations, similar in
mechanism to that causing plasmid-mediated tetracycline resistance (Hooper et al,
1989; George and Levy 1983). This in turn could open the possibility of 4-quinolone
resistance being carried by plasmids.
Unlike E.coli, resistance in Pseudomonas aeroginosa does not appear to be
associated with the alteration of a single specific protein but many proteins are
changed at once which confer resistance to the quinolones and to other drugs
(Chamberland et al, 1989). Both the cfxB and nalB mutations cause alterations in the
outer membrane which are unrelated to the ompF mutation (Robillard and Scarpa,
1988). The nfxA gene is an allele of nalA encoding for the A subunit of DNA gyrase
thus decreasing the susceptibility of the bacteria to the 4-quinolones (Hirai et al, 1987).
Low-level and unstable resistance has been found due to the loss of a membrane
protein (Daikos et al, 1988). But unlike ompF and cficB mutations this loss did not
confer resistance to other antibacterials unrelated to quinolones. Chamberland et al,
(1989) found that the low level resistance in P.aeroginosa (Qrl, Qr2) was due to a
reduction in an outer membrane protein called OmpG. Hirai et al, (1987) found that a
new protein was found in a nfxB strain that conferred resistance to norfloxacin but not
to the B-lactams or to aminoglycosides, which is unlike the nalB or cfxB mutations.
Another type of norfloxacin-resistant mutant nficC has been isolated conferring
resistance to imipenem, chloramphenicol, but hypersensitivity to B-lactams and
aminoglycosides. The mutation resulted in a loss of one protein and an increase in
another protein (Fukuda et al, 1990).
In other species such as Klebsiella, Enterobacter and Serratia reduced uptake
has also been found due to altered outer membrane proteins (Sanders et al, 1984;
Gutman et al, 1985). Impermeabilty mutants have not yet been found in Gram-positive
bacteria possibly because these bacteria lack an outer membrane and related porins
(Smith and Lewin, 1988). However resistance in Staph, aureus to ciprofloxacin has
been reported due to reduced uptake of the drug but the mechanisms are not clear
(Kaatz and Seo, 1989). One very worrying development was the construction of a
recombinant plasmid carrying what was claimed to be a norfloxacin-resistant DNA
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gyrase from Staph, aureus. This plasmid was been found to confer resistance in E.coli
and in Staph, aureus (Ubukata et al, 1989). However, recently this work was found to
be flawed and the resistance mechanism is now believed to be impermeabilty (Yoshida
et al, 1990). Thus it is possible that 4-quinolone resistance can be carried by a
plasmid.

D.2.5.3 Frequency of resistance to the 4-quinolones

Because the 4-quinolone antibacterials as yet do not suffer from plasmidmediated resistance the only method left for bacteria to resist these drugs is by
chromosomal mutation. To determine the effectiveness of a drug the frequency at
which the bacteria are able to develop resistance is very important. In vitro work so far
has shown that the frequencies at which bacteria mutate to resist the newer 4quinolones are much lower than those for the older 4-quinolones such as nalidixic acid
(Smith, 1986). In E.coli KL16 the resistance to the older drugs was in the order of 10'8
for nalidixic acid and about 10 12 or less for the recent 4-quinolones. The reason for
this difference may be that the newer 4-quinolones possess two mechanisms of action
(Smith, 1986) whereas nalidixic acid and the older 4-quinolones possess a single
mechanism of action.
The concentration of drug that the bacteria are exposed to is a contributory
factor to the frequency of mutation. It is relatively easy to obtain mutants at
concentrations close to the MIC but much more difficult to obtain mutants resisting as
much as 10 x the MIC (Cullman et al, 1985). This suggests that adequate serum levels
of the drug must be obtained to prevent development of resistance in vivo.
Gram-positive bacteria have been found to have higher mutation frequencies
than Gram-negative bacteria (Limb et al, 1987). There is an exception with
Enterococcus faecalis as no mutants were able to be detected even up to 10 X the
MIC (Cullmann et al, 1985; Chin and Neu, 1984).
Although in vitro experiments do give an idea of the possible frequency of
resistance to the 4-quinolones, the most important situation to investigate is the clinical
picture of emerging resistance. Over the last few years the resistance to the 4quinolones has increased during therapy in a wide range of species including
Escherichia coli, Campylobacter pylori, Citrobacter freundii, Pseudomonas aeroginosa,
Neisseria gonorrhoeae, Staphylococcus aureus and Serratia marcescens (Lewin et al,
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1990). Recent trials have shown that the clinical frequency of resistance ciprofloxacin
is low (Schacht and Hullman, 1986). Nalidixic acid resistance has been monitored
from 1975 to 1986 (Kresken and Weiderman 1988) and this study also included the
effects of the recent introductions of ofloxacin and norfloxacin. Desite a large increase
in the usage of these drugs, resistance in Enterobacteriaceae and Staph, aureus did not
increase. However an increase in clinical Pseudomonas aeroginosa resistance was
found which was actually consistant with laboratory work (Roberts et al, 1985;
Azadian et al, 1986; Fernandes et al, 1987; Michea-Hamzehpour et al, 1987). A
significant increase has also been observed in Staphylococci (Daum et al, 1990)
especially in Staph, epidermidis during therapy (Kaatz et al, 1987). A high frequency
of resistance has also been found in Bacteroides fragilis (Kato et al, 1988) although
this organism should not be treated with 4-quinolone therapy as it is an anaerobe.

Obviously these last few reports of emerging resistance to the 4-quinolones are
a worry, although the incidence of 4-quinolone resistance is still rare compared with
the majority of other front line antibacterials which are affected by plasmid-mediated
resistance. It is important to note that 4-quinolone resistant strains may be less
pathogenic (Smith and Lewin, 1988) due to less virulence (Fernandes et al, 1987;
Ravizzola et al, 1987). With careful use and appropiate dosing hopefully the
occurrence of resistance will remain at a low and manageable level.
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ABBREVIATIONS
a

alpha

AMP

ampicillin

B

Beta

bp

base pairs

CEF

cefdinir

cm

centimetre (Id 2 metre)

°C

centigrade

c.f.u.

colony forming unit

CIP

ciprofloxacin

CM

chloramphenicol

COU

coumermycin

A

Delta

DM

double mutant

DMSO

dimethyl sulphoxide

DNA

deoxyribonucleic acid

EDTA

ethylenediaminetetra-acetic acid

ERY

erythromycin

FIC

Fractional inhibitory concentration

Fig.

figure

FLU

flumequine

g

gramme

gyr

gyrase

hr(s)

time in hours

J

joule
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ABBREVIATIONS (CONTD.)
kbp

kilo base pairs

L

litre

m

metre

M

molar (moles per litre)

mA

milliamps (current)

mDa

megaDalton (= 106 Daltons)

H

micron

Hi

microlitre (106 litre)

pm

micrometre (10'6 metre)

MIC

Minimum inhibitory concentration

min(s)

time in minutes

ml

millilitre (10'3 litre)

MoBaCo

Most bactericidal concentration

mwt

molecular weight

N

neat concentration

NA

nutrient agar

NAL

nalidixic acid

NB

nutrient broth

NOR

norfloxacin

NOV

novobiocin

nm

nanometre (10'9 metre)

OBC

Optimum bactericidal concentration

OFL

ofloxacin

oz

ounce

ABBREVIATIONS (CONTD.)
%

percentage

PAE

Post antibiotic effect

PBNS

phosphate buffered normal saline

p.s.i.

pounds per square inch

xR

resistant to drug x

RNA

ribonucleic acid

RNase

ribonuclease

r.p.m.

revolutions per minute

xs

sensitive to drug x

SDS

sodium dodecyl sulphate

sec(s)

time in seconds

S.L.D.

Specific linking difference

SM

streptomycin

TBE

Tris-borate electrophoresis buffer

Tris

2-amino-2-hydroxymethyl- 1,3-propanediol

ts

temperature sensitive

UV

ultra-violet

v/v

volume/volume

V

volts (voltage)

w

omega

w/v

weight/volume

Materials
A. Liquid Media.
1. Nutrient Broth.
The same single batch of Oxoid No. 2 nutrient broth powder was used
throughout each series of experiments to prepare nutrient broth as a growth medium
and as a diluent
These precautions were taken to ensure that the divalent metal ion content of
all media used (i.e liquid and solid) was standardized since 4-quinolones are only
active as metal chelate complexes (Crumplin et al, 1980) and their activity can be
affected if varying batches of culture media are used.

2. Phosphate-buffered normal saline (PBNS).
PBNS was used in certain experiments. This was made by dissolving 0.9g of
sodium chloride in 100ml of M/40 phosphate buffer at pH 7.4. 0.5M phosphate buffer
was made by mixing 80mls of 0.5M di-sodium hydrogen orthophosphate. 12HzO with
20mls of 0.5M sodium di-hydrogen orthophosphate in distilled water and adjusted to
pH 7.4 by the addition of 1M NaOH dropwise. PBNS was sterilised before use by
autoclaving at 10 p.s.i. for 20 mins.

3. Blood broth.
For bacterial strains difficult to grow in nutrient broth (eg. Streptococci) 7%
Oxoid lysed horse blood in nutrient broth was used as a substitute growth medium. It
was also used to wash and resuspend bacterial cells during and after centrifugation.

B. Solid Media.
1. Nutrient Agar.
The nutrient broth powder was also used to make nutrient agar plates which
were prepared by adding Lab M agar at a final concentration of 1.5% w/v to nutrient
broth. A single batch of Lab M agar was also used throughout each study. The agar
was sterilised before use by autoclaving at 10 p.s.i. for 20 mins. It was then cooled to
55°C in a water bath before pouring 20-25ml into Petri dishes.
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2. Blood Agar plates.
Blood agar was used for strains difficult to grow on nutrient agar. This was
made by adding 7ml of Oxoid lysed horse blood aseptically to sterile molten nutrient
agar at 55°C which contained 2.5g of nutrient broth powder and 1.5g of Lab M agar in
93ml of distilled water. The agar was cooled to 55°C before pouring, as before.

3. MacConkey Agar plates.
These were used to maintain some of the bacteria by subcultivation. They also
were used in mating experiments. 5.2g of Oxoid MacConkey Agar powder was
dissolved and sterilised in 100ml of water before use by autoclaving at 10 p.s.i. for 20
mins. The agar was cooled to 55°C before pouring as before.

4. Plates containing antibacterials.
These were prepared using the final volume required minus the volume of the
drug solution to be added. The drug solutions were added only when the molten agar
had been cooled to 55°C and immediately poured into sterile Petri dishes to avoid
thermal inactivation of antibacterials.

5. EDTA plates.
When nutrient agar plates required an addition of EDTA, this was previously
made to a suitable concentration and dissolved and sterilised by autoclaving at 10 p.s.i.
for 20 mins in small volumes. The amount of EDTA required was then pipetted
aseptically into the sterile molten nutrient agar at 55°C prior to pouring.
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Antimicrobial agents:
These were freshly dissolved in sterile water prior to use. Exceptions were
ofloxacin, nalidixic acid and cefdinir which were not water soluble and dissolved
firstly in M/2 NaOH (0.02ml/mg) and immediately made up to final volume with
sterile distilled water. Rifampicin and coumermycin were dissolved in DMSO. With
coumermycin further serial dilutions of the original drug solution were made in
nutrient broth.
AGENT

SUPPLIERS ADDRESS

Ampicillin

Beecham, Brentford, England, UK.

Cefdinir (CI-593)

Warner Lambert / Parke Davis, Eastleigh, Hants, UK.

Chloramphenicol

Parke Davis, Pontypool, Gwent, UK.

Coumermycin

Roche, Welwyn Garden City, Herts, UK.

Ciprofloxacin

Bayer UK, Newbury, England, UK.

Erythromycin

Eli Lilly, Windlesham, Surrey, UK.

Nalidixic acid

Sterling Winthrop, Guildford, Surrey, UK.

Norfloxacin

Merck, Sharp, and Dohme, Hoddeson, UK.

Novobiocin

Upjohn, Crawley, UK.

Ofloxacin

Hoescht UK, Hounslow, England, UK.

Rifampicin

Merrell Dow, Rusham Park, Egham, Surrey, UK.

Tetracycline

Lederle, Gosport, Hants, UK.

Bacterial Strains
STRAIN

GENOTYPE

SOURCE

MEDIA

Escherichia coli
KL16

GROWTH

Hfr prototroph

J.T.Smith

Nutrient Agar
(NA)

nalA

Hfr, nalA

ti

5mg/L NAL (NA)

nalB

Hfr, nalB

ft

2.5mg/LNAL(NA)

nalC

Hfr, nalC

ft

5mg/L NAL (NA)

nalD

Hfr, nalD

ft

5mg/L NAL (NA)

5 x nov11

as KL16 but resistant to 5 x

This thesis

750mg/L NOV
(NA)

the MIC novobiocin
5 x couR

as KL16 but resistant to 5 x

This thesis

(NA)

the MIC coumermycin
10 x couR

as KL16 but resistant to 10

This thesis

as KL16 but resistant to 15

This thesis

as KL16 but resistant to 20

This thesis

as KL16 but resistant to 25

This thesis

as KL16 but resistant to 5 x

KL16 no\*

the MIC novobiocin and

(pBR322)

harbouring plasmid pBR322

750mg/L COU
(NA)

x the MIC coumermycin
Escherichia coli

600mg/L COU
(NA)

x the MIC coumermycin
25 x couR

450mg/L COU
(NA)

x the MIC coumermycin
20 x couR

300mg/L COU
(NA)

x the MIC coumermycin
15 x couR

150mg/L COU

This thesis

750mg/L NOV
(NA)
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STRAIN

GENOTYPE

SOURCE

GROWTH
MEDIA

Escherichia coli
AB1157

F-, thr-1 leu-6 proA2 his4

R.J.Pinney

Nutrient Agar
(NA)

thi-1 argE3 lacYl galK2
ara-14 xyl-5 mtl-1 tsx-33
strA31 sup-37
»i

recA

as AB1157 but also recA13

recB

as AB1157 but also recB21

tf

NA

lexA

thr-1 metb-1 his-4 proA2

ft

NA

thr leu thi proA argE3 ilvTS

M.Blanco

NA

galK sup-37 strA31 sfiB

(Blanco et

srlC300::Tn!0 recA+

a l 1987)

NA

lacYl galK2 mtl-1 xyl-5
ara-14 pps-31 tsx-33
supE44 lexA3

Escherichia coli
IC1656

IC1657

as IC1656 but also recA430

Staphylococcus

Derivative of E3 lacking

aureus

penicillinase plasmid

E3T

NA

R.Knox

NA
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STRAIN

GENOTYPE

SOURCE

GROWTH
MEDIA

Staphylococcus
warned
19

Prototroph

J.T.Smith

NA

5 x nov11

as 19 but resistant to 5 x the

This thesis

0.2mg/L NOV

MIC novobiocin
10 x nov11

as 19 but resistant to 10 x

(NA)
This thesis

the MIC novobiocin
15 x nov11

as 19 but resistant to 15 x

(NA)
This thesis

as 19 but resistant to 20 x

This thesis

the MIC novobiocin
25 x nov11

as 19 but resistant to 25 x

as 19 but resistant to 2.5 x

This thesis

as 19 but resistant to 5 x the

This thesis

as 19 but resistant to 10 x

This thesis

as 19 but resistant to 15 x

This thesis

as 19 but resistant to 20 x
the MIC coumermycin

0.08mg/L COU
(NA)

This thesis

0.12mg/L COU
(NA)

the MIC coumermycin
20 x couR

0.04mg/L COU
(NA)

the MIC coumermycin
15 x couR

0.02mg/L COU
(NA)

MIC coumermycin
10 x couR

l.Omg/L NOV
(NA)

the MIC coumermycin
5 x couR

0.8mg/L NOV
(NA)

the MIC novobiocin
2.5 x couR

0.6mg/L NOV
(NA)

the MIC novobiocin
20 x nov11

0.4mg/L NOV

This thesis

0.16mg/L COU
(NA)
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STRAIN

GENOTYPE

SOURCE

GROWTH
MEDIA

Staphylococcus
warneri (contd)
5 x nor11

as 19 but resistant to 5 x the

J.T.Smith

2 mg/L NOR
(NA)

MIC norfloxacin (MIC =
0.75mg/L)
10 x noi*

as 19 but resistant to 10 x

if

5 mg/L NOR
(NA)

the MIC norfloxacin (MIC
= 0.75mg/L)
5 x fluR

as 19 but resistant to 5 x the

ti

20mg/L FLU
(NA)

MIC flumequine (MIC =
5mg/L)
10 x fluR

as 19 but resistant to 10 x

40mg/L FLU

if

(NA)

the MIC flumequine (MIC =
5mg/L)

'"
Streptococcus
pyogenes

Lancefield Group A

P.H.

ER5/E3.

Blakemore

N.M.H.

North

Blood Agar

Middlesex
Hospital
Klebsiella
pneumoniae

Clinical isolate

M. Wren
University
College
Hospital,
London

NA
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PLASMIDS
STRAIN

RESISTANCE

MOLECULAR

GROWTH

FEATURES

WEIGHT

MEDIA

Ampicillin (AMP)

4363 bp

lOOmg/L

SOURCE

Escherichia coli
KL16 harbouring:
PBR322

J.T.Smith

AMP

Tetracycline

Escherichia coli
K12 derivative
Strain: 39/R 861

Various resistances

P. H.

containing:

including:

Blake-

RA1-1

Tetracycline

more

98mDa =
147980 bp

X

No resistance

42mDa =
63420 bp

Sa

NTP168

Chloramphenicol,

23.9mDa

5mg/L

Streptomycin

=36089 bp

SM (NA)

No resistance

4.6mDa =
6946 bp

(Conversion of megaDaltons to basepairs : lmDa = ~1510 bp (P. H. Blakemore,
laboratory data))
The strains were stored in liquid nitrogen until required. When in use the strains were
kept either on MacConkey or nutrient agar plates which were sub-cultured every 14
days.
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EXPERIMENTAL METHODS

1. AGAROSE GEL ELECTROPHORESIS

Chemical reagents and Solutions used for alkaline lvsis of plasmids for gel
electrophoresis

Stock Solutions:
1. 0.5M EDTA
181.g EDTA was added to 800ml of H20 . The pH was adjusted to 8.0 with ~20g
NaOH pellets then distilled water was added to 1000ml. The solution was then
dispensed as 20ml volumes in loz bottles and sterilised by autoclaving at 10 p.s.i for
20 mins.

2. Potassium acetate solution (solution 2)
a) 5.88g of potassium acetate (Analar) was dissolved in about 45 ml of distilled water
and made up to 60 ml final volume with water. This produced a 5M potassium acetate
solution.
b) 60ml of this 5M potassium acetate solution was mixed with 11.5ml of glacial acetic
acid (Analar) and 28.5ml of distilled water. This solution was recently prepared and
renewed every month.

3. 10%w/v SDS
lOg of Sodium dodecyl sulphate (SDS) was mixed with 90ml of distilled water and
heated to 68°C to dissolve. The pH was adjusted to pH7.2 by adding concentrated
hydrochloric acid dropwise. The final volume was made up to 100ml with distilled
water.

4. 1M TRIS pH8.0
121. lg of TRIS (TRIZMA base, Sigma) was dissolved in 800ml of distilled water, the
pH adjusted to 8.0 by adding 42ml of concentrated HC1 and the final volume made up
to 1 litre with distilled water.
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5. TE buffer
This buffer consisted of lOmM Tris pH.8.0 and ImM EDTA pH8.0. To prepare the
buffer 10ml of 1M TRIS was mixed with 2ml of 0.5M sterile EDTA and made up to 1
litre with distilled water.

6. Solution 1 (Maniatis, 1982)
This consisted of 50mM glucose, lOmM EDTA and 25mM Tris pH8.0. This was
prepared by mixing 2.5ml of glucose 40%w/v (40g of glucose [Analar] in 100ml water
and sterilised by autoclaving at 10 p.s.i for 20 mins), 2.0ml 0.5M EDTA, 2.5ml 1M
TRIS pH8.0 and water to 100ml. The solution was recently prepared and discarded
after 1 month.

7. 1M NaOH
40.0g of sodium hydroxide (Analar) was dissolved to 1 litre with distilled water.
100ml quantities were made at any one time.

8. Phenol
lOOg Phenol (Analar) was melted over a water bath and 8ml of water added. This
made about 100ml of liquified phenol, lg of 8-hydroxyquinoline was added as an anti
oxidant, as a partial inhibitor of RNase and a weak chelator of metal ions. But perhaps
its most useful property was to make the phenol yellow in colour for ease of
extraction. This was then extracted with an equi-volume of TE buffer three times in a
separating funnel, each time discarding the aqueous layer until the supematent was
clear.

9. TBE Electrophoresis buffer for running the gels
This was made by dissolving 54g TRIZMA base (Sigma), and 27.5g Boric acid in
800ml of distilled water. 20ml of sterile 0.5M EDTA (pH8.0) was added and the
solution made up to final volume of 1 litre with distilled water. This produced a 5 X
concentrated solution. Prior to use 200ml of this 5 X TBE buffer was diluted to 1 litre
with distilled water.
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10. Ethidium bromide lOmg/L
lg of ethidium bromide (Sigma) was dissolved in 100ml distilled water by stirring for
several hours. The solution was dispensed into Eppendorf vials covered with
aluminium foil to protect the ethidium bromide from light. The vials containing
ethidium bromide were stored at 4°C. Ethidium bromide was used afetr the gel was run
as a DNA intercalating dye which fluroresced under UV light revealing the bands of
DNA.

11. RNase
O.lg of RNase (Sigma) was dissolved in 10ml of lOmM Tris pH8.0 in 15mM NaCl.
This latter solution was prepared by mixing 0.1ml of 1M TRIS with 1.0ml of a 6g/L
sodium chloride solution and making up to final volume of 10 ml with distilled water.
On addition of the RNase, the solution was heated to 100°C for 15 mins and allowed
to cool to room temperature to inactivate DNAases. The cooled solution was then
dispensed into Eppendorf vials and stored at -20°C.

12. Chloroform/Isoamyl alcohol
Chloroform (Analar) was mixed with isoamyl alcohol in the proportions of 24:1 v/v.
Chloroform was used to denature proteins, while isoamyl alcohol reduced foaming
during the extraction and facilitated the separation of the aqueous and organic layers.

13. Tracking dye/ gel loading buffer
This consisted of 0.25% w/v bromophenol blue, with 25% w/v Ficoll in distilled water
to produce a 6 X concentrate. 12.5g Ficoll was weighed and heated to 60°C with 50ml
of distilled water. 125mg of bromophenol blue was added to this and allowed to
dissolve for 10-15 mins prior to the solution being dispensed into Eppendorf vials and
stored at 4°C.

14. TE/RNase
This was freshly made by adding lpl of RNAse (lOg/L) to 499pl of TE buffer to
produce a 1 in 500 dilution and a final concentration of RNAse of 20mg/L.

15. DNA m arkers
Lambda DNA (Sigma) was prepared before use by mixing lpl of the
manufacturer’s solution with 49pl of tracking dye/gel loading buffer in an Eppendorf
vial with the aid of a Gilson pipette. This was stored at 4°C. Prior to loading the gel
2pl of this 1 in 50 dilution was mixed with 18pl of TE buffer in an Eppendorf vial and
the 20pl added to the gel well by a Gilson pipette.
A high molecular weight marker (about 30 kbp, Sigma) was prepared for use
by mixing lpl with 49pl of tracking dye/gel loading buffer. This was stored at 4°C.
Prior to loading the gel 2pl of this 1 in 50 dilution was mixed with 18pl of TE buffer
and the 20pl loaded into the well as before with Lambda DNA.

Chemical reagents and solutions for in situ lvsis for gel electrophoresis

1. TE buffer -see alkaline lysis

2. TE/Sarkosyl
lml of Sarkosyl (Analar) (30%w/v) was made up to 300ml with TE buffer.

3. Lysozyme mixture.
20g of Ficoll was dissolved in 80ml of water by heat at 60°C for 15-30 mins. Then
5mg of RNase (Sigma) was added by adding 0.5ml of a lOg/L RNase solution. 5g of
bromophenol blue were also added and allowed to dissolve. This solution was then
stored at room temperature. Lysozyme was then added immediately prior to use at a
concentration of lOg/ml and the final solution kept on ice for 10-15 mins before use.
Any remainder was discarded.

4.Sodium docecyl sulphate mixture (SDS mixture)
lOg of Ficoll was dissolved in 100ml TBE (single strength) at 60°C. 2g of SDS was
added and stirred to dissolve. This was stored at room temperature.
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Agarose gels.
For the detection of plasmids, all gels were 0.5% w/v agarose and prepared by
dissolving l.Og agarose powder (Type II, Sigma) in 200ml TBE (single strength) in a
500ml conical flask, by heating in a microwave oven (Philips 5100, 960W) for 2 mins
to melt.
With the in situ lysis experiments, after the gel had set, a 0.5cm band of 0.5%
agarose was removed 0.5cm behind the gel wells and filled with about 10ml of 0.5%
agarose containing 2% w/v SDS. This was prepared by adding 10ml of 10% w/v SDS
(see alkaline lysis, chemical reagents and solutions, for preparation) to 0.25g of
agarose in 40ml of single strength TBE buffer in a 100ml conical flask. This was then
placed in a microwave (Philips 5100, 960W) for 1 minute to melt.
To cap the wells in the in situ lysis technique 0.85% w/v agarose was used.
This was prepared by melting 0.425g of agarose powder (Sigma) in 50ml of single
strength TBE buffer in a 250ml conical flask, by heating in a microwave (Philips
5100, 960W) for 1 minute to melt.

Agarose Gel Electrophoresis methods.

Investigation of plasmids in bacteria previously treated with 4-quinolones in intact cells
Method A
An overnight culture of the bacterial strain containing the plasmid under
investigation was grown in nutrient broth at 37°C.
2ml of this culture was diluted with 8ml of nutrient broth or nutrient broth
containing drug. The reaction mixtures were then incubated at 37°C for various time
intervals up to 3 hours. After these periods of time the mixtures were centrifuged at
4,000 r.p.m for 15mins, the supernatants decanted, and the pellets resuspended in 10ml
quantities of nutrient broth. These were re-centrifuged at 4,000 r.p.m. and the second
supernatants discarded. The pellets were resuspended in 2ml quantities of nutrient
broth. 1.5ml quantities of these washed reaction mixtures were then dispensed
aseptically into sterile Eppendorf vials prior to extracting the plasmids.
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Protocol for Extraction of Plasmid DNA by alkaline lvsis (Maniatis et al. 1982)

1.

The washed bacteria in the Eppendorf vials were centrifuged for 1 minute in a
MSE microcentrifuge (r.p.m. = 15,000).

2.

The supernatants were discarded.

3.

200pl of 1%SDS in 0.2M NaOH was added to each tube and the contents
gently mixed with the aid of a Gilson pipette and left on ice for 5 minutes.

4.

150pl of ice cold potassium acetate solution was added and the contents mixed
by Vortexing for 10 seconds. The vial was then left on ice for 5 minutes.

5.

The vials were centrifuged for 5 minutes at 4°C in an MSE microcentrifuge
(r.p.m. = 15,000).

6.

The supernatants were removed and placed in a clean sterile Eppendorf vial.
The old vials were discarded with the deposits.

7.

Cell debris and unwanted proteins were then extracted by adding in turn equal
volumes of a) phenol b) phenol/CHCl3 and c) CHC13. After each addition the
tube was Vortexed and the supernatants retained. (Phenol removed
contaminants causing breakdown of cross-linking of RNA/DNA whereas
chloroform acted as a deproteinizing agent)

8.

2 volumes of 100% ethanol was added to each extracted supernatant and mixed
by Vortexing. After standing for 2 minutes to allow for precipitation of DNA
the tube was centrifuged at 15,000 r.p.m. for 5 minutes at room temperature.

10.

The supernatant was removed and the tube allowed to drain.

11.

1ml of 70% Ethanol (at -20°C) was then added to each deposit and briefly
mixed by inverting the tube a few times.

12.

The vials were left at -20°C for 10-15 minutes to allow the DNA to precipitate.

13.

The vials were then centrifuged at 4°C for 10 minutes in a MSE
microcentrifuge (r.p.m.= 15,000).

14.

The supernatants were carefully removed and the tubes dried under vacuum
using a desiccator and vacuum pump, care being taken when the desiccator
returning to normal pressure after drying to avoid condensation.

15.

Each pellet was resuspended in 20pl TE/ RNAse (at 20pg/ml) at pH8.0 and left
for 15 minutes.

16.

The preparations were now ready to be mixed with loading buffer onto agarose
gels.
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Preparation of Agarose Gels

1.

The gel trays and combs chosen were washed thoroughly and dried with a nonfluffy cloth then rinsed with distilled water followed by 70% alcohol and
allowed to dry.

2.

The requisite quantity of agarose powder was accurately weighed and dissolved
in TBE buffer in a conical flask fitted with a non-absorbent cotton wool / gauze
bung, by heating in a microwave oven for 2-3 minutes at high level (Philips
Model No.5100 960W).

5.

The agarose solution was removed from the microwave oven and cooled to
55°C in a water bath.

6.

The gel tray and comb were levelled using a spirit level. The tray was then
filled with molten agarose up to the level where comb teeth were submerged
into 3/4 of the depth of the gel.

7.

The gel was allowed to cool at room temperature but for very dilute gels (0.5%
and less), cooling was assisted by placing the trays in a 4°C refrigerator after
the gel had first been allowed to set at room temperature.

8.

45-60 minutes after the gel had set, the comb was carefully removed ensuring
that no tearing of wells occurred.

9.

The gel was placed in an electrophoresis tank, which was filled with TBE
buffer until the gel was submerged. Equilibration for about 1/2 hour was then
allowed.

10.

Gels were kept for a maximum of 2 days submerged in buffer and for each run
fresh buffer was used.

Loading the gel
1.

20pl quantities of the tracking dye being used were added to each 20pl of DNA
sample.

2.

Carefully using a Gilson micropipette each well was loaded with 20pl of the
sample / tracking dye mixture. With large wells 30pl quantities of sample /
tracking dye mixtures were used.

3.

Once the gel had been loaded great care was taken to avoid disturbing the tank
contents as this might encourage the samples to be washed out of their wells.

5.

Standard DNA markers were also run on each gel as required.
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Running the gel.

For the alkaline lysis method the gels were run at a constant current of 30mA
and a constant voltage of 60V for 14 hours. For the in situ lysis experiments the gels
were run at an initial voltage of 30V (20mA) for 45mins which was increased to 120V
(70mA) for 5 hours. However for better separation this was changed to 30V (20mA)
for 14 hours.

Visualization of Gel

1.

The electric supply was switched off.

2.

The gel tray was removed from the gel tank. The gels were placed back into
their bases.

3.

30pl of ethidium bromide lOmg/ml was then added to 200ml of TBE buffer.

4.

The ethidium bromide solution was then poured over the gel to cover it.

5.

Staining for about 30 minutes was then allowed.

6.

The gels were then removed from their bases and placed on a UV light
transluminator.

7.

Black and white ASA 124 film at F ll for 45 seconds using a UV filter on a
Nikon FE SLR camera was used to photograph the gels initially. Later, 2
seconds at F ll using a IBI Quickshooter camera Model QSP (Catalog No.
46400) Gel Electrophoresis system and Polaroid Type 667 coatless instant pack,
high speed, ISO 3000/36°, black and white film, was used.
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Method B
In situ lvsis of large plasmids.(Hardy. 1988)

Preparation of Agarose gels.

0.5% (w/v) agarose gels were prepared as described before, except that when
set a 0.5cm strip was removed 0.5cm behind the wells of the gel and filled with 0.5%
(w/v) agarose containing a 2% (w/v) SDS. This band was allowed to set while the
cells were being processed.

1.

Bacterial cultures were grown statically overnight at 37°C in 100ml quantities
of nutrient broth in a 250ml conical flask to produce a viable count of about
10s c.f.u/ml. 10ml reaction mixtures were prepared with drug and water to 1ml
with 9ml of the overnight nutrient broth culture added. These were incubated at
37°C for the length of time required for the experiment. After this time the
mixtures were centrifuged at 4,000 r.p.m. and the deposits resuspended in 1ml
of drug-free nutrient broth and placed in a sterile Eppendorf vial.

2.

The bacteria were centrifuged down in an MSE microcentrifuge for 1 minute
(r.p.m. =15,000). The supernatant was discarded, and 1ml of TE/sarkosyl added
and mixed by Vortexing to wash the cells. The vials were then centrifuged in
an MSE microcentrifuge as before.

3.

The pellets were washed with 1ml of TE buffer using a Vortex mixer followed
by centrifugation. The supernatants were then discarded.

4.

40pl quantities of lysozyme mixture containing 2mg of lysozyme (i.e. 50mg/ml)
dissolved in sterile water were added to each pellet and quickly mixed with the
tip of a Gilson micropipette and immediately loaded into the gel well with the
same pipette. Care was taken not to introduce air bubbles into the lysis
mixture as this would have prevented formation of recognisable bands in the
gels.

5.

The gels were allowed to sit for 10 minutes and then the wells were carefully
overlaid with 40pl of 2% w/v SDS in 10%w/v Ficoll (SDS mixture), taking
care not to allow the two layers to mix.

6.

The wells were capped with molten 0.85% w/v agarose which was allowed to
set.
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7.

The gels were run at 30V, 20mA for 45mins and then at 120V, 70mA for about
5 hours until the blue tracking dye has reached the end of the gel. Some
experiments were run overnight at 30V only.

8.

The gels were stained and visualized as previously described for Method A.

2. Minimum Inhibitory Concentrations (MICs)

a.Preparation of plates

Sterile drug solution and sterile water were prepared to a total volume of 3ml
in sterile loz bottles, which had previously been calibrated to 20ml. After sterilising
and dissolving 1.5 g of LabM Agar and 2.5 g of Oxoid No.2 nutrient broth powder in
85ml of distilled water by autoclaving, 17ml of the molten agar/broth mixture was
added aseptically to each loz bottle containing 3ml of the sterile drug solution and
sterile water. The contents were then mixed gently to avoid air bubbles and poured
into a sterile Petri dish. The poured plates were allowed to set and then overdried at
44°C for one hour. The concentration of drugs used followed a geometric progression
increasing 25-50% at each incremental step. The concentration ratios used were 1, 1.5,
2, 3, 4, 5, 7.5, and 10.

b.Preparation of cultures.

Nutrient broth cultures (4.5ml) were grown statically overnight at 37°C using as
an inoculum 10-20 colonies from a drug-free nutrient agar or Mac-Conkey agar plate,
which was no more than two weeks old. 102 and KF4 dilutions of the overnight
cultures were made by diluting 0.1ml of each the overnight culture with 9.9ml of
sterile nutrient broth, and further diluting 0.1ml of the 10 2 dilution with 9.9ml of
sterile nutrient broth. A 10"6 dilution was made by diluting 0.1ml of the 10"4 dilution in
9.9ml of sterile nutrient broth. This last dilution was used to obtain a viable count of
the overnight culture. This was achieved by dropping 0.02ml onto a nutrient agar plate
(one drop from a Pasteur pipette). After overnight incubation at 37°C, the colonies
were counted and viable counts calculated.
lpl of neat culture, the 10'2 and 1O'4 dilutions were then inoculated onto plates
containing various concentrations of antibacterial using a Denley multipoint inoculator
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(Denley, Billinghurst, Sussex). Each sterile cup was aseptically filled with
approximately lml of each inoculum. Up to 21 samples could be inoculated onto each
plate. After the inocula had absorbed, the plates were inverted and incubated overnight
at 37°C. The MIC was taken as the lowest concentration of antibacterial which
inhibited colony formation.

3.Fractional Inhibitory Concentration Tests

These tests involved the combinations of drugs at their MIC values and at
fractions of their MIC values to see if there was any synergy, addition, or antagonism
between the drugs as regards their ability to inhibit bacterial growth. For example 1/16,
1/8, 1/4, 1/2, 1 and 2 times the MIC of one drug was combined with similar fractions
and multiples of the MIC of a second drug. Synergy was defined by observing
inhibition of growth at combinations of the two drugs which added up to less than 1
MIC value, while antagonism was defined as inhibition of bacteria only occurring with
combinations of drugs which added together exceeded 2 MIC values. Addition was
defined as inhibition by the combination of drugs at a total concentration of 1 X MIC
(i.e. e.g. 1/4 MIC of drug A and 3/4 MIC of drug B). Indifference was defined as
inhibition at the same MIC with or without the addition of the second drug and the
sum of MICs less than 2 MIC values.

4.BactericidaI Tests

2.5ml aliquots of sterile double-strength nutrient broth were dispensed into
sterile loz bottles. Aqueous drug or drugs and sterile distilled water to a total volume
of 2.4ml were added to the loz bottles to provide the range of drug concentrations
being tested. The bottles were placed in a water bath at 37°C and pre-warmed for at
least 15 minutes prior to inoculation. 0.1ml of an overnight nutrient broth culture
containing approximately 5 x 108 colony forming units (cfu)/ml was added to complete
each reaction mixture. This produced an initial viable count of approximately 107
cfu/ml. The viable count of the culture used as inoculum was determined by dropping
0.02ml volumes of a 10'6 dilution of the overnight culture onto a nutrient agar plate.
The reaction mixtures were incubated for a single time period of 3 hours at 37°C.
After this time, the reaction mixtures were centrifuged at 4,000 r.p.m. for 15 minutes.
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The supernatant was discarded and an equal volume of fresh sterile nutrient broth
added to the pellet. This was then resuspended by using a Vortex mixer. Then 0.5ml or
0.1ml quantities of the washed reaction mixtures were diluted with 4.5ml and 9.9ml
quantities of sterile nutrient broth, respectively, to give 10*1 and ltf2 dilutions which in
some cases were diluted even further. 0.02ml of each dilution was dropped onto a
nutrient agar plate in duplicate. After the inocula had absorbed, the plates were
incubated overnight at 37°C and the colonies counted. The viable count of each
reaction mixture obtained after 3 hours was then converted into a percentage of the
viable count at zero time. The log10 of these percentages was plotted against the log10
of the drug concentration to give the bactericidal profile of the drug being tested. The
concentration of drug used in each bactericidal test was based on the geometric
progression of 1.5, 3, 5, 9, 15 etc.

5. Measurement of the rate of kill by 4-quinolones.

4-quinolones make bacteria filament on exposure (which increases the turbidity
of the culture) and thus the bacterial killing by 4-quinolones cannot be measured by
methods such as light scattering or optical density. The only possible way is to
estimate the viable count at different time intervals so that the rate of kill of bacteria
by the 4-quinolone can be calculated.
Nutrient broth was inoculated with 10-20 colonies from a nutrient agar plate or
Mac-Conkey plate less than two weeks old and incubated overnight at 37°C. 5ml of
sterile double-strength nutrient broth was added to sterile loz bottles. Aqueous drug or
drugs and sterile distilled water were added to give a final volume of 9.8ml. The
bottles were incubated at 37°C for at least 15 minutes in a water bath, then 0.2ml of
the overnight nutrient broth culture which contained approximately 5 x 108 cfu/ml was
added at time zero to complete each reaction mixture. At time zero the viable count
would hence be about 107 bacteria per ml. At various time intervals 0.1ml samples
from each reaction mixture containing one or more drugs were diluted in sterile
nutrient broth. 0.02ml quantities of each dilution were dropped in duplicate onto
nutrient agar plates, which were then incubated at 37°C overnight. After the colonies
were counted the next day, the viable count at each time interval was calculated and
divided by the viable count at time zero and multiplied by 100 to give the percent
survival. The results were then plotted as the log10 of % survival against time.
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In some cases the effects of the drugs were studied on bacteria suspended in
phosphate-buffered normal saline (PBNS) pH7.4 in place of nutrient broth. When this
was done overnight nutrient broth cultures were centrifuged at 4,000 r.p.m. for 15
minutes and the supernatants discarded. Then twice the original volume of PBNS was
used to wash the bacteria which were re-centrifuged using the same conditions. The
deposit after the second centrifugation was then resuspended to its original volume
with PBNS before being used to inoculate reaction mixtures in PBNS. Sterile nutrient
broth was still used as the diluent when the survival of bacteria treated with
antibacterials in PBNS was being estimated.

6.Isolation of resistant mutants

A culture of the organism was grown statically overnight in 50ml of sterile
nutrient broth in a 250ml conical flask. The cultures were then centrifuged at 6,000
r.p.m. for 20 mins at 4°C. Each deposit was then resuspended in 2.5ml of sterile
nutrient broth to produce what was termed a 20N concentrated culture. Varying
volumes of the 20N concentrate were then spread on nutrient agar plates containing
drug concentrations of 5 x, 10 x, and 20 x the MIC of the drug. The volumes spread
were as follows.
Volume of 20N concentrate spread

Approximate bacterial inoculum per plate

0.3ml

2.4 x 109

0.1ml

8.0 x 108

0.1ml of a 10'1 dilution

8.0 x 107

0.1ml of a 10'2 dilution

8.0 x 106

0.1ml of a 10*3 dilution

8.0 x 105

Also 0.1ml quantities of a 10‘7 and 10'8 dilutions of each 20N concentration were
spread on drug-free nutrient agar plates to determine its viable count so that the
mutational frequency could be calculated. This was done by dividing the number of
colonies appearing at a particular drug concentration by the c.f.u. inoculated. The drugcontaining plates were incubated at 37°C for at least two days and up to four days. The
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resistant colonies that so developed were then sub-cultivated onto fresh drug-containing
plates at the same drug concentration to ensure that the mutants were stable. The
mutants were then maintained on similar drug-containing nutrient agar plates to ensure
that reversion to sensitivity would not occur.

7.Measuring the UV survival of UV-sensitive bacteria
In some experiments in this thesis bacterial strains were used which were
deficient in genes involved in the SOS response. These mutants which were
hypersensitive to UV light, were checked to ensure that were as specified. UV survival
was measured as follows.
Nutrient broth was inoculated from 10-20 isolated colonies which were on a
nutrient agar plate or a Mac-Conkey agar plate, that was less than 2 weeks old and
incubated overnight at 37°C. Decimal dilutions of the nutrient broth cultures were
made in sterile nutrient broth and 0.02ml quantities of each dilution dropped in
duplicate onto overdried nutrient agar plates marked with each dilution.
A range of dilutions of the same strain were dropped onto the same plate and
allowed to soak in. Several such plates were prepared for each strain. The plates were
immediately irradiated under a Hanovia model 12 low pressure mercury lamp (Hanovia
Lamps Ltd., Slough, Bucks), which emitted light at 254nm. The dose emission per
second was set at either 0.5 Jm'2 or 1.0 Jm'2 depending on the reported sensitivities of
the strains from the literature. The plates were exposed by removing the Petri dish lid
for the time specified and the lid replaced to end the exposure.
The plates were then incubated at 37°C overnight in the dark and the colonies
counted. The percentage survival was calculated by dividing the viable count at the
exposed time by the viable count at zero exposure time, then multiplying by 100. The
results were then plotted as log10 of % survival against UV dose in seconds.

8.Post Antibiotic Effect
Overnight nutrient broth cultures (or blood broth with Streptococci only) grown
at 37°C statically were diluted 1 in 50 into (i) 10ml of nutrient / blood broth without
drug, (ii) into 10ml of nutrient / blood broth containing the drug at the MIC or (iii)
into 10ml of nutrient / blood broth containing the drug at 4 times the MIC. After 1
hour or 3 hours at 37°C, viable counts were made by dropping 0.02ml quantities of
serial decimal dilutions of these reaction mixtures onto nutrient / blood agar plates.
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The reaction mixtures were then quenched by adding them to a flask containing 10
times the volume of cold sterile nutrient / blood broth (i.e 10ml of reaction mixture
plus 100ml of sterile nutrient / blood broth). This was mixed then centrifuged at 4,000
r.p.m. for 20 mins. The supernatant was then discarded and 100ml of sterile nutrient /
blood broth added to the pellet After resuspension of the pellet, a second
centrifugation at 4,000 r.p.m. for 20mins was done. After the second supernatant was
discarded the pellet was finally resuspended in 10ml of nutrient / blood broth and a
viable count performed. The washed resuspended bacteria were then incubated at 37°C
in a water bath and hourly viable counts made to monitor recovery after treatment with
the drug. Drug-free controls were done at the same time to standardize losses of
bacteria caused by centrifugation.
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RESULTS
CHAPTER ONE

THE ACTION OF THE 4-QUINOLONES ON DNA GYRASE MUTANTS.

The 4-quinolones act on DNA gyrase (Drlica and Franco, 1988). Mutations
affecting either the A or B subunits of this enzyme alter bacterial susceptibility to the
4- quinolones (Lewin et al, 1990). The molecular mechanisms leading to the death of
bacteria exposed to the 4-quinolones are not known. Nevertheless, differences have
been shown amongst these drugs in the conditions required for their lethal action.
Protein and RNA synthesis and cell division are essential for the bactericidal activity
of the older 4-quinolones such as nalidixic acid (Deitz et al, 1966; Smith, 1984). Some
newer 4-quinolones kill in the absence of protein or RNA synthesis or of cell division
and this bactericidal mechanism has been termed mechanism B (Smith and Lewin,
1988; Lewin and Amyes, 1989 & 1990; Lewin et al, 1989). Mechanism B is exhibited
by ciprofloxacin, ofloxacin (Smith and Lewin, 1988), lomefloxacin (Lewin et al,
1989), fleroxacin, pefloxacin (Lewin and Amyes, 1990) and DR-3355 (Lewin and
Amyes, 1989). The target site for mechanism B is unknown but it has been proposed
by Dahloff (1985) that mechanism B involves the bacterial membrane rather than DNA
gyrase.
This study involved investigating the bactericidal mechanisms of the 4quinolones against various mutants of E.coli KL16 that had altered susceptibility to the
4-quinolones. The studies were aimed to determine whether mechanism B could be
abolished by any specific mutations thereby giving a clue to its site of action.
Four different mutations were investigated:
The nal A (gyrA) mutation carrying an alteration in the A subunit of DNA gyrase
(Hane and Wood, 1969);
The nal B mutation which causes a reduction in permeability (Hane and Wood, 1969);
The nal C mutation which alters the B subunit of DNA gyrase (Yamagishi et al,
1986);
The nal D mutation which appears to alter both the B subunit and permeability
(Hrebenda et al, 1985).
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RESULTS

The kill of nal mutants by nalidixic acid

The most bactericidal concentration (MoBaCo) of nalidixic acid in nutrient
broth for E.coli KL16 was 90mg/L (Fig. 3). A MoBaCo could not be determined for
the nalA, nalB or nalC mutants as they did not exhibit a biphasic response (Fig. 3).
For the nalD mutant its MoBaCo was 300mg/L (Fig. 3). Interestingly the organism
killed to the greatest extent was the nalB mutant. These results with nalidixic acid
were limited due to solubility difficulties so experiments with ciprofloxacin and
ofloxacin were carried out.
The most bactericidal concentration of ciprofloxacin and ofloxacin for each
mutant was determined as described in the methods section and was found to be
different from the most bactericidal concentrations required for the parent strain as
follows:

Table 1
Most bactericidal concentrations
Ciprofloxacin

Ofloxacin

Norfloxacin

E.coli KL16

0.15mg/L

0.90mg/L

1.50mg/L

nalA mutant

0.90mg/L

9.0mg/L

1.50mg/L

nalB mutant

0.15mg/L

0.90mg/L

1.50mg/L

nalC mutant

0.15mg/L

0.90mg/L

1.50mg/L

nalD mutaiu

0.50mg/L

5.0mg/L

1.50mg/L

Mutant

Experiments with the 4-quinolones alone or in combination with rifampicin in
nutrient broth were then carried out. Viable counts were made at 30 minute intervals
over a 4 hour period to estimate survival.
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Figure 3
The kill of nal mutants of Exoli KL16 by nalidixic acid in nutrient broth at 37*C.
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The kill of nal mutants bv ciprofloxacin in nutrient broth with and without rifampicin.
Figure 4 shows that the killing of E.coli KL16 in nutrient broth was similar to
that of the nal A mutant except that the survival of the latter was greater at every
concentration. When rifampicin was added to a bacteriostatic concentration this
reduced but did not abolish the bactericidal activity of ciprofloxacin against E.coli
KL16 so revealing mechanism B (Fig. 4). On the other hand, the addition of rifampicin
completely abolished the bactericidal activity of ciprofloxacin against the nalA mutant
showing that mechanism B was absent (Fig. 4).
Figure 5 shows that in nutrient broth the nalB mutant was slightly more
resistant to ciprofloxacin than its parent, but in nutrient broth with rifampicin both
organisms were killed to a similar extent. Therefore mechanism B was detectable in
both of these strains.
Figure 6 shows that the nalC mutant was hypersensitive to ciprofloxacin as is
reflected in the death rate being greater than that of the parent strain. Nevertheless, like
the nalB mutant the addition of rifampicin showed that mechanism B was exhibited in
both the parent strain and the nalC mutant
The nalD mutant (Fig. 7) was more resistant to ciprofloxacin than the parent
strain in nutrient broth. When rifampicin was added mechanism B was detectable in
the nalD mutant but to a lesser extent than the mechanism B observed with the parent
strain.
These results with ciprofloxacin show that the nalA mutation abolished
mechanism B and that the nalD mutation reduced mechanism B. However, the nalB
and nalC mutations did not affect mechanism B.
Indeed when ofloxacin was subjected to similar investigations in nutrient broth
with or without rifampicin it can be seen (Figs. 8-11) that the mutants exhibited
broadly similar responses to those seen with ciprofloxacin in that mechanism A was
abolished in the nalA mutant, reduced in the nalD mutant and unaffected in the nalB
and nalC mutants.
When norfloxacin was subjected to similar investigations in nutrient broth it
can be seen (Figs. 12-15) that the addition of rifampicin abolished its activity against,
not only the parent strain as expected, but also against the nalA, nalB, nalC, and nalD
mutants. Therefore not surprisingly mechanism B was absent against, not only
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Figure 4
The kill of the nalA mutant of E.coli KL16 by ciprofloxacin in nutrient broth with
and without rifampicin at 37*C.

nalA m utant
C IP 09m g/L +
RIF 1 6 0 m g /L

<

E .coli KL16
parent
CIP 0-15m g/L
0 01
120
150
Time in m inutes

180

210

2M>

95
Figure 5
The kill of the nalB mutant of E.coli KL16 by ciprofloxacin in nutrient broth with
and without rifampicin at 37#C.
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Figure 6
The kill of the nalC mutant of E.coli KL16 by ciprofloxacin in nutrient broth with
and without rifampicin at 37*C.
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Figure 7
The kill of the nalD mutant of E.coU KL16 by ciprofloxacin in nutrient broth with
and without rifampicin at 37*C.
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Figure 8
The kill of the nalA mutant of E.coli KL16 by ofloxacin in nutrient broth with
and without rifampicin at 37'C.
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Figure 9
The kill of the nalB mutant of E.coli KL16 by ofloxacin in nutrient broth with
and without rifampicin at 37*C.
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Figure 10
The kill of the nalC mutant of E.coli KL16 by ofloxacin in nutrient broth with
and without rifampicin at 379C.
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Figure 11
The kill of the nalD mutant of E.coli KL16 by ofloxacin in nutrient broth with
and without rifampicin at 37*C.
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Figure 12
The kill of the nalA mutant of E.coli KL16 by norfloxacin in nutrient broth with
and without rifampicin at 37#C.
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Figure 13
The kill of the nalB mutant of E.coli KL16 by norfloxacin in nutrient broth with
and without rifampicin at 37fC.
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Figure 14
The kill of the nalC mutant of E.coli KL16 by norfloxacin in nutrient broth with
and without rifampicin at 37*C.

E.coli KL16 p aren t
N 0 R 1 * 5 m g /L t RlF
160m g/L

n a lC m u ta n t
N 0 R T 5 m g /L

E .c o liK L 16parent
NOR 1-5 m g/L

i
120
150
Time in minutes

Figure 15
The kill of the nalD mutant of E.coli KL16 by norfloxacin in nutrient broth with
and without rifampicin at 37*C.
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the parent strain, but also against any mutant.
When norfloxacin was investigated in PBNS (Fig. 16) it can be seen that its
ability to kill the nalA, nalB, nalC, and nalD mutants was less than its ability to kill
the parent strain. Nevertheless as all the mutants died to some extent in PBNS then it
would seem that none of these mutations had abolished mechanism C.
These findings were surprising and to make a further check on this general
conclusion the nalA mutant treated with ciprofloxacin and ofloxacin was next
investigated in PBNS. The reason for this approach was that since the nalA mutant
lacked mechanism B, then mechanism C may have been retained in this mutant. The
other mutations (i.e. nalB, nalC, or nalD) had not resulted in a complete loss of the
mechanism B of ciprofloxacin or ofloxacin so it was pointless to investigate them in
PBNS as this would reveal not only mechanism C but also mechanism B of either of
these drugs.
It can be seen (Fig. 17) that very surprisingly ciprofloxacin did exhibit an
ability to kill the nalA mutant in PBNS. Although the death of the nalA mutant was
less than that observed with the parent strain, it should be pointed out that the death of
E.coli KL16 in PBNS is caused not only by mechanism B but also mechanism C.
Consequently it should be expected that the rates of death of the nalA mutant in PBNS
(mechanism C only) would be less than that of its parent strain (mechanisms B and C).
Nevertheless, it was expected to find a significant bactericidal effect of ciprofloxacin
or ofloxacin against the nalA mutant.
These experiments therefore confirm the unexpected earlier finding that the
nalA mutation did not abolish the mechanism C of norfloxacin and in conclusion no
target site can be ascribed for mechanism C by studying the effects of ciprofloxacin,
ofloxacin or norfloxacin with nalA, nalB, nalC or nalD mutants.
On the other hand, the results in this section obtained by studying ciprofloxacin
and ofloxacin in nutrient broth with or without rifampicin revealed that the nalA
mutation abolished mechanism B of either drug. This result would suggest that as this
mutation resides in the A subunit of DNA gyrase then mechanism B may operate by
an interaction with this gyrase subunit. This conclusion clearly contradicts the earlier
proposal by Dahloff (1985) that mechanism B operates on the outer layers of the cell
envelope.
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Figure 16
The kill of the nal mutants of E.coli KL16 by norfloxacin in PBNS at 37*C.
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Figure 17
The kill of the nal mutants of E.coli KL16 by ciprofloxacin and ofloxacin in PBNS
at 37*C.
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CHAPTER TWO

SENSITIVITY AND MUTATIONAL RESISTANCE TO THE COUMARIN
ANTIBACTERIALS.

Novobiocin and coumermycin inhibit the B subunit of DNA gyrase (Gellert et
al, 1976). This work investigates the sensitivity of nal mutants with known 4quinolone resistance mutations to these coumarins. The MIC’s of these drugs against
the parent strain E.coli KL16 were also investigated. In addition the frequency of
mutation to both novobiocin and coumermycin by E.coli KL16 was tested.

E.coli KL16. nalA. nalB. nalC. and nalD MIC values with novobiocin and
coumermycin.
Using the method described the bacteria at an inoculum size of between 5 x 101
and 102 bacteria were tested against increasing concentrations of novobiocin and
coumermycin in nutrient agar and the results read after overnight incubation at 37°C.

RESULTS
Table 2
MIC values of the nal mutants of E.coli KL16 treated with novobiocin
Novobiocin MIC values (mg/L)
KL16

nalA

nalB

nalC

nalD

150

150

400

150

150

From these results in Table 2 it can be seen that the nalB mutant had a much
higher MIC to novobiocin compared to all other strains tested. This mutation results
from an alteration bacterial ability to take up 4-quinolones (Smith, 1984). Thus this
mutation would seem also able to prevent the uptake of novobiocin by bacteria. Very
surprisingly the nalA, nalC, and nalD mutations did not affect novobiocin sensitivity
despite the fact that the drug acts on the B subunit of DNA gyrase and that the latter
two mutants have an altered DNA gyrase B subunit
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Table 3
MIC values of the nal mutants E.coli KL16 treated with coumermycin

Coumermycin MIC values (mg/L)
KL16

nalA

nalB

nalC

nalD

30

15

30

7.5

10

From these results in Table 3 there was no difference between the MIC of the
nalB mutant and that of the parent strain. The nalA, nalC and nalD mutants, however,
were hypersensitive to coumermycin compared to the parent strain. These findings of
hypersensitivity to coumermycin in the nalA, nalC and nalD mutants differ from the
novobiocin MIC’s which only showed the nalB mutant to be resistant to novobiocin.
The nalA, nalC and nalD mutants were of similar sensitivity to novobiocin as the
parent strain. Such results would seem to suggest that, contrary to common belief,
these drugs may not have an identical mode of action. It is known that the nalC
mutation is in the B subunit of DNA gyrase, which is where coumermycin acts. The
nalC mutant is also hypersensitive to ciprofloxacin (Smith, 1984) and similar results
were obtained as follows:

Table 4
MIC values of the nal mutants E.coli KL16 treated with ciprofloxacin

Ciprofloxacin MIC values (mg/L)
KL16

nalA

nalB

nalC

nalD

0.004

0.05

0.0075

0.001

0.015

Here as expected the nalC mutant was hypersensitive to ciprofloxacin. Also as
expected the nalA, nalB and nalD mutants had MIC’s higher than the parent strain.
The nalC and nalD mutants have mutations in the gyrase B subunit and the nalB
mutant is believed to be mutated in the uptake for 4-quinolones while the nalA mutant
has altered gyrase A subunits (Smith, 1984).
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With these results in mind, resistant mutants of E.coli KL16 to novobiocin and
coumermycin were selected on higher concentrations of the drugs in nutrient agar
plates. The MIC of these new mutants to novobiocin, coumermycin and ciprofloxacin
was then investigated.

Isolation of spontaneous novobiocin-resistant and coumermvcin-resistant mutants of
E.coli KL16
From the method described in the methods section E.coli KL16 mutants that
were resistant to novobiocin were selected on 5 X the MIC which was 5 X 150mg/L
(=750mg/L) and to coumermycin on 5 X 30mg/L (=150mg/L). Various concentrations
of culture were spread onto these plates and the plates incubated up to four days. The
inutants once developed were subcultivated onto drug plates at the same concentration
of the same drug. For MIC testing the mutants were grown in nutrient broth containing
drug present at the selective concentration to ensure there was a selective pressure for
the mutants only, to grow.

The frequency of mutation was calculated as follows:

Viable count of mutants
Frequency of Mutation =

__________________________
Viable count of O/N culture

Frequency of mutation of E.coli KL16 to 5 x the MIC of coumarin.

Novobiocin

=

3.16 X 10-6

Coumermycin

=

2.42 X 10'7

10 novobiocin-resistant and 9 coumermycin-resistant mutants were tested for
sensitivity to novobiocin, coumermycin and ciprofloxacin.
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Table 5
MICs of 5 X the MIC novobiocin-resistant mutants and 5 X the MIC coumermvcinresistant mutants of E.coli KL16 with novobiocin, coumermycin and ciprofloxacin.
MIC values are in mg/L

NOV

COU

CIP

MUTANT
TYPE

NOVI

> 1000

15

0.005

NOV2

> 1000

20

0.005

NOV3

1000

15

0.0075

NOV4

1000

20

0.005

NOV5

>1000

15

0.0075

NOV6

>1000

20

0.005

NOV7

>1000

50

0.005

NOV8

>1000

15

0.005

NOV9

>1000

15

0.0075

NOVIO

>1000

30

0.005

s,
s,
s,
s,
s,
s,
s,
s,
s,
s,

COU1

1000

200

0.0075

T

COU2

750

75

0.004

s2

COU3

750

300

0.004

T

COU4

750

75

0.004

COU5

1000

50

0.004

s2
s*

COU8

1000

300

0.004

T

COU9

1000

750

0.005

T

COUIO

1000

200

0.005

T

COU11

1000

200

0.005

T

KL16

300

30

0.0075

N.A.

STRAIN

NOV = novobiocin
N.A. = not applicable

COU = coumermycin CIP = ciprofloxacin
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From these results it can be seen that all 10 of the novobiocin-resistant mutants
selected at 5 X the MIC had increased novobiocin resistance as expected. Perhaps
surprisingly none of them exhibited any significant ciprofloxacin or coumermycin
resistance.
However, all 9 of the coumermycin-resistant mutants exhibited not only
coumermycin-resistance as expected, but also elevated MIC values against novobiocin.
The MIC of ciprofloxacin was unchanged for any of these 9 mutants. Consequently
although nov* mutants were not cross-resistant to coumermycin or ciprofloxacin, the
couR mutants were cross resistant to novobiocin but not to ciprofloxacin. This
dissociated cross resistance once again suggests that novobiocin and coumermycin may
not have an identical mode of action, or that they enter bacteria by different routes.
One peculiar feature of these couR mutants was that despite being isolated on and
subcultured in 150mg/L coumermycin three of the mutants despite still being couR
were resistant to concentrations of coumermycin lower than 150mg/L, i.e. mutants 2, 4,
and 5. These were termed S2 and the remaining couR mutants were termed T mutants
while the term

was used for the mutant type isolated on novobiocin.

Because the MIC of novobiocin was quite high, it was not possible to make
drug plates containing concentrations higher than 5 X the MIC without solubility
problems. However, as the MIC of coumermycin was lower, mutants could be selected
at 10 X, 15 X, 20 X and 25 X the MIC. The frequencies of mutation to these
concentrations were 1.49 x 10'8, 4.09 x 10*8, 4.09 x 10'8, and 3.35 x 10'8, respectively.

MICs of 10 X. 15 X. 20 X, and 25 X the MIC coumermycin-resistant mutants of
E.coli KL16 with novobiocin, coumermycin and ciprofloxacin.
The MIC values for novobiocin, coumermycin and ciprofloxacin were
determined for 4 mutants selected on 300mg/L coumermycin, 11 mutants selected on
450mg/L coumermycin, 11 mutants selected on 600mg/L and 9 mutants selected on
750mg/L coumermycin. As mentioned before despite being selected on coumermycin
at 300mg/L to 750mg/L many type S2 mutants were still found.
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Table 6

E.coli KL16 coumermycin-resistant mutants.

MUTANT
TYPE

NO. OF
TYPE

DRUG SELECTION

MIC

values

(mg/L)

CONCENTRATION

NOV

COU

CIP

Parent strain

300

30

0.0075

10 x MIC = 300mg/L

750

75

0.004

s2

2

COUMERMYCIN

750

300

0.004

T

2

15 x MIC = 450mg/L

1000

75

0.004

S2

4

COUMERMYCIN

1000

200

0.004

T

6

750

75

0.05

R

1

20 x MIC = 600mg/L

750

75

0.004

S2

10

COUMERMYCIN

750

200

0.004

T

1

25 x MIC = 750mg/L

750

75

0.004

S2

6

COUMERMYCIN

750

75

0.03

R

3

—

—

Table 6 shows that three different types of coumermycin-resistant mutants could be
distinguished. Not only were the S2 and T mutant types found again (as had been
isolated on 150mg/L coumermycin) at 300, 450 and at 600mg/L coumermycin but at
450mg/L and at 750mg/L coumermycin a third type of mutant (termed R) was detected
that exhibited not only cross resistance to novobiocin but also to ciprofloxacin.

Table 7 Summary of coumermycin-resistant mutant results.

% Mutant Type
isolated

COU concentrations (mg/L) used for mutant
selection
150

300

450

600

750

s2

33.7

50.0

36.4

80.9

66.7

T

66.7

50.0

54.5

-

-

R

-

9.1

9.1

33.3

-

Therefore as the coumermycin concentration was increased so the frequency of
S2 and R mutants increased while the occurrence of T mutants decreased (Table 5). As
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the R mutants were resistant to all three drugs it is possible that such a mutational
change may reside in the mechanism of drug uptake rather than in DNA gyrase.
Whether this pattern of different mutations at different selection concentrations was
specific to coumermycin in E.coli KL16, was investigated by repeating the experiment
using Staph, wartieri. This organism is much more sensitive to novobiocin and
coumermycin and thus would enable multiple MIC mutants of novobiocin to be
selected, which was not possible with E.coli KL16.

Spontaneous mutation to novobiocin and coumermycin resistance in Staph, warneri.
The method used for the isolation of mutants was identical to that used with
E.coli KL16. Mutants were selected on 5 X, 10 X, 15 X, 20 X, and 25 X the MIC of
novobiocin (1 X MIC = 0.04mg/L) and on 2.5 X, 5 X, 10 X, 15 X, and 20 X the MIC
of coumermycin ( I X MIC = 0.0075mg/L). The selection concentrations used with
coumermycin were lower because it was more difficult to select mutants with this drug
than with E.coli.

RESULTS

The frequencies of mutation to novobiocin were 3.22 x 10'7, 3.05 x 10'7, 1.69 x
10*7, 1.53 x lO'7, and 1.36 x 10'7, when selected at 5 X, 10 X, 15 X, 20 X, and 25 X
the MIC respectively.
The frequencies of mutation to coumermycin were 4.5 x 10'8, 4.0 x 10'8, 2.7 x
10‘8, 2.1 x lO'8 and 1.37 x 10‘8, when selected at 2.5 X, 5 X, 10 X, 15 X and 20 X the
MIC respectively. Eight mutants selected on each novobiocin concentration and on
each coumermycin concentration were then tested for their sensitivity to novobiocin,
coumermycin, and ciprofloxacin.
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Table 8
MICs of 5 X. 10 X. 15 X. 20 X, and 25 X the MIC novobiocin-resistant mutants of
Staph, warneri with novobiocin, coumermycin and ciprofloxacin.
DRUG SELECTION

MIC

values

(mg/L)

MUTANT

NO. OF

CONCENTRATION

NOV

COU

CIP

TYPE

TYPE

Parent strain

0.04

0.0075

0.3

5 x MIC = 0.2mg/L

0.5

3

0.3

Y

5

5

0.3

0.3

Z

3

0.5

3

0.3

Y

6

NOVOBIOCIN

5

0.3

0.3

Z

2

15 x MIC = 0.6 mg/L

5

0.3

0.3

Z

8

5

0.3

0.3

z

8

5

0.3

0.3

z

8

NOVOBIOCIN
10 x MIC = 0.4 mg/L

—

—

NOVOBIOCIN
20 x MIC = 0.8 mg/L
NOVOBIOCIN
25 X MIC = 1.0 mg/L
NOVOBIOCIN
Summary of results.
From the table it can be seen that as with E.coli KL16, a similar phenomenon
of two types of mutants was found. Generally these were called Y and Z to distinguish
them from S and T in E.coli KL16.
With novobiocin selection both Y and Z mutant types were found at the lower
concentrations. The Y type mutants exhibited a novobiocin MIC of 0.5 mg/L and were
also highly resistant to coumermycin (MIC = 3mg/L). The Z type mutants (MIC =
5mg/L novobiocin) were 10 times more resistant to novobiocin than the Y type
mutants and although they were also cross-resistant to coumermycin, the level of
coumermycin resistance (MIC = 0.3mg/L) was only a tenth of that exhibited by the Y
type mutants. As the selective concentration of drug increased this seemed to favour
the isolation of Z type mutants. The Y type mutants (MIC = 0.5 mg/L novobiocin)
were only found when the selective concentrations of novobiocin used were less than
their MIC for novobiocin. Z type mutants occurred more frequently as the
concentrations of novobiocin used for mutant selection were increased. This is not
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surprising as the MIC of the Z mutant was 5 mg/L. With novobiocin at the highest
concentrations only the Z type mutants were found.
These results suggest that two different mutations conferring novobiocin
resistance can occur and it is possible that they can occur in the gyrase B subunit.
Should this be the case these results suggest that novobiocin and coumermycin may act
in a different way on the B subunit It is unlikely that the mutants had a permeability
change as the MIC of ciprofloxacin was unchanged throughout. If the mutations are in
the gyrase B subunit because ciprofloxacin sensitivity was unaffected this may imply
that ciprofloxacin must act more on the gyrase A subunit than on the gyrase B subunit.

Table 9
MICs of 2.5 X. 5 X. 10 X. 15 X and 20 X the MIC coumermycin-resistant mutants of
Staph, warneri with novobiocin, coumermycin and ciprofloxacin.

MIC

values

(mg/L)

CONCENTRATION

NOV

COU

CIP

Parent strain

0.04

0.0075

0.3

2.5 x MIC = 0.02mg/L

0.5

3

0.3

Y

5

5

0.3

0.3

Z

3

0.5

3

0.3

Y

6

5

0.3

0.3

Z

2

0.5

3

0.3

Y

8

0.5

3

0.3

Y

8

0.5

3

0.3

Y

8

COUMERMYCIN
5 x MIC = 0.04 mg/L
COUMERMYCIN
10 x MIC = 0.08 mg/L

MUTANT
TYPE

NO. OF
TYPE

DRUG SELECTION

—

—

COUMERMYCIN
15 x MIC = 0.12 mg/L
COUMERMYCIN
20 X MIC = 0.16mg/L
COUMERMYCIN
With these mutants selected on coumermycin once again two types of mutant
were isolated. As the concentration of coumermycin increased so the selection and
presence of Y type mutants increased. This would be expected as these mutants had a
higher resistance to coumermycin than the Z type mutants. A few Z type mutants
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occurred when low concentrations of coumermycin were used for mutant selection, i.e.
below 0.08mg/L., but the main type of mutant occurring at such low concentrations
was type Y. However only Y type mutants occurred when higher concentrations of
coumermycin used for mutant selection, i.e. above 0.08mg/L. This is strange because
the critical concentration used for mutant selection is only about a quarter of the MIC
of the type Z mutant. The highest concentration used (0.16mg/L) is still only about a
half of the MIC of the type Z mutant The MIC of ciprofloxacin was again unaffected
for both types of mutant of Staph, warneri, which is unlike results seen in E.coli
KL16.
It seemed strange that Y type mutants had low NOV resistance with high
coumermycin resistance whereas the converse was true with Z type mutants. To test
the stability of these mutants the selection of double mutants was investigated. A Y
type mutant was selected for high novobiocin resistance and a Z type mutant was
selected for high coumermycin resistance. The MICs of these double mutants were
estimated to see if a double mutation had occurred.

Table 10a
MICs of double mutants of Stavh. warneri to novobiocin and coumermycin.

Double m utant: Y type selected on novobiocin 2.5mg/L

DRUG
Novobiocin

MIC
before

MIC
after

0.5

40

Coumermycin

3

0.15

Ciprofloxacin

0.3

0.2

Type of mutant
change

Y -

Z

Mutation
Frequency

1.31 x 10'8

It can be seen when a Y type mutant was selected for high novobiocin
resistance that whilst gaining nov* it had lost much of its couR and hence exhibited the
phenotype of a type Z mutant.
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Table 10b

Double m utant: Z type selected on coumermycin 1.5mg/L

DRUG

MIC
before

MIC
after

5

5

Coumermycin

0.3

2

Ciprofloxacin

0.3

0.3

Type of
mutant change

Z -

ZY

Novobiocin

Mutation
Frequency

1.42 x Iff5

These results show that a type Z mutant did not change into a Y type mutant.
The ZY mutation was extremely unstable and after two subcultivations onto nutrient
agar plates or on plates containing both coumarin drugs the strain died.
Although Sp S2, T, R, Y, and Z mutants exhibit characteristic MICs with
novobiocin, coumermycin and ciprofloxacin they do not give much idea as to the type
of mutation and where it might be located. In Staph, warneri the MIC of ciprofloxacin
was unaffected. The mutations might be in the gyrase B subunit as this is the target of
the coumarins. This could suggest that ciprofloxacin’s activity is not directly affected
by such mutations in the gyrase B subunit and that it may act mainly on the A subunit.
However in the beginning of this chapter the nalC and nalD mutants (which possess
mutations involving the B subunit of DNA gyrase) exhibited changed MIC values for
ciprofloxacin. The nalC mutant was hypersensitive and the nalD mutant was resistant
to ciprofloxacin.
There are not many clinically resistant strains to the 4-quinolones but mutants
of Staph, warneri to the 4-quinolones have been isolated in vitro to norfloxacin,
flumequine and piromidic acid (Smith, 1986). Staph, warneri mutants resistant to
norfloxacin and to flumequine selected at two different MIC multiples were tested with
novobiocin and coumermycin to see if these mutants exhibited altered MICs to the
coumarins.

120
Table 11
MICs of laboratory quinolone-resistant mutant strains of Staph, warneri

Mutant

MIC

values

(mg/L)

NOV

COU

CIP

Parent

0.04

0.0075

0.3

5 X NOR

0.02

<0.005

1.5

10 X NOR

0.01

<0.005

1.5

5 X FLU

0.075

<0.005

0.75

10 X FLU

0.02

<0.005

0.4

From the results in Table 11, the MICs of novobiocin and coumermycin do not
differ from those of the parent strain. It can be concluded that the mutations in these
mutants causing resistance to norfloxacin or flumequine are not in the gyrase B
subunit, which is where novobiocin and coumermycin are believed to act.
Thus it is still not clear how these mutations affect the action of the drugs. One
possibility is that some of the mutants might be permeability mutants.
To investigate this further, it is known that the addition of EDTA will increase
the permeability of bacteria to certain drugs (Amyes, 1974). The MIC tests were
repeated in the presence of a concentration of EDTA which would not restrict growth.
Leive (1965) found a concentration of ImM EDTA inhibited growth of E.coli KL16
whereas 0.5mM did not and this concentration was chosen. However 0.3 Mm EDTA
was found to inhibit Staph, warneri while 0.2mM did not. So that the experiments
could be run under similar conditions for E.coli and Staph, warneri a concentration of
EDTA of 0.2mM was chosen.

Preparation of EDTA plates for permeability investigation in mutant strains
R, S, T, Y, Z.
Drug nutrient agar plates were prepared as before as for MIC determinations
except that in each Petri dish prior to pouring, a volume of EDTA solution was
aseptically pipetted by a Gilson pipette into the loz bottle, so that on addition in 20ml
of molten agar the plate would contain the correct concentration of EDTA.
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RESULTS

With 0.2mM EDTA for both E.coli KL16 and Staph, warneri, the coumermycin
MICs of all mutants were slightly raised by a factor of 3 fold. However, the MIC of
parent strains was similarly raised by the addition of EDTA so this invalidated the
experiment It is possible that there was an interaction between EDTA and the drug
making it less available for use thus raising the MICs.
With ciprofloxacin and Staph, warneri when 0.2mM EDTA was added the
novobiocin-resistant mutants, coumermycin-resistant mutants and the parent strain
exhibited identical ciprofloxacin MICs to those obtained without EDTA.
With novobiocin and Staph, warneri when 0.2mM EDTA was added the MICs
of the novobiocin-resistant mutants, coumermycin-resistant mutants and parent strain
were all raised by at least 2 fold in every case. With E.coli KL16 it was not possible
to make novobiocin nutrient agar plates greater than the MIC of 750mg/L-1000mg/L
novobiocin due to solubility problems. Thus it would not be able to see if the MIC of
750mg/L- lOOOmg/L was raised in the presence of EDTA.
Thus no evidence for impermeability was found using EDTA so another
investigation approach was adopted.
To investigate whether impermeability could be the resistance mechanism in the
mutants, MICs were done with chloramphenicol, tetracycline and erythromycin. If the
mutants had a generalised reduction in permeability then they may also be less
permeable to these unrelated drugs (Amyes, 1974).
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Table 12
MIC’s of chloramphenicol, erythromycin, and tetracycline for coumarin-resistant
mutants.
MIC

values

(mg/L)

CM

ERY

TET

E.coli KL16
parent

4

20

5

E.coli R

4

20

5

E.coli Sj

4

20

5

E.coli S2

4

20

5

E.coli T

4

20

5

Staph, warneri
parent

3

0.05

0.5

Staph.warneri Y

3

0.05

0.5

Staph.warneri Z

3

0.05

0.5

Strain

CM = chloramphenicol ERY = erythromycin

TET = tetracycline

From these results in Table 13 it can be seen that there was no difference
between the MICs of the mutants and their respective parent strains. Thus it can be
concluded that these may not be permeability mutants.
To investigate further the nature of these mutants their rates of kill by
ciprofloxacin were investigated. The concentration of ciprofloxacin chosen was the
most bactericidal concentration (0.15mg/L) against the parent strain.

Survival of E.coli KL16 and a nov* (Si) mutant treated with ciprofloxacin 0.15mg/L in
PBNS and in NB with and without rifampicin.
It can be seen (Figure 18) that the death rate of the St type of nov* mutant of
E.coli KL16 was less than that of the parent strain when treated with ciprofloxacin in
nutrient broth. Survival after 3 hours in the Sj mutant was about 1%, compared to
the survival of the parent strain being 0.02%. When rifampicin was added this slowed
the rate of kill so that 10% survival occurred after 3 hours for both the parent strain
and for the St mutant. In PBNS less kill occurred with the Sx mutant than the parent
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Figure 18
Survival of E.coli KL16 and an S, nov* mutant treated with ciprofloxacin
0.15mg/L in PBNS and in nutrient broth with and without rifampicin 160mg/L at
37*C.
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strain so that the survival of the St mutant in PBNS was similar to its survival in
nutrient broth containing rifampicin. This seems to imply that mechanism C had been
lost by the S} mutation. Could this mean that mechanism C is involved with the B
subunit of DNA gyrase? These results were unexpected because the Si mutation had
not affected the MIC for ciprofloxacin (see Table 5). However, it is known that the
MIC values only test the bacteriostatic actions of the 4-quinolones and provide no
information about the bactericidal activities of these drugs.

Survival of E.coli KL16 and couR So mutant treated with ciprofloxacin 0.15mg/L. in
PBNS and in NB with and without rifampicin.
In Figure 19 it can be seen that the S2 type mutant and its parent both died in
nutrient broth at similar rates up to 90 minutes when treated with ciprofloxacin. After
this time the S2 mutant died more rapidly than the parent. In PBNS both the S2 mutant
and its parent were killed at a similar rate reaching about 1% survival after 3 hours.
The S2 mutant (like its parent) died less in NB with rifampicin than in PBNS
indicating not only the presence of mechanism B but also the presence of mechanism
C. Therefore mechanisms A, B, and C were detected not only in the parent strain but
also in the S2 mutant.

Survival of E.coli KL16 and a couR T mutant treated with ciprofloxacin 0.15mg/L in
PBNS and in NB with and without rifampicin.
In Figure 20 it can be seem that the T mutant died in nutrient broth at a similar
rate to its parent strain up to 60 minutes when treated with ciprofloxacin. After this
time despite a slight difference in the rate of death the survival was very similar in
both strains after 180 mins. In PBNS the T type mutant had a similar survival pattern
as the parent strain indicating the presence of either mechanisms B or C or both.
However in NB with rifampicin the T type mutant had a similar death rate to that seen
in PBNS indicating perhaps the loss of mechanism C.
These last two results (Figures 19 and 20) were once again unexpected because
the S2 and T mutations did not alter the MIC of ciprofloxacin (see Table 5). It seems
that the T mutation, like the Si mutation, had abolished mechanism C.
Again this may be due to the interaction of ciprofloxacin with altered an DNA gyrase.

Figure 19

1

Survival of E.coli KL16 and an S 2 couR mutant treated with ciprofloxacin
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Figure 20
Survival of Exoli KL16 and an T couR mutant treated with ciprofloxacin
0.15mg/L in PBNS and in nutrient broth with and without rifampicin 160mg/L at
37*C.
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Survival of Stavh. warneri mutants Y and Z treated with ciprofloxacin 5mg/L,in NB
with and without chloramphenicol 20mg/L.
In Figure 21 the death rates of Y and Z mutants treated with ciprofloxacin in
NB did not differ from that of the parent strain. When chloramphenicol was added
(which abolishes mechanism A) there was no kill o f either mutant or of the parent
strain. Rifampicin cannot be used to abolish mechanism A in Staphylococci because it
is bactericidal. This result was not surprising because ciprofloxacin does not exhibit
mechanism B against Staphylococci (Lewin and Smith, 1987).

Survival of Staph, warneri mutants Y and Z with ofloxacin 9mg/L. with and without
chloramphenicol 20mg/L.
In Figure 22 the death rates of the Y and Z mutants treated with ofloxacin in
NB were similar to that of the parent strain. Mechanism B was detected in all these
three strains because all three died at similar rates in NB with chloramphenicol.
Ofloxacin does possess mechanism B against Staphylococci (Lewin and Smith, 1988)
so these results were not surprising.

These results with Staph, warneri mutants hence differ from those obtained
with the E.coli mutants in that both the MIC tests .and the bactericidal tests show that
the coumarin-resistant mutants of Staph, warneri responded similarly to their parent
strain. This was not the case with E.coli because the St and the T mutants (but not the
S2 mutant) exhibited altered ciprofloxacin kill characteristics compared with the parent
strain, despite being of similar ciprofloxacin sensitivity to the parent strain as judged
by the MIC testing. The altered response to ciprofloxacin kill seemed
to reside in a reduced level of mechanism C activity and as the other results suggested
that the Sj and T mutants were more probably altered in their gyrase (rather than being
permeability mutants) perhaps mechanism C operates on the gyrase B subunit because
it is believed to be the target site for the coumarin antibacterials. It was also
unexpected that the two mutants to show a diminished mechanism C were the Sj
mutant (which despite being nov* was not couR) and the T mutant that was highly
cross-resistant to coumermycin. The S2 mutant (of moderate couR) did not exhibit any
loss of mechanism C and consequently the level o f couR did not correlate with a loss
of mechanism C. One other difference between the S, and T mutants was that the
mutant (which was cous) was killed less rapidly by ciprofloxacin in nutrient broth than
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Figure 21
Survival of Staph, warneri mutants Y and Z with ciprofloxacin 5mg/L in nutrient
broth with and without chloramphenicol 20mg/L at 37*0.
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Figure 22
Survival of Staph, warneri mutants Y and Z with ofloxacin 9mg/L in nutrient
broth with and without chloramphenicol 20mg/L at 37*C.
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the parent strain or the other two mutants, while the T mutant (which was highly
cross-resistant to coumermycin) was as sensitive to ciprofloxacin as the parent strain in
nutrient broth. Even though the S2 mutant still retained mechanism C it nevertheless
had a slightly different response to ciprofloxacin in that it was killed more rapidly by
ciprofloxacin either in NB or in NB with rifampicin or in PBNS. Once again this
difference could not have been forecasted from MIC testing.
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CHAPTER THREE

INTERACTIONS BETWEEN THE BACTERICDAL EFFECTS OF
4-QUINOLONES AND OTHER GYRASE INHIBITORS

The 4-quinolones and coumarin antibacterials are two classes of drug which
inhibit bacterial DNA gyrase. This is the only bacterial enzyme known that can
introduce negative supercoils into DNA (Drlica and Franco, 1988). DNA gyrase is
made up of four subunits; two A subunits which are inhibited by the newer 4quinolones such as ciprofloxacin and ofloxacin; and two B subunits which are partially
inhibited by ciprofloxacin and ofloxacin, but exclusively inhibited by novobiocin and
coumermycin (Figure 23).
Of the three mechanisms of action A, B and C shown by the newer 4quinolones, the latter two mechanisms do not as yet have known target sites. Though
these drugs are known to interact with DNA gyrase it is not certain whether
mechanisms B and C involve DNA gyrase, as is believed to be the case with
mechanism A.
Novobiocin, which inhibits DNA gyrase by an interaction distinct from that of
the 4-quinolones, was tested in nutrient broth at 37°C against E.coli KL16 in the
presence and absence of the 4-quinolones at their most bactericidal concentrations.
To investigate the target site of mechanism B as discussed in the previous
chapter these experiments were also conducted in the presence of rifampicin, which by
its inhibition of mechanisms A and C, would permit only mechanism B of the 4quinolone to be expressed. By these means the interaction of mechanism B with that of
coumarins could be studied in isolation. The experiments were also performed using
PBNS in place of nutrient broth to inhibit mechanism A so revealing mechanisms B
and C.

Survival of E.coli KL16 treated with novobiocin.
Novobiocin was not very potent against E.coli. When E.coli KL16 was treated
with increasing concentrations of novobiocin for 3 hours at 37°C the drug was
progressively bactericidal (Figure 24). The maximum concentration tested was
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Figure 23
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900mg/L and at this concentration survival reached its lowest value of about 4%. In
other words no biphasic response was seen, but this may have occurred because
concentrations greater than 900mg/L could not be tested due to solubility difficulties.

Survival of E.coli KL16 treated with ciprofloxacin 0.15mg/L alone and together with
increasing novobiocin concentrations in nutrient broth, with and without rifampicin and
in PBNS.
It can be seen (Fig. 25) that in nutrient broth, survival was reduced to less than
0.1% due to ciprofloxacin on its own at 0.15mg/L (its most bactericidal concentration)
at 37°C for 3hours. When increasing concentrations of novobiocin were added to this
concentration of ciprofloxacin at 37°C for 3 hours survival fluctuated between 0.01%
and 0.1% up to lOOmg/L novobiocin. At concentrations greater than this novobiocin
was increasingly antagonistic as survival in the mixtures progressively increased.
In PBNS (which only allows mechanisms B and C of ciprofloxacin to operate)
the pattern of survival with increasing novobiocin concentration was very similar to
that seen nutrient broth except that overall survival was about 10 fold higher than that
observed in nutrient broth. Hence once again at concentrations of novobiocin
exceeding its MIC value antagonism of ciprofloxacin kill was observed.
When rifampicin (160mg/L) in nutrient broth was used survival was even
greater than that observed in nutrient broth or in PBNS as would be expected as these
results represent mechanism B. There was some slight antagonism of ciprofloxacin kill
by the highest novobiocin concentrations but this was less obvious than the
antagonisms seen in nutrient broth (= mechanisms A, B and C) or in PBNS (=
mechanisms A and C). These results would suggest that novobiocin antagonises
mechanism A and C of ciprofloxacin and that novobiocin possibly also antagonises
mechanism B of ciprofloxacin.

Survival of E.coli KL16 treated with ofloxacin 0.9mg/L together with increasing
novobiocin concentration.
When E.coli KL16 was treated with the most bactericidal concentration of
ofloxacin (0.9mg/L) for 3 hours at 37°C it can be seen (Fig. 26) that in nutrient broth
survival was less than 0.1%. When increasing concentrations of novobiocin were added
to 0.9mg/L ofloxacin, survival was significantly increased at the higher novobiocin
concentrations as had been seen previously with ciprofloxacin.

rifampicin and in PBNS for 3 hours at 37*C.

with increasing novobiocin concentrations in nutrient broth, with and without

Survival of E.coli KL16 treated with ciprofloxacin 0.15mg/L alone and together
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In PBNS, although less kill occurred overall, a very similar survival pattern was
seen. Therefore, once again significant antagonism occurred at the highest novobiocin
concentration tested.
When rifampicin in nutrient broth was used much less kill was observed and no
significant antagonism by novobiocin was detected even at the highest concentrations
tested.
These results imply that with ofloxacin its mechanisms A and C were
antagonised by novobiocin while its mechanism B was not antagonised by novobiocin.
This suggests that mechanism B of ofloxacin might be different to the mechanism B of
ciprofloxacin. It can also be seen that survival in PBNS with ofloxacin was much
lower than that seen with ciprofloxacin in PBNS. This suggests that mechanism B or C
of ofloxacin is more powerful than mechanisms B or C of ciprofloxacin. From the
preceding experiments both mechanisms A and C of ciprofloxacin and ofloxacin were
antagonised by novobiocin when the latter was used at its MIC or at higher
concentrations and mechanism B of ciprofloxacin was possibly antagonised by
novobiocin at its MIC or at higher concentrations.
However, whether mechanism B of ofloxacin was antagonised was far from
clear. One other method for the study of mechanism B is to use chloramphenicol,
which also inhibits mechanisms A and C by its action on protein synthesis. To this end
two experiments were conducted at the higher novobiocin concentrations in nutrient
broth containing 20mg/L chloramphenicol. In the first of these experiments
ciprofloxacin was investigated. The results (Fig. 27) show that in nutrient broth with
chloramphenicol clear antagonism of the action of ciprofloxacin was observed. This
antagonism was similar in extent to the antagonism of ciprofloxacin by novobiocin
seen in PBNS or in nutrient broth (Fig. 27). In addition when a similar experiment was
conducted using ofloxacin in place of ciprofloxacin similar results once again occurred
(Figure 28). In other words significant antagonism of ofloxacin occurred when
increasing concentrations of novobiocin were added whether nutrient broth, nutrient
broth with 20mg/L chloramphenicol or PBNS were used.
These results with chloramphenicol hence contrast with those obtained with
rifampicin both for ofloxacin and for ciprofloxacin and may be taken to suggest that
mechanism B of both drugs can be antagonised by novobiocin. However the results
obtained in nutrient broth and rifampicin would tend to discount this theory.

Figure 27
Survival of E.coli KL16 treated with ciprofloxacin 0.15mg/L alone and together at
the higher novobiocin concentrations in nutrient broth alone, with rifampicin,
with chloramphenicol and in PBNS for 3 hours at 37*C.
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Figure 28
Survival of E.coli KL16 treated with ofloxacin 0.9mg/L alone and together at the
higher novobiocin concentrations in nutrient broth alone, with rifampicin, with
chloramphenicol and in PBNS for 3 hours at 37*C.
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Survival of E.coli treated with norfloxacin 1.5mg/L with increasing novobiocin
concentrations.
Norfloxacin possesses only mechanisms A and C and as such provides a
suitable drug to investigate the interactions of novobiocin in the absence of mechanism
B. In Figure 29 it can be seen that significant antagonism of norfloxacin was caused
by increasing novobiocin concentrations in nutrient broth. However, in PBNS no such
antagonism was seen. This suggests that the mechanism A of norfloxacin but not the
mechanism C of norfloxacin is antagonised by novobiocin. This result was unexpected
because the previous experiments with ciprofloxacin and ofloxacin suggested that their
mechanism C was antagonised by novobiocin.
When the norfloxacin experiments were done for completion, controls were also
done in nutrient broth with rifampicin (160mg/L) and in nutrient broth with
chloramphenicol (20mg/L). Most unexpectedly significant antagonism of the effects of
norfloxacin were seen by novobiocin in the presence of chloramphenicol. However, as
expected no antagonism was seen in nutrient broth containing rifampicin. These results
therefore suggests that the antagonism caused by novobiocin on the actions of
ciprofloxacin or ofloxacin in nutrient broth containing chloramphenicol (Figures 26 and
27) may have been artifacts and whether mechanism B of these two quinolones is
antagonised by novobiocin is unclear.

Survival of E.coli treated with nalidixic acid 90mg/L with increasing concentrations of
novobiocin.
In nutrient broth there was an increase in survival with increasing novobiocin
concentrations (Fig. 30). Nalidixic acid possesses only mechanism A. In PBNS there
was no change in survival as expected because this procedure inhibits mechanism A.
When chloramphenicol and rifampicin in nutrient broth were used there was however a
slight increase in survival at the higher concentrations of novobiocin. This was found
particularly in the case of chloramphenicol.
Therefore once again it would seem that such a result is an artifact because
nalidixic acid does not possess mechanism B. One possible explanation for such
artifacts is it is known that novobiocin requires de novo protein synthesis for its
activity but not RNA synthesis (Ratcliffe and Smith, 1985). Chloramphenicol inhibition
of protein synthesis in the bacteria being treated may therefore be acting to reduce the
effectiveness of novobiocin. Rifampicin which inhibits RNA synthesis should not
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Figure 29
Survival of E.coli KL16 treated with norfloxacin 1.5mg/L alone and together at
the higher novobiocin concentrations in nutrient broth alone, with rifampicin,
with chloramphenicol and in PBNS for 3 hours at 37*C.
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affect novobiocin activity but would effect the 4-quinolone activity. This might help to
explain the differences between the chloramphenicol results and the rifampicin results.
Overall these results with norfloxacin show that its mechanism A is antagonised
by novobiocin.

Survival of E.coli treated with novobiocin alone in nutrient broth with or without
rifampicin 160mg/L or chloramphenicol 20mg/L and in PBNS.
In nutrient broth the survival of E.coli KL16 treated for 3 hours at 37°C
decreased with increasing novobiocin concentrations (Fig. 31). Less death was
observed in PBNS which suggests that for novobiocin to exert maximal effect cell
division is required. As expected from the results of Ratcliffe and Smith (1985) in
nutrient broth the bactericidal effect of novobiocin was reduced by chloramphenicol
addition. With rifampicin bacteriostasis seemed to be the overall response and it was
slightly less antagonistic than rifampicin. Although RNA synthesis is not a requirement
for the bactericidal activity of novobiocin, should RNA synthesis be inhibited this
would then affect the synthesis of proteins in bacteria and thus in effect partially
reduce the activity of novobiocin.

Bactericidal activity of ciprofloxacin 0.15mg/L against gyrase mutants of E.coli treated
with increasine concentrations of novobiocin.
The rial A mutant is nalidixic acid- resistant and mutated in the gyrase A
subunit The nal B mutant is a permeability mutant, while the rial C and nal D mutants
are mutated in the gyrase B subunit. These mutants were investigated in more detail in
Chapter One of this thesis. They were used in this experiment to see if gyrase subunit
mutations might affect the results so far seen with the interactions between 4quinolones and novobiocin.
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Figure 30
Survival of E.coli KL16 treated with nalidixic acid 90mg/L alone and together at
the higher novobiocin concentrations in nutrient broth alone, with rifampicin,
with chloramphenicol and in PBNS for 3 hours at 37*C.
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Figure 31
Survival of E.coli KL16 treated with novobiocin alone in nutrient broth with or
without rifampicin or chloramphenicol and in PBNS for 3 hours at 37*C.
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Figure 32 shows that the bactericidal effects of ciprofloxacin against each
mutant was antagonised by novobiocin in a similar way to that observed with the
parent strain. These mutants represent altered gyrase A or B subunits or even cellular
permeability. The results suggest that the antagonism observed cannot be clearly
ascribed to a specific site on DNA gyrase nor can drug uptake be responsible for these
interactions. It is not therefore certain how this antagonism is being produced.

Survival of E.coli treated with ciprofloxacin 0.15mg/L. ofloxacin 0.9mg/L. norfloxacin
1.5mg/L. or nalidixic acid 90mg/L alone and in combination with increasing
concentrations of novobiocin.
It can be seen (Figure 33 and Table 13) that novobiocin progressively
antagonised the bactericidal activity of all four of the 4-quinolone antibacterials.

Table 13

Antagonism of the 4-quinolone antibacterials by novobiocin
% viability after 3 hours
without novobiocin

with novobiocin

90.0 mg/L

4.03

50.83

1.5 mg/L

0.41

4.23

ciprofloxacin

0.15 mg/L

0.03

0.50

ofloxacin

0.9 mg/L

0.06

1.94

4-quinolone concentration
nalidixic acid
norfloxacin

no 4-quinolone

3000.0

23.40

the bactericidal activity of each 4-quinolone by a factor of greater than 10 fold in
every case. It was decided to check whether this phenomenon was found with another
coumarin antibacterial, coumermycin.

Survival of E.coli treated with ciprofloxacin 0.15mg/L. or ofloxacin 0.9mg/L alone and
in combination with increasing coumermycin concentrations.
With coumermycin alone it can be seen (Fig. 34) that as the drug concentration
increased the survival decreased. When ciprofloxacin was additionally present at
0.15mg/L survival was greater than that seen with the 4-quinolone alone. With
ofloxacin (0.9mg/L) a similar pattern was seen with an increase in survival as the
coumerycin concentration increased.

Figure 32
Bactericidal activity of ciprofloxacin 0.15mg/L against the nal mutants of E.coli
KL16 treated with increasing concentration of novobiocin in nutrient broth for 3
hours at 37*C.
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Figure 33
Survival of E.coli KL16 in nutrient broth treated with ciprofloxacin 0.15mg/L,
ofloxacin 0.9mg/L, norfloxacin 1.5mg/L or nalidixic acid 90mg/L alone and in
combination with increasing concentrations of novobiocin for 3 hours at 37*C.
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Figure 34
Survival of E.coli KL16 in nutrient broth treated with ciprofloxacin 0.15mg/L
ofloxacin 0.9mg/L alone and in combination with increasing concentrations of
coumermycin for 3 hours at 37*C.
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Survival of E.coli treated with nalidixic acid 90mg/L or norfloxacin 1.5mg/L alone and
in combination with increasing coumermvcin concentrations.
With nalidixic acid (90mg/L) survival (Fig. 35) was severely antagonised by
increasing coumermycin concentrations and a similar pattern was seen with norfloxacin
1.5mg/L.
Thus there seems to be a general antagonism of a 4-quinolone by the addition
of increasing concentrations of coumarin antibacterials. However would the reverse be
also true, i.e. would quinolones antagonise the kill of coumarins ?

Survival of E.coli treated with increasing ciprofloxacin concentrations alone and in
combination with coumermvcin 900mg/L or novobiocin 750mg/L.
Ciprofloxacin alone effectively killed E.coli KL16 with survival reduced to
0.1% at the most bactericidal concentration of 0.15mg/L after 3 hours at 37°C (Figure
36). When 900mg/L coumermycin was added the killing activity of ciprofloxacin was
severely reduced at ciprofloxacin concentrations of 0.005mg/L and higher. Thus the
addition of coumermycin antagonised the killing effect of ciprofloxacin against E.coli
KL16. With novobiocin however the killing effect of ciprofloxacin was not
antagonised as much as by coumermycin. Antagonism was only seen at concentrations
of ciprofloxacin greater than 0.05mg/L.

Survival of E.coli treated with increasing ofloxacin concentrations in nutrient broth in
the presence and absence of coumermvcin 900mg/L or novobiocin 750mg/L.
Ofloxacin was very potent and reduced the survival of E.coli KL16 down to
0.1% survival at its most bactericidal concentration of 0.9mg/L (Figure 37). On the
addition of coumermycin (900mg/L) the killing effect was severely antagonised at
concentrations exceeding 0.5mg/L. With novobiocin antagonism was also seen also at
ofloxacin concentrations exceeding 0.5mg/L.
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Figure 35
Survival of E.coli KL16 in nutrient broth treated with norfloxacin 1.5mg/L or
nalidixic acid 90mg/L alone and in combination with increasing concentrations of
coumermycin for 3 hours at 37*C.
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Figure 36
Survival of E.coli KL16 in nutrient broth treated with increasing ciprofloxacin
concentrations alone and in combination with coumermycin 900mg/L or
novobiocin 750mg/L for 3 hours 37*C.
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Figure 37
Survival of E.coli KL16 in nutrient broth treated with increasing ofloxacin
concentrations alone and in combination with coumermycin 900mg/L or
novobiocin 750mg/L for 3 hours 379C.
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Survival of E.coli treated with increasing norfloxacin concentrations in nutrient broth
in the presence and absence of novobiocin 750mg/L and coumermvcin 900mg/L after
3hours at 37°C.
Norfloxacin alone exhibited a most bactericidal concentration of 1.5mg/L with a
survival at about 0.1% (Figure 38). Coumermycin severely reduced the bactericidal
activity of norfloxacin and novobiocin also antagonised the killing effect of
norfloxacin.

Survival of E.coli treated with increasing nalidixic acid concentrations in nutrient broth
alone and in combination with novobiocin 750mg/L or coumermvcin 900mg/L after 3
hours at 37°C.
Nalidixic acid exhibited a most bactericidal concentration at 90mg/L where
survival was reduced to about 1% (Fig. 39). novobiocin at 750mg/L reduced this
killing effect slightly while coumermycin severely reduced the killing effect of
nalidixic acid. Again this shows the difference between novobiocin and coumermycin.
In most cases coumermycin antagonised the 4-quinolones more severely than
novobiocin.
These results however, contradict the findings of Chao (1978) who used
fractional inhibitory concentration (f.i.c) tests to show that nalidixic acid was
potentiated by novobiocin.
In none of the experiments reported in this thesis has this effect been observed.
Novobiocin is not a very potent drug against E.coli KL16 and the experiments were
limited due to the high concentrations of drug needed to be used. Ideally it would be
better to work with lower concentrations.
Neu et al{1984) found with Staph, aureus that coumermycin in combination
with 4-quinolones produced potentiation of activity in agreement with Chao (1978).
This suggests that experiments should be done with Staphylococci.
The modem 4-quinolones are so active against Staphylococci that they are used
clinically to treat Staphylococcal infections. Neu et al (1984) proposed that synergism
might occur when mixed with a coumarin antibacterial. The work done by Neu et al
(1984) involved using norfloxacin, ofloxacin and enoxacin, and with all drugs they
tested synergy was noticed in at least 80% of all results. No antagonism
was found at all between the coumarin antibacterial and the 4-quinolones.
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Figure 38
Survival of E.coli KL16 in nutrient broth treated with increasing norfloxacin
concentrations alone and in combination with coumermycin 900mg/L or
novobiocin 750mg/L for 3 hours 37*C.
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Figure 39
Survival of E.coli KL16 in nutrient broth treated with increasing nalidixic acid
concentrations alone and in combination with coumermycin 900mg/L or
novobiocin 750mg/L for 3 hours 37*C.
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However in 1987, Perrone et al (1987) followed up Neu et al’s (1984) work by
an in vivo study in rats with an experimental Staph, aureus endocarditis infection. In
rats treated with coumermycin alone only 6.9% of the vegetations in the heart tissue
were sterile whereas with ciprofloxacin alone 19.2% were sterile. However with
ciprofloxacin and coumermycin together this was less effective than the 4-quinolone
alone. These findings are diametrically opposed to the FIC results of Neu et al (1984),
but do agree with the findings in E.coli KL16 studied earlier.
It is known that FIC’s and MIC’s only test the inhibition of bacterial
multiplication and tell us nothing about the bactericidal effects of the drug. For
example it is known that at acidic pH values the MICs of 4-quinolones are severely
antagonised but their bactericidal activity is antagonised to a lesser extent by low pH
(Ratcliffe and Smith, 1984). On the other hand, the bactericidal activities of 4quinolones are antagonised much more than their MIC values by magnesium ions
(Ratcliffe and Smith, 1983).
So to confirm Neu et al’s work and attempt to solve the discrepancy it was
decided to run a FIC experiment whereby ciprofloxacin and coumermycin were tested,
which were the two drugs that Perrone et al (1987) used in their in vivo study.

Fractional Inhibitory Concentration of ciprofloxacin and coumermvcin with Staph,
aureus.
For this experiment the fractions of the MIC values used were 1/4, 1/2, 3/4, 1
and 2. These were combined with each possible combination of the same MIC
fractions of the other drug using Staph, aureus E3T.

Table 14
The MIC of coumermvcin and ciprofloxacin against Staph, aureus.
Staph, aureus

Ciprofloxacin

Coumermycin

MIC

0.20

0.004

1/4 MIC

0.05

0.001

1/2 MIC

0.10

0.002

3/4 MIC

0.15

0.003

0.40

0.008

2 MIC
All concentrations are in mg/L
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These were combined in the following way:
Table 15

FIC Results

MICs in

mg/L

1/4 MIC

1/2 MIC

3/4 MIC

MIC

2 MIC

COU 1

CIP -

0

0.05

0.10

0.15

0.20

0.40

0

+

+

+

+

-

-

1/4 MIC

0.001

+

-

-

-

-

-

1/2 MIC

0.002

+

-

-

-

-

3/4 MIC

0.003

+

-

-

-

MIC

0.004

-

-

-

-

2 MIC

0.008

-

-

-

+ = growth

-

-

-

-

and - = no growth

Inoculum size = 10® c.f.u.

Results of the FIC
It can be seen (Table 15) that nine results lay within the heavy line showing
that synergy between the two drugs was observed. Hence these results confirm the
work of Neu et al (1984). This however does not agree with Perrone et a/’s findings in
vivo nor the E.coli findings in this thesis where bactericidal activity was tested.
Lewin had studied the bactericidal activities of ciprofloxacin and coumermycin
against Staph, aureus and Staph, warned (not published) and these results agreed with
those of Perrone et al (1987) and also with the E.coli KL16 work reported in this
thesis in that they interacted antagonistically.
Coumarin / 4-quinolone interactions were investigated further by repeating
Lewin*s initial work on the survival of Staph, aureus and Staph, warned treated with
ciprofloxacin / coumermycin combinations and extending Lewin *s work by also
studying combinations of ofloxacin with novobiocin against the two Gram positive
cocci.
The concentration of ciprofloxacin in the Staph, aureus experiments chosen was
the peak serum level as used by Perrone et al (1987). The concentrations of
ciprofloxacin and of ofloxacin chosen for testing Staph, warned were their most
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bactericidal concentrations. The coumermycin concentration used was that used by
Perrone et al (1987). They found that the serum level after 24 hours was lmg/L, which
is the trough level. If antagonism occurred at this lowest possible concentration then it
is more likely to occur when the drug level was higher. Thus the concentration chosen
was just below the trough at 0.9mg/L coumermycin. For novobiocin again a trough
value was used for the same reason. After a dose of 500mg novobiocin the mean
serum concentration reached 36mg/L (Lubash et al, 1956). Thus a concentration of
15mg/L which was slightly below this was chosen for both bacterial strains.

Survival of Staph, aureus treated with coumermvcin alone and in combination with
ciprofloxacin 3mg/L or ofloxacin 5mg/L .
With coumermycin alone the least survival was about 1% which occurred at
0.09mg/L (Fig. 40). With the below-trough serum level of 0.9mg/L survival was about
5%. With the addition of the peak serum level of ciprofloxacin at a constant
concentration of 3mg/L to increasing coumermycin concentrations survival was
increased in every case by at least 10 fold. Thus we have antagonism of ciprofloxacin
by the addition of coumermycin. A similar antagonism was seen with ofloxacin at
5mg/L with an increasing coumermycin concentrations. Again the antagonism was
about 10 fold in every case.

Survival of Staph, aureus treated with novobiocin alone and in combination with
ciprofloxacin 3mg/L or ofloxacin 5mg/L .
When Staph, aureus was treated with novobiocin alone for 3 hours at 37°C
survival was about 30% at 15mg/L novobiocin (Fig. 41). On the addition of
ciprofloxacin (3mg/L) to the range of concentrations of novobiocin, the survival of the
bacteria was increased at all novobiocin concentrations above 0.15mg/L by about 10
fold in each case. For example, survival of these bacteria treated with ciprofloxacin
3mg/L alone was about 0.05% and in combination with novobiocin 15mg/L was about
3%. On addition of ofloxacin (5mg/L) to increasing novobiocin concentrations a
similar antagonism was noticed and survival increased by at least 10 fold in every
case; for example, survival of these bacteria treated with ofloxacin (0.9mg/L) alone
was about 0.02% and in combination with novobiocin 15mg/L was 0.08%.
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Figure 40
Survival of Staph, aureus E3T in nutrient broth treated with coumermycin alone
and in combination with ciprofloxacin 3mg/L or ofloxacin 5mg/L for 3 hours at
37*C.
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Figure 41
Survival of Staph, aureus E3T in nutrient broth treated with novobiocin alone and
in combination with ciprofloxacin 3mg/L or ofloxacin 5mg/L for 3 hours at 37*C.
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Survival of Staph, aureus treated with ciprofloxacin alone and in combination with
novobiocin 15mg/L or coumermvcin 0.9mg/L.
Ciprofloxacin alone effectively killed Staph, aureus with survival reduced to
0.1% at ciprofloxacin concentrations greater than 0.5mg//L after treatment for 3 hours
at 37°C (Fig. 42). At the peak serum level of ciprofloxacin (3mg/L) survival was about
0.03%. When coumermycin (0.9mg/L) was combined with increasing concentrations of
ciprofloxacin, survival was increased to about 10% in every case. The killing effect of
ciprofloxacin was drastically reduced at concentrations of ciprofloxacin (0.3mg/L) and
higher. Similarly with novobiocin, on the addition of increasing ciprofloxacin the
killing effect of the 4-quinolone was severely reduced by the presence of the coumarin
at concentrations greater than 0.03mg/L ciprofloxacin.

Survival of Staph, aureus treated with ofloxacin alone and in combination with
novobiocin 15mg/L or coumermvcin 0.9mg/L.
With ofloxacin alone Staph, aureus was effectively killed with survival reduced
to 0.02% at its most bactericidal concentration (5mg/L) after 3 hours at 37°C (Fig. 43).
When coumermycin (0.9mg/L) was added to increasing concentrations of ofloxacin its
killing effect was severely reduced at concentrations of ofloxacin greater than
0.03mg/L. This was also seen when novobiocin 15mg/L was added to increasing
concentrations of ofloxacin. Hence antagonism of ofloxacin was observed with
novobiocin and coumermycin addition.
It was decided to investigate whether these trends occur in coagulase negative
Staphylococci, and so Staph, warneri was chosen as an example of such a species. The
same concentrations of novobiocin and coumermycin were used with the most
bactericidal concentrations of ciprofloxacin and ofloxacin for Staph, warneri.

Survival of Staph, warneri treated with coumermvcin alone and in combination with
ciprofloxacin 5mg/L or ofloxacin 9mg/L.
When Staph, warneri was treated with coumermycin for three hours at 37°C,
the least survival was 1% at 0.1 mg/L coumermycin (Fig. 44). When ciprofloxacin
5mg/L was added survival increased in every case by at least 10 fold. Similarly when
ofloxacin 9mg/L was added survival of the bacteria was raised 10 fold when increasing
concentrations of coumermycin were added to ofloxacin.
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Figure 42
Survival of Staph, aureus E3T in nutrient broth treated with ciprofloxacin alone
and in combination with novobiocin 15mg/L or coumermycin 0.9mg/L for 3 hours
at 37*C.
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Figure 43
Survival of Staph, aureus E3T in nutrient broth treated with ofloxacin alone and
in combination with novobiocin 15mg/L or coumermycin 0.9mg/L for 3 hours at
37*C.
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Figure 44
Survival of Staph, warneri in nutrient broth treated with coumermycin alone and
/

in combination with ciprofloxacin 5mg/L or ofloxacin 9mg/L for 3 hours at 37*C.
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Survival of Stavh. warneri treated with novobiocin alone and in combination with
ciprofloxacin 5mg/L or ofloxacin 9mg/L.
When Staph, warneri was treated with novobiocin alone for 3 hours at 37°C it
can be seen that survival decreased to about 3% at lOmg/L novobiocin (Fig. 45).
When ciprofloxacin (5mg/L) was added to increasing novobiocin concentrations in
every case survival was raised by about 10 fold. When ofloxacin (9mg/L) was tested
survival was also increased in every case by 10 fold by the addition of novobiocin.

Survival of Stavh. warneri treated with ciprofloxacin alone and in combination with
novobiocin 15m g/L or coumermvcin 0.9m g/L.
From Figure 46 it can be seen that ciprofloxacin did not kill Staph, warneri as
effectively as with Staph, aureus (Fig. 42). However the 4-quinolone was more
effective than treatment with the coumarin andbacterials alone. Survival of bacteria
after 3 hours at 37°C reached 0.5% at 5mg/L ciprofloxacin compared to 0.1% with
Staph, aureus. The killing effect was reduced either by the addition of coumermycin
0.9mg/L or by the addition of novobiocin 15mg/L at concentrations of ciprofloxacin
greater than 0.3mg/L. Thus antagonism of ciprofloxacin by the coumarins was seen
again as with Staph, aureus and E.coli.

Survival of Staph, warneri treated with ofloxacin alone and in combination with
novobiocin 15mg/L or coumermvcin 0.9mg/L.
With ofloxacin alone survival was 0.1% after treatment at the most bactericidal
concentration of 5mg/L ofloxacin for 3 hours at 37°C (Fig. 47). When novobiocin
15mg/L was added to increasing concentrations of ofloxacin the killing effect of
ofloxacin was reduced at concentrations of 0.5mg/L ofloxacin and higher. When
coumermycin (0.9mg/L), (which is more bactericidal in Staph, warneri than novobiocin
15mg/L) was added the killing effect of ofloxacin was reduced at concentrations of
ofloxacin greater than 0.5mg/L. The resultant mixture with coumermycin (0.9mg/L)
with ofloxacin 5mg/L was more bactericidal than the combination of novobiocin
15mg/L and ofloxacin 5mg/L but still less bactericidal than ofloxacin alone.

Figure 45
Survival of Staph, warneri in nutrient broth treated with novobiocin
alone and in combination with ciprofloxacin 5mg/L or ofloxacin 9mg/L
for 3 hours at 37*C.
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Figure 46
Survival of Staph, warneri in nutrient broth treated with ciprofloxacin
alone and in combination with novobiocin 15mg/L or coumermycin 0.9mg/L for 3
hours 37*C.
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Figure 47
Survival of Staph, warneri in nutrient broth treated with ofloxacin alone and in
combination with novobiocin 15mg/L or coumermycin 0.9mg/L for 3 hours 37*C.
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To summarise these results the % survival of Staph, aureus or Staph, warneri
treated with ciprofloxacin or ofloxacin at their most bactericidal concentration alone or
in combination with 15mg/L novobiocin or 0.9mg/L coumermycin. In all cases
significant antagonism was observed.

Conclusions
The histogram (Fig. 48) shows the % survival of Staph, aureus treated with
ciprofloxacin (first column) or coumermycin (second column) at 5mg/L and 0.9mg/L,
respectively and the % survival using the two drugs in combination (third column).
The results agree with the findings of Perrone et al (1987) in their rat endocarditis
study. Coumermycin alone was not very effective, ciprofloxacin alone was very
effective but the resultant mixture of the two while better than coumermycin alone was
much less effective than ciprofloxacin alone.
Similarly with novobiocin 15mg/L and ciprofloxacin 5mg/L, coumermycin
0.9mg/L and ofloxacin 9mg/L, or novobiocin 15mg/L and ofloxacin 9mg/L, the
mixtures of the two drugs while slightly more effective against Staph, aureus than
either coumarin alone, were very much less effective than either 4-quinolones alone.
When Staph, warneri (Fig. 49) was treated with coumermycin and
ciprofloxacin, or with coumermycin and ofloxacin, survival in the mixtures was greater
than with either drug alone. On the other hand when Staph, warneri was treated with
novobiocin and ciprofloxacin, the resultant mixture was more effective than novobiocin
alone but it was 10 times less effective than ciprofloxacin alone. Similarly when
novobiocin and ofloxacin were tested with Staph, warneri the mixture while more
effective than novobiocin alone was more than 10 times less effective than
ofloxacin alone.
Thus the phenomenon of antagonism of the 4-quinolones by coumarins
appeared to be a general one with the mixture in all cases being less effective than the
4-quinolone on its own. These results hence agree with the in vivo findings of Perrone
et al (1987) and the work reported in this thesis with E.coli KL16 but disagree with
Neu et aVs (1984) and Chao’s (1978) in vitro data.

Figure 48
Histogram showing survival of Staph, aureus treated with 4-quinolones
or coumarins alone and in combination.
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Figure 49
Histogram showing survival of Staph, warneri treated with 4-quinolones or
coumarins alone and in combination.
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In vitro data based on the suppression of bacterial multiplication as determined
by minimum inhibitory concentration tests did not predict realistically the outcome of
antibacterial therapy in vivo. Thus it would appear to be more reliable to use in vitro
data derived from bacterial kill experiments to forecast the antibacterial effect as these
results agreed with the in vivo findings.
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CHAPTER FOUR

THE EFFECT OF 4-QUINOLONES ON RECOMBINATION AND SOS REPAIR

The SOS response
When E.coli are exposed to agents that damage DNA or interfere with DNA
replication induction of a diverse set of physiological responses termed the SOS
response takes place (Walker, 1984).
Lewin et al (1987) investigated the effect of recA, recB and lexA mutations on
the sensitivity of Escherichia coli to nalidixic acid at its most bactericidal
concentration, to examine the role of the SOS response and of recombination repair in
bacteria treated with 4-quinolones. The investigations in this thesis were done to
clarify and extend Lewin’s Ph.D work (1987). Experiment’s with recA, recB and lexA
mutants were repeated in this thesis to compare with results obtained with other
mutants defective in DNA repair.

Plan of work
In line with Lewin’s previous work, in the first set of experiments done here,
nalidixic acid was tested with the mutants being investigated for two reasons. Firstly
nalidixic acid possesses a single mechanism of action (termed A) possessed by all 4quinolones and thought to be the basic mechanism of action of these drugs (Smith,
1984). Mechanism A requires the prior synthesis of an unknown protein before
bacterial death can occur, which ties in with the discovery of the prerequisites of
protein and RNA synthesis for its activity (Deitz et al, 1966; Smith, 1984). Mechanism
B exerted by some but not all 4-quinolones (Ratcliffe and Smith, 1984b) does not
require protein or RNA synthesis. Secondly much more previous work trying to
understand the induction of the SOS response has been done with nalidixic acid than
with other 4-quinolones.
As well as the mutants studied by Lewin an additional mutant used in this
thesis was recA430 which, like the lexA mutant, is unable to induce the SOS response
whilst being recombination proficient (Walker, 1984).
In a second series of experiments, norfloxacin, ciprofloxacin and ofloxacin were
studied. In these experiments rifampicin was used to investigate mechanisms B and
PBNS was used to investigate mechanism C.
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RESULTS:

The effect of nalidixic acid on the survival of recA13. recB21. lexA3. and recA430
mutants.
The experiments of Lewin (1987) with recA13, recB21, lexA3 mutants and their
parent strain AB1157 were repeated and new work was done with a recA430 mutant
and its parent strain IC1656.
The results (Figure 50) show that the recA mutant was hypersensitive to
50mg/L nalidixic acid compared with its parent strain, AB1157. The recB mutant was
also found to be hypersensitive to 50mg/L nalidixic acid when compared to its parent
strain (Figure 50). However the lexA mutant was found to be as susceptible as its
parent strain (Figure 51). Philips et al (1987) proposed that the SOS response caused
the lethality of nalidixic acid. On the other hand, Drlica (1984) suggested that the SOS
respsonse might play a role in protecting bacteria from damage caused by the drug.
However when Lewin (1987) investigated the survival of a lexA mutant (which is
recombination proficient but lacking the SOS response due to a lexA protein resistant
to the recA protease) treated with nalidixic acid, its sensitivity was similar to that of
the parent strain. The same result was found in this thesis (Figure 51). Thus, Lewin
proposed that the SOS response does not appear to be involved in repairing bacterial
damage caused by nalidixic acid nor would it appear this response contributes to
damage caused by the drug. Lewin (1987) did further work with a recA13recB21
double mutant which was found to be even more sensitive than either a recA or a recB
single mutant. If the hypersensitivity to nalidixic acid conferred by these mutations
was due to their inability to induce the SOS response, then no difference would be
expected between either single mutant and the double mutant. Thus Lewin (1987)
concluded that the hypersensitivity of these mutants to nalidixic acid was due to their
recombination defects because the double mutant was much more susceptible than
either single mutant. This also agrees with the lexA mutant results because the lexA
gene is not required in recombination repair (Petersen et al, 1988).
It was decided to confirm that the SOS response does not change the survival
of bacteria treated with nalidixic acid by testing a recA430 mutant. This like the lexA
mutant is recombination repair-proficient but is also unable to induce the SOS response
(Walker, 1984).

Figure 50
The effect of nalidixic acid on the survival of E.coli recA13 and recB21 mutants
and their parent strain at 37*C.
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Figure 51
The effect of nalidixic acid on the survival of E.coli lexA3 mutant and its parent
strain at 37*C.
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From Figure 52 it can be seen that the recA430 mutant was no more sensitive
to nalidixic acid than its parent strain. This result supports the findings that the
hypersensitivity to nalidixic acid treatment conferred by recA13 and recB21 mutations
is due to their lack of recombination repair rather than to their lack of SOS
repair. Thus it would appear that the recBC dependant recombination repair pathway
does play a role in protecting bacteria from damage caused by nalidixic acid but on the
other hand the SOS response while being induced by the drug neither contributes to,
nor repairs, the damage caused by nalidixic acid.

The effect of the newer 4-quinolones on DNA repair mutants.
Norfloxacin, ciprofloxacin and ofloxacin were investigated with a recA mutant
as a representative having both SOS and recombination repair defects. LexA and
recA430 mutants were also used as representatives having SOS defects whilst being
recombination proficient.

The effect of norfloxacin on DNA repair mutants.
The mutants recA, recA430, lexA and their parent strains were exposed to
norfloxacin at 1.5mg/L which is its most bactericidal concentration. These strains were
very sensitive to the drug so 30 minute experiments were performed. From Figure 53 it
can be seen as expected that norfloxacin (1.5mg/L) was bactericidal and that the recA
mutant was extremely hypersensitive to norfloxacin. However, unexpectedly the lexA
and recA430 mutants were also hypersensitive to norfloxacin but not as sensitive as the
recA mutant.

The effect of ciprofloxacin on DNA repair mutants.
From Figure 54 it can be seen that ciprofloxacin (0.15mg/L) was more
bactericidal than norfloxacin. The recA mutant was extremely hypersensitive as
expected but once again unexpectedly the lexA and recA430 mutants were also
hypersensitive to ciprofloxacin but not as sensitive as the recA mutant.

Figure 52
The effect of nalidixic acid on the survival of E.coli recA430 mutant and its
parent strain at 37*C.
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Figure 53
The effect of norfloxacin on DNA repair mutants.
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Figure 54
The effect of ciprofloxacin on DNA repair mutants.
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The effect of ofloxacin on DNA repair mutants.
Figure 55 shows that this drug was even more bactericidal than ciprofloxacin.
Once again as expected the recA mutant was extremely hypersensitive to ofloxacin.
However yet again, unexpectedly both the lexA and recA430 mutants were also
hypersensitive to ofloxacin but less so than the recA mutant

These results with norfloxacin, ciprofloxacin and ofloxacin with respect to the
recA mutant agree with the findings with nalidixic acid and may suggest that
recombination repair acts to repair damage caused by all four of these drugs. However,
the results with the lexA and recA430 mutants disagree with the nalidixic acid results.
As lexA and recA430 mutants have SOS defects without recombination repair defects,
these results suggest that the SOS repair system must repair damage caused by
norfloxacin, ciprofloxacin and ofloxacin. This means that we cannot be absolutely sure
that recombination repair acts on damage caused by norfloxacin, ciprofloxacin or
ofloxacin. However, it could be argued that recombination repair mends damage
caused by these three drugs for two reasons. Firstly all four drugs possess mechanism
A and the mechanism A of nalidixic acid at least is clearly repaired by recombination
repair. Secondly, the recA mutant (having twin defects in recombination and SOS
repair) was more hypersensitive than either the lexA or recA430 mutants (each of
which have a single defect in SOS repair). A mutant having a defect in recombination
repair whilst being SOS proficient would be necessary to establish this point directly
by experiment. However, such a mutant, although available now, had not been reported
while this work was being done.
From the hypothesis above, both recombination repair and the SOS response
seem to repair damage caused by norfloxacin, ciprofloxacin and ofloxacin while only
the SOS response repairs damage caused by nalidixic acid. It would seem that because
norfloxacin, ciprofloxacin and ofloxacin have (in addition to mechanism A) mechanism
C (Rateliffe and Smith, 1985; Lewin and Smith, 1986) while ciprofloxacin and
ofloxacin have mechanism B as well (Smith, 1984), then the SOS pathway may repair
damage mediated by mechanism C at least and may also repair damage caused by
mechanism B.

Figure 55
The effect of ofloxacin on DNA repair mutants.
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Investigation of mechanisms of action of the 4-quinolones on DNA repair mutants.
Rifampicin is a RNA synthesis inhibitor. As RNA synthesis is required for
mechanisms A and C, treatment with rifampicin at a bacteriostatic concentration
(160mg/L) abolishes mechanisms A and C. When bacteria are treated with 4quinolones in PBNS they are unable to divide and this abolishes mechanism A leaving
mechanisms B and C operational.
The following experiments were done to investigate the mechanisms of action
exhibited by norfloxacin, ciprofloxacin and ofloxacin against the recA or lexA mutants
as representatives lacking both recombination repair and the SOS response or solely
lacking the SOS response, respectively.

Survival of DNA repair mutants treated with norfloxacin in PBNS.
This procedure abolishes mechanism A and means that any kill observed with
norfloxacin is solely due to its mechanism C. Figure 56 shows the lexA mutant was
hypersensitive to treatment with norfloxacin in PBNS, but not as hypersensitive as the
recA mutant. This would tend to suggest that mechanism C is repaired by the SOS
response and possibly also by recombination repair. This conclusion would also permit
an additional hypothesis that because these two systems operate to repair DNA damage
then the lethality of mechanism C is likely to be via DNA damage.

Survival of DNA repair mutants treated with ciprofloxacin in PBNS.
In Figure 57 it can be seen that the recA mutant was more hypersensitive to
ciprofloxacin than the lexA mutant, which in turn was hypersensitive compared to its
parent strain. Although mechanism A is abolished in PBNS the bacteria would still be
killed by mechanisms B and C and hence mechanisms B and C would seem to be
repaired by SOS repair and possibly also by recombination repair.

Survival of the DNA repair mutants treated with ofloxacin in PBNS.
In Figure 58 it can be seen that as had been observed with ciprofloxacin, the
recA mutant was more hypersensitive to ofloxacin than the lexA mutant, which in turn
was hypersensitive compared to its parent strain. Hence the mechanisms B and C of
ofloxacin would also seem to be repaired by SOS repair and possibly also by
recombination repair.

Figure 56
Survival of DNA repair mutants treated with norfloxacin in PBNS at 37*C.
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Figure 57
Survival of DNA repair mutants treated with ciprofloxacin in PBNS at 37*C.
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Figure 58
Survival of DNA repair mutants treated with ofloxacin in PBNS at 37*C.
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Survival of the DNA repair mutants treated with ciprofloxacin or ofloxacin in the
presence of rifampicin .
As the previous experiments performed with ciprofloxacin and ofloxacin in
PBNS could not distinguish mechanisms B or C, ciprofloxacin and ofloxacin were
investigated in the presence of rifampicin which, by its action on RNA synthesis,
inhibits mechanisms A and C leaving solely mechanism B in operation.
Figure 59 shows that the recA mutant was very hypersensitive to ciprofloxacin
(0.15mg/L) in the presence of rifampicin (160mg/L). The lexA mutant was also
hypersensitive to ciprofloxacin but not as hypersensitive as the recA mutant
Similarly Figure 60 shows that the recA mutant was very hypersensitive to
ofloxacin (0.9mg/L) in the presence of rifampicin (160mg/L). The lexA mutant was
also hypersensitive to ofloxacin but not as sensitive as the recA mutant.
Taking these results with ciprofloxacin and ofloxacin together it would seem
that bacterial damage mediated by their mechanism B is repaired by the SOS response
and possibly also by recombination repair. As both these systems operate to repair
damage to DNA these results also suggest that the lethality of mechanism B is via
DNA damage.

Figure 59
Survival of DNA repair mutants treated with ciprofloxacin in the presence of
rifampicin at 37*C.
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Figure 60
Survival of DNA repair mutants treated with ciprofloxacin in the presence of
rifampicin at 37*C.
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CHAPTER FIVE

MECHANISMS OF KILL OF THE 4-QUINOLONES

Nalidixic acid has been found to possess one mechanism of action against
E.coli KL16, which is termed A (Smith, 1984). This mechanism is found in all 4quinolones and requires RNA and protein synthesis as well as bacteria capable of cell
division for its activity. The newer quinolones have been found to possess in addition
to mechanism A other mechanisms of action as follows. Ciprofloxacin, DR-3355,
fleroxacin, ofloxacin, pefloxacin and lomefloxacin exhibit an additional mechanism,
termed B, which does not require bacterial protein or RNA synthesis for its activity
and is active against non-dividing bacteria (Smith, 1984; Smith and Lewin, 1988;
Lewin and Amyes, 1989 & 1990; Lewin et al, 1989; Zeiler and Grohe, 1984). Even
though protein synthesis and RNA synthesis are essential for the bactericidal activity
of enoxacin and norfloxacin against E.coli (Smith and Lewin, 1988; Lewin et al, 1989;
Ratcliffe and Smith, 1985), both of these drugs are, nevertheless, able to kill non
dividing E.coli. Therefore, it was proposed that they exhibited, as well as mechanism
A, a second additional mechanism, termed C (Smith and Lewin, 1988; Lewin et al,
1989; Ratcliffe and Smith, 1985).
However, all these studies on the different mechanisms of action have been
made using each drug at its most bactericidal concentration with the result that bacteria
can either die quite slowly (i.e. nalidixic acid) or very rapidly (e.g. ofloxacin). It is
possible that these widely varying death rates meant that the extra mechanisms of kill
could be artifacts. This is because a co-treatment while easily preventing a slowly
bactericidal drug’s killing action may not be able to abolish the kill of a rapidly
bactericidal drug. An analogy would be the brakes on a car may be sufficient, but if
the car could do twice the speed the same brakes would be regarded as non-existent.
To investigate this idea, it was decided to re-investigate mechanisms B and C
using concentrations of ciprofloxacin that killed E.coli KL16 at a rate similar to that
exerted by the most bactericidal concentration of nalidixic acid (90mg/L).
By trying a whole range of concentrations below the most bactericidal
concentration and monitoring the rates of death compared to that of 90mg/L nalidixic
acid, 0.03mg/L ciprofloxacin was identified to cause a similar rate of bacterial death.
E.coli KL16 was then treated with 0.03mg/L ciprofloxacin or 90mg/L nalidixic
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acid in (i) nutrient broth, (ii) nutrient broth with the addition of rifampicin 160mg/L or
(iii) in PBNS.

Survival of E.coli KL16 treated with ciprofloxacin 0.03mg/L or nalidixic acid 90mg/L,
with or without rifampicin in nutrient broth or in PBNS at 37°C.
It can be seen in Figure 61 that in nutrient broth alone the rates
of kill caused by nalidixic acid 90mg/L or ciprofloxacin 0.03mg/L were indeed similar.
However when rifampicin was added it abolished the
killing activity of not only nalidixic acid but also that of ciprofloxacin. Moreover in
PBNS neither nalidixic acid nor ciprofloxacin exerted any lethality (Fig. 61). So it
would seem that both drugs at the concentrations used can only exhibit mechanism A.
As these results were quite surprising a range of ciprofloxacin concentrations
was tested to investigate at which concentration(s) mechanism B (and/ or C) became
apparent.
These experiments were conducted in nutrient broth with or without 160mg/L
rifampicin and in PBNS not only with ciprofloxacin but also with ofloxacin and
norfloxacin to investigate whether the latter two drugs behaved like ciprofloxacin.

Bactericidal profile of E.coli treated with ciprofloxacin in nutrient broth, with or
without rifampicin for 3 hours at 37°C.
From Figure 62 it can be seen that ciprofloxacin up 0.15mg/L progressively
killed E.coli KL16. After this concentration survival increased slightly as the
ciprofloxacin concentration increased. However, when rifampicin was added to each
ciprofloxacin concentration, it completely abolished the killing action of the 4quinolone at ciprofloxacin concentrations up to and including 0.03mg/L. Thereafter the
addition of rifampicin did not abolish all the killing action of ciprofloxacin,
commencing at 0.05mg/L ciprofloxacin. It would hence seem that mechanism B
became operational at 0.05mg/L and that a similar level of mechanism B occurred at
higher concentrations. As the kill in nutrient broth without rifampicin still increased at
concentrations exceeding 0.05mg/L it would seem that mechanism A (but not
mechanism B) was increased by increasing ciprofloxacin concentrations beyond
0.05mg/L.
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Figure 61
Survival of E.coli KL16 treated with ciprofloxacin 0.03mg/L alone in PBNS;
ciprofloxacin in nutrient broth with or without rifampicin; nalidixic acid 90mg/L alone in
PBNS and nalidixic acid in nutrient broth with or without rifampicin at 37*C.
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Figure 62
Survival of E.coli KL16 in nutrient broth treated with ciprofloxacin with or
without rifampicin at 37*C.
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Bactericidal profile of E.coli treated with ofloxacin in nutrient broth with and without
rifampicin 160mg/L for 3 hours at 37°C.
Ofloxacin was very bactericidal against E.coli KL16 and reached a maximal
bactericidal concentration at 1.5 mg/L with a survival of less than 0.1% (Fig. 63).
However, in the presence of rifampicin, no kill was observed at any ofloxacin
concentration up to and including 0.3mg/L. At 0.5mg/L the addition of rifampicin did
not abolish all the killing action of ofloxacin and a similar level of mechanism B
activity occurred at the higher ofloxacin concentrations. This again suggests the sudden
switching in of mechanism B at 0.5mg/L. Once again progressively more kill was seen
in nutrient broth without rifampicin as the ofloxacin concentration increased, which
suggests that mechanism A (but not mechanism B) was increased by increasing
ofloxacin concentrations beyond 0.5mg/L.

Bactericidal profile of E.coli treated with norfloxacin in nutrient broth, with or without
rifampicin for 3 hours 37°C.
Norfloxacin killed E.coli KL16 quite effectively (Fig. 64). However as expected
from previous work (Ratcliffe and Smith, 1985) norfloxacin did not possess
mechanism B because on the addition of rifampicin bacteriostasis was observed
throughout the range of concentrations used. However, norfloxacin does have an extra
bactericidal mechanism termed C which, unlike mechanism A, can kill non-dividing
bacteria despite being rifampicin-sensitive.

Bactericidal profile of E.coli treated with norfloxacin in PBNS or nutrient broth.
As can be seen from Figure 65 norfloxacin in nutrient broth progressively
killed E.coli KL16 up to its most bactericidal concentration of 1.5mg/L and that higher
concentrations killed substantially less bacteria. However, in PBNS there was less
overall kill and progressive kill only commenced at 0.3mg/L with no maximum being
reached at the higher concentrations tested. This kill in PBNS represents mechanism C
and the findings that it exhibited no maximal effective concentration contrasts with the
mechanism B results in Figures 62 and 63 with ciprofloxacin and ofloxacin in nutrient
broth containing 160mg/L rifampicin. However, mechanism C of norfloxacin only
became apparent at 0.3mg/L so that at lower concentrations only mechanism A was
detectable, which is a similar phenomenon to ciprofloxacin and ofloxacin in that they
too could only exert mechanism A at low concentrations.
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Figure 63
Survival of E.coli KL16 in nutrient broth treated with ofloxacin with or without
rifampicin at 37*C.

1000

100' ^

>
' >

ZD

10

m

OFL
a lo n e

Conc en tratio n of o flo x acin (m g /L)

Figure 64
Survival of E.coli KL16 in nutrient broth treated with norfloxacin with or without
rifampicin at 37*C.
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Figure 65
Survival of E.coli KL16 treated with norfloxacin in nutrient broth and PBNS at
37*C.
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Bactericidal mechanisms A . B. and C.
From the preceding experiments it was seen that mechanism B in ciprofloxacin
and ofloxacin could be directly detected in the absence of mechanism A and C by
studying survival in nutrient broth containing rifampicin, and that mechanism C in
norfloxacin could directly be detected in the absence of mechanism A by studying
survival in PBNS.
It is also possible to deduce mechanism C in ciprofloxacin and ofloxacin by
subtracting the kill in nutrient broth with rifampicin (mechanism B) from the kill in
PBNS (mechanism B and C).
It is also possible to deduce mechanism A in ciprofloxacin and ofloxacin by
subtracting the kill in PBNS (mechanisms B and C) from the kill in nutrient broth
(mechanisms A, B, and C). With norfloxacin mechanism A can be deduced by a
similar subtraction, which more simply than ciprofloxacin or ofloxacin deducts
mechanism C from mechanisms A and C.

Mechanism A in ciprofloxacin, ofloxacin and norfloxacin
Figure 66 shows the % difference in survival due to the presence of Mechanism
A which was obtained by subtracting the results obtained in PBNS from the survival in
nutrient broth. With ciprofloxacin mechanism A became apparent at 0.009mg/L and
thereafter increased up to 0.15mg/L and then declined. With ofloxacin mechanism A
became apparent at 0.5mg/L and progressively increased as its concentration was
increased beyond this concentration. With norfloxacin mechanism A became apparent
at 1.5mg/L, exhibited a maximum at 5mg/L and then declined in potency.

Mechanism C in ciprofloxacin, ofloxacin and norfloxacin
Figure 67 shows the % difference in survival due to the effect of mechanism C.
The results obtained in NB containing rifampicin were subtracted from the results
obtained in PBNS to obtain these survivals. With ciprofloxacin it can be seen that
mechanism C first became detectable at 0.03mg/L and throughout the concentration the
concentration range tested generally increased in intensity up to the highest
concentration tested.
Similarly with ofloxacin mechanism C became apparent at 0.09mg/L and
progressively increased in intensity up to the highest concentration tested.
From this work we can see a definite trend that the involvement of mechanisms
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Figure 66
Mechanism A in ciprofloxacin, ofloxacin or norfloxacin in E.coli KL16
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Figure 67
Mechanism C in ciprofloxacin or ofloxacin in E.coli KL16
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B of ciprofloxacin or ofloxacin (Figures 62 and 63) seems to occur as an all or nothing
event. Once the mechanism had switched in, it remained present at all higher drug
concentrations at the same level of effectiveness. However, mechanisms A in nalidixic
acid (Figure 61), norfloxacin, ciprofloxacin and ofloxacin (Figure 66) and mechanism
C in norfloxacin, ciprofloxacin and ofloxacin (Figure 65 and 67) seemed to occur more
gradually and increased in intensity as the drug concentrations were increased.
In order to check these hypotheses some experiments were repeated using a
much more finely graded concentration range than previous.

Bactericidal profile of E.coli treated KL16 with ciprofloxacin in PBNS or in nutrient
broth with rifampicin 160mg/L over a close concentration range for 3 hours at 37°C.
This experiment was focussed on the concentrations around O.Olmg/L
ciprofloxacin. From the result (Figure 68) with rifampicin in NB and in PBNS we can
see the initial switch in of mechanism B (in the rifampicin result) at 0.04mg/L and of
mechanisms B and / or C (in PBNS) at 0.015mg/L ciprofloxacin. As the NB and
rifampicin result suggested, mechanism B only became apparent at 0.04mg/L, then it
would seem fair to propose the PBNS result indicates that it is only mechanism C that
switches in at 0.015mg/L. Previously we had seen mechanism B to switch in at
0.05mg/L (Fig. 62) so this more accurate experiment correlates well with the previous
work.

Figure 68
Bactericidal profile of E.coli KL16 with ciprofloxacin in PBNS or nutrient broth
with rifampicin 160mg/L over a close concentration range for 3 hours at 37*C.
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Bactericidal profile of E.coli KL16 treated with ofloxacin over a close range of
concentrations in PBNS, and in nutrient broth with rifampicin 160mg/L at 37°C for 3
hours.
From the PBNS result (Fig. 69) it can be seen that mechanism B and / or
mechanism C switch in at 0.08mg/L ofloxacin, but from the rifampicin in NB result
mechanism B switches in at 0.2mg/L. Because of this latter finding it would seem fair
to assume that the PBNS result indicates that it is only mechanism C that switches in
at 0.08mg/L. The second step of survival level in the PBNS result concurs with the
onset of mechanism B which was detected directly in NB and rifampicin. The onset
for mechanism B determined here for ofloxacin (at 0.2mg/L), agrees reasonably with
the previous result (Fig. 63) that indicated mechanism B could not be detected at
0.3mg/L but was detectable at 0.5mg/L.
Figure 70 shows that a switch in of mechanism C occurs at 0.2mg/L
norfloxacin, which correlates well with the previous work (Fig. 65) which gave
0.3mg/L for the onset of mechanism C.

CONCLUSIONS:
Table 16
Concentrations of quinolones required for the onset of mechanisms B & C
Mechanism B

Mechanism C

Ciprofloxacin

0.04mg/L

0.015mg/L

Ofloxacin

0.20mg/L

0.08mg/L

absent

0.20mg/L

Norfloxacin

Why should these mechanisms seem to suddenly switch in at certain
concentrations? Shen et al (1989b) proposed a co-operative drug binding theory of
norfloxacin to a gyrase/ DNA complex, which was an all or nothing effect. Shen et al
(1989d) found a concentration of the drug at which co-operative drug binding switched
in. This was similar to the concentration range where co-operative binding to
supercoiled DNA was claimed (Shen and Pemet, 1985) and correlated with inhibition
of DNA supercoiling activity. The concentration reported was of unbound 3H
norfloxacin which was the parameter used to calculate drug binding. In studies with
norfloxacin co-operative drug binding occurred (n =4) at 0.2mg/L which was
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Figure 69
Bactericidal profile of E.coli KL16 with ofloxacin in PBNS or nutrient broth with
rifampicin 160mg/L over a close concentration range for 3 hours at 37*C.
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Figure 70
Bactericidal profile of E.coli KL16 with norfloxacin in PBNS over a close
concentration range for 3 hours at 37*C.
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confirmed by Shen (personal communication, 1990). Shen’s work was the first to
propose a direct correlation of quinolone binding with (i) the inhibition of enzyme
activity and (ii) induction of DNA breakage. These he suggested are dependant on co
operative binding of the drug to a site, which appears after the formation of the initial
DNA gyrase/DNA complex (Shen et al, 1989d).
The results here with norfloxacin (Fig.70) suggested that its onset concentration
for mechanism C occurred at 0.2mg/L. This agrees perfectly with Shen’s findings and
suggests that mechanism C is switched on when co-operative drug-binding occurs.
Mechanism A on the other hand seems to act in a completely different way as it
occurs at lower concentrations and is progressive in nature. Mechanism B might act in
a similar way to mechanism C as it too is suddenly switched into maximal effect at a
single concentration, which for ciprofloxacin was 2.7 times its onset concentration for
mechanism C and for ofloxacin was 2.5 times its onset concentration for mechanism
C. It is interesting how close the two ratios are.
Further work to confirm this idea would be to measure the concentrations for
co-operative binding of ciprofloxacin and ofloxacin to gyrase/ DNA complexes. If the
values correlated with the concentrations found in this work for the switching in of
mechanisms B and C then it might provide an explanation for their sudden onsets. This
would also give an idea as to the biochemical nature of mechanisms B and C.
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CHAPTER SIX

DEVELOPMENT OF AN IN VITRO ASSAY TO DETERMINE THE EFFECT
OF GYRASE INHIBITORS ON PLASMID SUPERCOILING.

The target site of nalidixic acid was identified as DNA gyrase (Gellert et al,
1977; Sugino et al, 1977). This enzyme is an essential component of the bacterial cell
(Crumplin, 1990). Most experimental work that has been done so far in vitro has
involved the separate isolation and purification of the gyrase subunits A and B. These
have been used to reconstitute tetrameric DNA gyrase which has then been used with
ATP to introduce negative supercoils into purified plasmid DNA that had been
artificially converted to the open circular form (for example see Sato et al, 1986).
Using such systems, 4-quinolones at various concentrations have been tested for their
effects on the supercoiling of plasmid DNA by the use of agarose gel electrophoresis.
Other in vitro work that has been reported involved exposing bacteria containing
plasmids to different environmental conditions affecting growth transitions (Balke and
Gralla, 1987) or exposing purified plasmid DNA to various concentrations of
quinolones e.g nalidixic acid (Mirkin et al, 1984). Despite the wide acceptance of this
type of assay for testing 4-quinolones there has been for some time a huge discrepancy
between values found for the MIC of a drug and its concentration to cause a mere
50% inhibition of DNA gyrase in vitro (ID50). ID50’s can be between 10 to 100 times
higher than MIC values for 4-quinolones (Sato et al, 1986), which suggests that the in
vitro assay cannot be truly representative of the in vivo situation. On the other hand,
completely the opposite problem occurs with the coumarins (see Table 17) because
their MIC values greatly exceed their ID50 values. However this probably results from
penetration problems with these two drugs and is hence easier to explain. However,
such in vitro gyrase assays are not physiological in one other important respect
because plasmids in vivo are not completely relaxed.
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Table 17
MIC and ID™ values of gyrase inhibitors with Escherichia coli
E.coli

MIC
(mg/L)

ID*
(mg/L)

CIP

>0.006

1.0

OFL

0.05

3.1

NOR

0.05

2.4

NAL

6.25

NOV

30.0.

0.1

COU

150.0.

0.1

>400.0

. = Results this thesis (Chapter 2)
Rest of data = (Sato et al, 1986)

The fact that 50% inhibition of DNA gyrase in vitro by 4-quinolones does not
mimic their antibacterial action against whole bacteria has led to the proposal that a
drug concentration to inhibit DNA gyrase by about 1.5% would be more relevant as it
would relate to a single domain of supercoiling being perturbed (Smith and Lewin,
1988). However, such low levels of gyrase inhibition are difficult to measure with any
accuracy. The work done with plasmids in vitro so far can only study the effects of the
drug on gyrase / DNA interactions representing the plasmid catalytic sites. Plasmids
can only represent single topological domains and are unlikely to contain sequences
corresponding to the gyrase association sites of the bacterial chromosome. Thus this is
another possible reason for the higher values found so far for inhibition of supercoiling
compared to MICs of 4-quinolones (Crumplin, 1990).
An investigation could be done with plasmids within bacteria, which had been
previously exposed to antigyrase drug(s) at concentrations as low as their MIC values.
After such exposure of plasmids within intact cells, the plasmid DNA could then be
extracted and examined. Hence supercoiling effects would be investigated under more
physiological conditions. It is also already known that drugs such as novobiocin acting
on Archebacterium and coumermycin acting on E.coli (and oxolinic acid on a partiallyresistant E.coli mutant) increased the amount of supercoiling at low concentrations,
while at high concentrations the DNA was relaxed (Sioud et al, 1988; Franco and
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Drlica, 1989). Thus if this pattern is representative of in vivo plasmid physiology then
it could be possible to develop an assay to test the effect of antigyrase drugs using
whole bacteria.
One other problem with respect to previously published work is that small
plasmids such as pBR322 (4363 bp) have been almost exclusively used. The question
then arises as to whether a plasmid which is nearer in size to the size of a domain of
supercoiling in the chromosome might be more physiological.

RESULTS

Effects of various concentrations of nalidixic acid on E.coli KL16 (pBR322).
This was done using Method A for the exposure of the bacteria to the drug
with the alkaline lysis method for extracting the plasmid from the bacteria.
E.coli KL16 (pBR322) was grown overnight at 37°C in nutrient broth then
diluted 1 in 50 into nutrient broth containing nalidixic acid at 3mg/L (= its MIC
value), 15mg/L, 30mg/L, 90mg/L (= its most bactericidal concentration), 150mg/L and
300mg/L. As controls E.coli KL16 (pBR322) not treated with nalidixic acid and E.coli
KL16 lacking pBR322 treated with 3mg/L nalidixic acid were included. The reaction
mixtures were incubated at 37°C for 3 hours, then extracted for pBR322. The plasmid
extracts were electrophoresed in agarose gel (0.5% w/v) for 14 hours at 60V. Samples
of lambda DNA were also ran as molecular weight markers in the gel.
The results (Figure 71, lane i) showed that as expected E.coli KL16 lacking
pBR322 treated with 3mg/L nalidixic acid did not exhibit any plasmid bands but only
showed some chromosomal DNA. With untreated E.coli KL16 (pBR322) three
plasmid bands could be seen (lane b) which migrated the same distances whether or
not the bacteria had been treated with 3, 15, 90, 150 or 300 mg/L of nalidixic acid
(lanes c, d, e, g and h). It is not certain of the significance of these three bands but (i)
could be supercoiled DNA, (ii)linear DNA and (iii) relaxed circular plasmid DNA by
comparison to results obtained by Hallett and Maxwell (1991). The only possible effect
seen with nalidixic acid treatment was the intensity of plasmid band (i) was somewhat
less at 90mg/L (lane e) than at the other concentrations tested, but this difference may
not have been significant.
These results were unexpected as it had been anticipated that nalidixic acid
treatment would have changed pBR322 supercoiling sufficiently to alter its migration,
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especially at the higher concentrations of 150mg/L (lane g) or 300mg/L (lane h) which
were even sufficient to inhibit DNA gyrase in vitro (Sato et al, 1986). It seems that
pBR322 supercoiling in vivo is not as susceptible to nalidixic acid inhibition as it is in
vitro. In this context, the findings of Tweats and Smith (1978) with the multicopy
plasmid R6K which exists as 13-38 copies per cell in bacteria expressing wild-type
levels of DNA polymerase I, may be relevant. They found that when DNA polymerase
I was inactivated, the bacteria then maintain only 1 copy of the plasmid per cell, which
perhaps is a master copy for replication. Should such a situation apply to pBR322 then
alterations to a master copy plasmid may have been obscured by the 10 or more other
plasmid copies per cell that were not affected by nalidixic acid treatment. Indeed the
possible observation of slightly less plasmid DNA at 90mg/L nalidixic acid may
accord with this phenomenon. On the other hand, as only a single treatment time of 3
hours was used in this experiment it is possible that effects on pBR322 supercoiling
may have been missed due to an incorrect treatment period so this was tested in
another experiment.

E.coli KL16 (pBR322) treated with 90mg/L nalidixic acid for various times.
The concentration of 90mg/L nalidixic acid had been the only nalidixic acid
concentration to show any possible effect in the previous experiment. It is perhaps
relevant that this is the most bactericidal concentration of NAL for this organism.
Consequently this concentration was then tested using different treatment times. The
control in this experiment was untreated E.coli KL16 (pBR322). The reaction mixtures
containing 90mg/L nalidixic acid were incubated for 30, 60, 120, and 180 minutes
before being extracted for pBR322. The plasmid extracts were then electrophoresed
by agarose gel for 14 hours at 60V. Lambda DNA was used as a molecular weight
marker in the gel (0.5% w/v agarose).
The results (Figure 72, lane b) show that untreated E.coli KL16 (pBR322)
exhibited three plasmid bands (i), (ii) and (iii) as seen before. With the treated E.coli
KL16 (pBR322) for the various times, the plasmid bands and chromosomal DNA were
seen at each various time of exposure. However the intensity of these bands differed
with the time of exposure to nalidixic acid. The bands found after 120 minutes (lane d)
were significantly less than those after 30 (lane c) or 60 minutes (lane g) and much
less intense than those after 180 minutes (lane e). It is possible that only plasmid band
(i) and chromosomal DNA were detected at the exposure time of 120 minutes. In other
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words bands (ii) of linear DNA and (iii) of circular relaxed plasmid DNA had been
lost
This could mean that nalidixic acid had most effect on the supercoiling of
pBR322 in vivo after 120 minutes at 90mg/L at 37°C. This might imply that this is the
optimum time for nalidixic acid to affect DNA gyrase in these conditions. However it
is known that the level of supercoiling is balanced between topoisomerase I and DNA
gyrase (Goldstein and Drlica, 1984). If the temperature of the reaction is altered the
production of DNA gyrase is increased (Goldstein and Drlica, 1984). This should have
an effect on the supercoiling of the plasmid. Thus the effect of temperature on the
supercoiling of the plasmid after exposure to nalidixic acid was investigated.

Exposure of in E.coli (pBR322) to nalidixic acid 90mg/L at different temperatures.
E.coli KL16 (pBR322) was grown overnight at 37°C in nutrient broth and
diluted 1 in 50 into nutrient broth containing nalidixic acid at 90mg/L. Five reaction
mixtures each of containing nalidixic acid 90mg/L were then incubated at temperatures
of 22, 27, 30, 37 and 42°C for 2 hours then extracted for pBR322. The plasmid
extracts were then electrophoresed in 0.5% w/v agarose for 14 hrs at 60V. Samples of
lambda DNA were also run as molecular weight markers.
The results (Figure 73) show only one plasmid band (i.e. band i) was found,
which is consistent with previous results of exposure of pBR322 to 90mg/L nalidixic
acid for 120mins at 37°C (Figure 72, lane d). Plasmid pBR322 from E.coli KL16
exposed to 90mg/L nalidixic acid at 22 or 27°C (lanes b and g) travelled the same
distance along the gel, whereas pBR322 from bacteria exposed at 30°C (lane c)
migrated slightly further than at 22°C or 27°C. The plasmids from bacteria treated at
37°C or 42°C (lanes d and e), travelled slightly further still than those from bacteria
grown at lower temperatures.
We can conclude from this gel that at 30, 37 or at 42°C there seemed to be a
slight increase in amount of negative supercoiling than at 22 or at 27°C, assisting the
plasmid to travel through the gel at a faster rate. This difference was not very
significant and can only be qualitatively and not quantitatively described. As
previously mentioned, the level of supercoiling is balanced between topoisomerase I
and gyrase, and as the temperature is increased, the amount of gyrase is production is
increased (Goldstein and Drlica, 1984). This would lead to an increase in supercoiling.
In fact the pBR322 plasmid migrated the furthest and thus could be slightly more
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supercoiled at the higher temperatures of 37°C and 42°C. Although DNA gyrase is
inhibited by nalidixic acid this inhibition did not show up as expected using this
technique. Nalidixic acid acts exclusively on the A subunit of DNA gyrase (Gellert et
al, 1977), whereas the coumarin antibacterials novobiocin and coumermycin act
exclusively on the B subunit of DNA (Sugino et al. 1978). To investigate the effect of
inhibition of the B subunit, bacteria containing plasmids were exposed to a range of
coumarin concentrations to detect any possible changes in supercoiling.

Exposure of in E.coli (pBR322) to novobiocin at various concentrations.
E.coli KL16 (pBR322) was grown overnight at 37°C in nutrient broth and
diluted 1 in 50 into nutrient broth containing novobiocin at its MIC of 30mg/L and at
150mg/L, 300mg/L, 750mg/L or 1500mg/L. As a control E.coli KL16 (pBR322)
without novobiocin treatment was included. Novobiocin has been shown to be less
bactericidal than nalidixic acid in E.coli (Chapter 3). In a pilot experiment using
750mg/L novobiocin, an exposure time of three hours showed the greatest effect. So
this time was used for all concentrations tested in this experiment. After incubation for
3 hours at 37°C the reaction mixtures were extracted for pBR322, and the extracts
electrophoresed in 0.5% w/v agarose gel for 14 hrs at 60V. Lambda DNA was used as
a molecular weight marker.
The results (Figure 74) show the presence of three plasmid bands (i), (ii) and
(iii) in extracts from untreated E.coli KL16 (pBR322) (lane b) and from those treated
with 30mg/L novobiocin (lane c). However, at concentrations greater than the MIC
(i.e. at 150mg/L to 300mg/L)(lanes d and e) only one plasmid band (i.e. band i) was
found. At 750mg/L or 1500mg/L novobiocin (lanes f and g) perhaps surprisingly no
plasmid bands at all were detected. Thus the effect of novobiocin was greater than that
of nalidixic acid in that at no concentration tested was nalidixic acid able to abolish
plasmid band (i) (= supercoiled DNA), whereas novobiocin did abolish band (i) at the
higher concentrations.
These results could be explained by novobiocin partially inhibiting DNA gyrase
and in the process somehow allowing open circular and linear plasmid DNA to be
degraded by other enzymes, for example by exonucleases at 150 to 300mg/L
novobiocin. However at 750mg/L to 1500mg/L novobiocin it would seem that both
inhibition of supercoiling and degradation of pBR322 occurs. It is known that
novobiocin does promote curing of plasmids (Novick, 1969) by the selection of
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plasmid-free cells during exposure to the drug. This too may be a reason for the
absence of plasmid DNA in the extracts after exposure to novobiocin at concentrations
of 750mg/L or greater. As these results with novobiocin were unexpected the related
drug coumermycin was next investigated as follows.

Treatment of E.coli (pBR322) with coumermycin at various concentrations.
Exoli KL16 (pBR322) was grown overnight at 37°C in nutrient broth and
diluted 1 in 50 into nutrient broth containing coumermycin at 5mg/L, 15mg/L (= its
MIC) 30mg/L, 50mg/L, 90mg/L, 150mg/L and 300mg/L. As a control E.coli KL16
(pBR322) without coumermycin treatment was included. After incubation for 3 hours
at 37°C the reaction mixtures were extracted for pBR322, and the extracts
electrophoresed in 0.5% w/v agarose gel for 14 hrs at 60V. Lambda DNA was used as
a molecular weight marker.
The results (Figure 75) show that at concentrations of 5, 15 and 30mg/L (lanes
c, d and e) three plasmid bands (i), (ii) and (iii) could be detected that travelled equi
distant to the three bands of the control (lane b). However at 50mg/L (lane f) only one
plasmid band, (i.e band i), was detected, which was similar to the results with
novobiocin 150-300mg/L (Figure 74, lanes d and e). At 90mg/L,150mg/L or 300mg/L
coumermycin (Figure 75, lanes h, i and j) no plasmid band was detected at all. It is
reported that low concentrations of coumermycin may increase supercoiling (Franco
and Drlica, 1989) but this effect was not detected here. In conclusion coumermycin
and novobiocin were qualitatively similar in that at the highest concentrations tested all
plasmid bands were abolished, whereas nalidixic acid did not abolish band (i) at any
concentration tested.
The level of supercoiling in bacteria is controlled by DNA gyrase (Menzel and
Gellert, 1983). If this enzyme was altered in any way or was resistant to drugs that act
on it, then this might affect the degree of supercoiling in the cell or reduce the changes
in supercoiling that the drug might impose by inhibiting the enzyme. From work in
Chapter 2, novobiocin-resistant mutants of E.coli KL16 were made. It was uncertain as
to the type of mutation that had taken place. If a plasmid was introduced into this
resistant mutant and exposed to novobiocin then it might be possible to see an effect
of the drug on plasmid supercoiling in a novobiocin-resistant strain with a possible
altered DNA gyrase and compare it to previous results in a novobiocin-sensitive strain
of E.coli KL16.

218
Figure 75

—1
^ c t cn
\
O iC T o i cn E E
>— Cn E E E E O O
O E i n O O O t n O
i - i n •—i c o un ^ r—■ ro

= =

Z O O O O O O
Q U O C_> O o o

=3 =3 «t

O O Z
o o o

(/)
U

rCC\jC\JC\|C\Jc\JC\J CNJCNJ flO

o
-C

* 0 C\J CM C\J C\J CM CM cm cm - o

-Q ro ro ro ro ro ro ro ro -Q
, E .f* a . c r a . a . a - e r - a . E
no CD CD 0 0 0 0 CD CD CQ CQ f0
j a a a a
a . q. q. a
i

iH
u
o
v+-

ICO UT3 4) M- cn .C

>
o
VO
4->

E

c
3
fc.

u
O)
•r—

DNA
Chromosomal

c
o
•1“
4->
<o

a>
o

<
z

Q

a

219
Treatment of E.coli KL16 (pBR322) and of an E.coli KL16 (pBR322) nov* mutant

with novobiocin at various concentrations.
A mating was performed between E.coli KL16 (pBR322) and an E.coli KL16
novobiocin-resistant mutant which had been selected on nutrient agar plates containing
750mg/L (i.e 5 x the MIC novobiocin for E.coli KL16) and was made from work done
in Chapter 2. 0.1ml of the strain harbouring pBR322 (ampicillin-resistant) was mixed
with 1.0ml of the novobiocin-resistant mutant and 4.5ml of nutrient broth, which was
incubated for 3 hrs at 37°C. Dilutions of this mating mixture were then plated out on
nutrient agar containing novobiocin alone, ampicillin alone or novobiocin and
ampicillin. Transconjugants that were both novobiocin-resistant and ampicillin-resistant
were assumed to have received the pBR322 plasmid. These occurred at a frequency of
1.4 x 10'3 per input donor. The transconjugants were subcultured onto novobiocin /
ampicillin plates.
An overnight culture of E.coli KL16 nov* (pBR322) was grown in nutrient
broth and diluted 1 in 50 into nutrient broth containing novobiocin at 30, 150, 300 and
750mg/L. As controls E.coli KL16 novs (pBR322) treated with the same
concentrations of novobiocin and E.coli KL16 nov* (pBR322) and E.coli KL16 novs
(pBR322) not treated with novobiocin were included. The reaction mixtures were
incubated at 37°C for 3 hours then extracted for pBR322. The plasmid extracts were
electrophoresed in 0.5% w/v agarose gels for 14 hrs at 60V. Lambda DNA and a
sample of high molecular weight DNA (»30kbp) were used as molecular weight
markers.
The results (Figure 76) with untreated E.coli KL16 nov* (pBR322) showed only
one plasmid band in the control (lane i) and also in E.coli KL16 novR (pBR322)
treated with 30mg/L or 150mg/L novobiocin (lanes j and k). However when this
organism was treated with 300mg/L or 750mg/L novobiocin (lanes 1 and m) no
plasmid band was seen.
In contrast as found before (Figure 74) in the novobiocin-sensitive parent strain,
plasmid bands (i), (ii) and (iii) were seen with the untreated control (lane b) or when
treated with 30mg/L novobiocin (lane c). With 150mg/L novobiocin (lane d) plasmid
bands ii and iii were reduced in intensity. In both cases when concentrations of
300mg/L or 750mg/L novobiocin were used to treat the novobiocin-sensitive strain
only one plasmid band (i) was detected (lanes e and f) and at 750mg/L novobiocin the
intensity of plasmid band (i) was reduced.
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Thus it may be that in the novobiocin-resistant mutant its DNA gyrase has been
altered in some way to affect the supercoiling of the plasmid even in the absence of
drug. In this context it is interesting to note that the nalA mutation is also known to
affect chromosomal DNA in the absence of a quinolone so that it resembles the
chromosomal DNA of the sensitive parental strain after treatment with nalidixic acid
(Crumplin and Smith, 1976). It would seem that the same phenomenon applies here
with the nov* mutant but with respect to plasmid DNA and novobiocin, rather than to
chromosomal DNA and nalidixic acid. Moreover, the nov* mutant was also found to
be less sensitive to changes in supercoiling induced by novobiocin in that to change
pBR322 migration 300mg/L novobiocin was needed for the mutant as against 150mg/L
for the parent strain.
When the newer 4-quinolones were tested in pilot experiments it was found to
be very difficult to obtain any plasmid pBR322 from cells treated with ciprofloxacin,
due to rapid cell death and to the very low viable counts that occurred after exposure
to this drug. Thus a new method was needed to show visually what might be
happening to the DNA of bacteria treated with the 4-quinolones. A method was
required that perhaps might enable all the DNA in the bacteria to be separated and
visualised.
When the previous method used with novobiocin or coumermycin was adopted
to investigate the effects of modem 4-quinolones on the supercoiling of DNA it was
found in preliminary experiments that much DNA was lost during the procedure of
alkaline lysis. This treatment might affect the extraction of plasmid DNA damaged by
exposure to the modem 4-quinolones. Thus in situ lysis, which would reveal all the
DNA in bacteria was adopted instead.
The plasmid pBR322 is a fairly small plasmid of 4363bp, compared to the size
of the proposed domain of supercoiling of about 58,500bp. As we have seen some
effect of novobiocin on pBR322, it would be appropriate to try using larger plasmids
nearer to the size of a WorceFs domain of supercoiling to make a more physiological
comparison.
In addition a new strain containing 4 separate plasmids of different molecular
weight became available and it seemed that this strain could be used to investigate the
behaviour of different plasmids in a single experiment. So this strain was adopted for
the in situ lysis experiments. E.coli JTS 1093 is an E.coli K12 derivative containing
four different plasmids. One of these plasmids, NTP168 of 6946 bp is similar to the
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size of pBR322 (4363 bp). More importantly this strain also contains a larger plasmid
X of 63,420 bp which correlates well with the size of a Worcel domain of supercoiling
(58,500 bp). It also contains two other plasmids RA1-1 and Sa of 147,980 bp and
36,089 bp respectively.
Thus in situ lysis, which would reveal all the DNA that is in bacteria, was used
with this E.coli K12 strain containing the four differently-sized plasmids.

In situ lysis of strain E.coli JTS 1093 treated with novobiocin, ciprofloxacin, or
nalidixic acid for 2 hours at 37°C.
In pilot experiments, exposure to ciprofloxacin 0.004 - 0.15 mg/L, nalidixic
acid 15- 300mg/L or novobiocin 30- 750mg/L (results not shown) for one hour did not
produce much effect on the supercoiling of the DNA detectable by this new method
with this new strain. Thus it was decided to try inoculating the drug reaction mixtures
together onto one gel to compare what little effects were found at the drugs MIC
values and at their most bactericidal concentrations for E.coli. E.coli JTS 1093 was
used (containing four separate plasmids of 6,946 bp, 36,089 bp, 63,420 bp and 147,980
bp) (termed plasmids A, B, C and D respectively in Figure 77). Plasmid A is NTP168,
plasmid B is Sa, plasmid C is X and plasmid D is RA1-1. The concentrations of
ciprofloxacin used were 0.004mg/L or 0.15mg/L, novobiocin was used at 150mg/L or
750mg/L, and nalidixic acid was used at 3mg/L or 90mg/L.
E.coli JTS 1093 was grown overnight in 100ml nutrient broth at 37°C. 9ml of
this overnight culture was added to 1ml of drug / water. The reaction mixtures were
then incubated for 2 hours at 37°C after which 1ml of each reaction mixture was lysed
and electrophoresed at 30V for 15 hrs to examine the DNA content. The voltage
applied was reduced to 30 V on 0.5% w/v agarose throughout for a longer time to
ensure a greater separation of the plasmid bands.
From the results (Figure 77) in the controls (lane a and lane h) four plasmid
bands (A, B, C, and D) were detected. With ciprofloxacin at 0.004mg/L (lane b) the
plasmid bands were similar to those of the controls. However at 0.15mg/L
ciprofloxacin (lane c) none of the four plasmid bands was observed and instead a large
band of possibly chromosomal DNA was seen. With novobiocin at 150mg/L (lane d)
the bands of plasmids B, C and D were present but the intensity of the latter two
largest plasmids had been reduced. Plasmid band A had been abolished completely by
treatment with 150mg/L or 750mg/L novobiocin. At the higher concentration of
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novobiocin of 750mg/L only plasmid band B remained (lane e). The elimination of
band A by 750mg/L novobiocin treatment agrees with previous results with pBR322
(see Figure 74, lane e). However there must be some difference between pBR322 and
NTP168 because the latter was eliminated by 150mg/L novobiocin (Figure 77 lane d)
while pBR322 though affected was not completely eliminated by this novobiocin
concentration (Figure 74, lane d) With nalidixic acid 3mg/L (lane f) or 90mg/L (lane
g) the four plasmid bands remained visible and no significant difference in their
migratory distances or in their intensity was detected with the different concentrations
of nalidixic acid used. This result agrees with the findings with pBR322 extracted by
the alkaline lysis method.
One very interesting finding was that the loss of a plasmid caused by
novobiocin-treatment bore no relation to the molecular weights of the plasmids in that
at 750mg/L novobiocin plasmids A, C and D were no longer detected while plasmid B
remained. Plasmid B (36,089 bp) is quite similar in size to plasmid X (63,420 bp) and
hence this provides evidence that perhaps base sequences (recognition sites for
gyrase?) may be more important than the molecular weight. By this in situ method
some qualitative change in the migration of the plasmid DNA after treatment with
0.15mg/L but not with 0.004mg/L ciprofloxacin was detected although these findings
may be insignificant. To follow on this experiment E.coli JTS1093 was exposed to the
same drugs at the same concentrations but for a longer period of three hours.

In situ lysis of E.coli JTS 1093, treated with ciprofloxacin, novobiocin or nalidixic acid
for 3 hours.
This experiment is a repeat of the above except for a longer exposure to the
drugs for three hours.
The results (Figure 78) show the E.coli JTS 1093 untreated controls (lanes a
and b) exhibited the four plasmid bands (A, B, C, and D) as expected. With nalidixic
acid at 3mg/L (lanes c and d) no significant difference in intensity or position of the
four bands was seen. At 90mg/L nalidixic acid (lanes e and f) the intensity of the
plasmid bands B, C and D was somewhat less and plasmid A was no longer detected.
This result was unexpected because when alkaline lysis was used only the intensity of
pBR322 was reduced. With ciprofloxacin at 0.004mg/L (lanes g and h) the four
plasmid bands could still be detected. However at 0.15mg/L ciprofloxacin (lanes i and
j) either no plasmid DNA was seen or only a reduced amount of plasmid B was seen
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on the gel. These results could not be achieved with the alkaline lysis method as very
little DNA was extracted. With novobiocin at 150mg/L (lanes k and 1) only plasmid
band B and a wide smear of chromosomal DNA were seen. However at the higher
concentration of novobiocin 750mg/L (lanes m and n) no plasmid DNA was detected
at all. These results correlate well with the treatment of bacteria harbouring pBR322
with novobiocin. In both cases at 150mg/L novobiocin there was a visible effect on the
migration of pBR322 or on the plasmids of JTS 1093. In fact with pBR322 there was
still some supercoiled DNA (Figure 74, lane d) but with the in situ lysis method the
smallest plasmid band similar in size to pBR322 was not detectable. In both
experiments with novobiocin 750mg/L there was no detectable plasmid.
From these results we can say that something happened to the DNA of bacteria
treated with novobiocin at 750mg/L or with ciprofloxacin at 0.15mg/L. With nalidixic
acid the results were unconvincing. In the in situ lysis experiments the whole bacterial
cell is being placed in the gel so all DNA present would be detected if intact. Ethidium
bromide stain binds to the DNA and produces fluorescence under UV light. With
ciprofloxacin very little DNA was detected when used at the higher concentration of
0.15mg/L. The cells may have been destroyed by the action of drug and cell contents
dispersed. Thus on centrifugation of the cells, after washing and concentration from
10ml reaction mixture to 1ml of extraction mixture, some DNA may have been lost in
the supernatant as the precipitate left may have been cell debris with very few intact
cells. During the experiment after treatment with the higher concentration of all drugs
used there was less precipitate after centrifugation.
The in situ lysis experiments have been able to show some effects of antigyrase drugs on plasmid DNA, but not clearly. The latter method does appear more
satisfactory than the first method of harsh chemical treatment to remove chromosomal
DNA. On the whole the differences in supercoiling as hoped have not been detected by
these methods.
From the alkaline lysis method with novobiocin and coumermycin some effect
on the pBR322 was detected. In the temperature experiment a slight change in the
migratory distance of pBR322 was seen. In the in situ method it has been possible to
see the presence or absence of plasmid DNA, with ciprofloxacin and novobiocin.
A possible reason why it has not been possible to see any significant unwinding
of the DNA by the drugs is that Shen et al (1989c) showed that magnesium-dependent
DNA unwinding by quinolones may be antagonised by polyamines at physiological

Ill

intracellular concentrations. Thus in intact cells, where many DNA binding
components are present, such unwinding may not exist at all. This may be why the
changes in migration shown in vitro by Sato et al (1986) over a range of drug
concentrations with purified plasmid DNA and purified gyrase were not seen here with
plasmids extracted from whole bacteria. On the other hand, it is entirely possible that
none of the plasmids studied in this thesis possessed the base sequence recognition
sites found in the chromosome that trigger physiological gyrase-mediated supercoiling.
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CHAPTER SEVEN

POST ANTIBIOTIC EFFECTS OF CIPROFLOXACIN, OFLOXACIN AND A
NEW CEPHALOSPORIN, CEFDINIR.

This work investigates whether a P.A.E. occurs in Escherichia coli,
Staphylococcus aureus, Streptococcus pyogenes and Klebsiella pneumoniae treated
with ciprofloxacin (Bayer), ofloxacin (Hoescht) or with a new cephalosporin (Cl 983,
PD 134393 = cefdinir) from Warner Lambert; Parke Davis.
In these studies centrifugation was used to remove drugs from bacteria and the
subsequent bacterial fate was followed by estimating rates of growth of bacteria in
drug-free media.
Minimum inhibitory concentrations (MICs) were determined by inoculating
nutrient / blood agar plates containing various concentrations of the drugs with the
strains being tested. The inoculum used was l|il of a lO-4 dilution of an overnight
nutrient / blood broth culture which contained about 20-100 colony forming units. The
MIC was defined as the lowest drug concentration to inhibit growth on nutrient agar
after incubation for 24 hours at 37°C with all strains tested except Streptococcus
pyogenes where the MIC was determined after 48 hours at 37°C on blood agar.
The MIC values were for Escherichia coli KL16: ciprofloxacin (CIP)
0.0075mg/L, ofloxacin (OFL) 0.03mg/L, cefdinir (CEF) 0.2mg/L; for Staphylococcus
aureus were: CIP 0.2mg/L, OFL O.lmg/L, CEF 0.75mg/L; for Klebsiella pneumoniae
were: CIP 0.015mg/L, OFL 0.075mg/L, CEF 1.5mg/L and for Streptococcus pyogenes
were: CIP 0.4mg/L, OFL 0.75mg/L, and CEF 0.3mg/L.

Determination of Post Antibiotic effect.

The P.A.E. was taken to be the difference in time required by the test and control
cultures in the mixtures to increase in viable count by 1 log10 in drug-free nutrient /
blood broth after the final centrifugation and washing stage.
The quantitation of P.A.E. was calculated as follows:

T = Time in minutes required for the viable count (% survival) to increase by one
log10 above the count immediately after centrifugation

C = Time in minutes required for the count viable (% survival) in the control
culture to increase by one logi0 above the count immediately after
centrifugation.
So we can say:
P.A.E. = T - C
Or in words:
P.A.E. = Time delay caused by residual drug effects

However, in calculating these values problems could arise if drug-free controls
were studied at significantly higher initial inoculum sizes than those of drug-treated
bacteria. All reaction mixtures were initially inoculated with a 1 in 50 dilution of an
overnight nutrient broth culture so that about 107 bacteria per ml were present at the
start of each experiment. During the subsequent 1 or 3 hour treatment period in tests
involving drugs at their MIC values the viable counts will remain almost unchanged,
while at 4 x their MIC values the viable counts will actually fall. On the other hand in
drug-free controls the viable counts will rise during this 1 or 3 hours.
Subsequently the bacteria were washed by centrifugation and their recovery
monitored by successive hourly viable counts. However, at the start of the recovery
period the bacterial counts of the controls will be much higher than those of drugtreated bacteria. It is well known that bacteria at high initial inoculum sizes will grow
more slowly than bacteria at low initial inoculum sizes so unless this was corrected,
control bacteria could apparently recover more slowly than drug-treated bacteria. This
could hence affervhe *C' value in the equation and consequently the P.A.E. Therefore
a whole range of controls varying from initial inoculum sizes of 10s per ml to 103 per
ml were studied and their recovery after centrifugation followed (see Table 4). This
was done to determine the rates of growth at different initial inoculum sizes, and
control values at the relevant initial inoculum size were always used to calculate the
P.A.E. value for any test
From the results obtained during the recovery period not only can the length of
the lag phase (time before the viable count begins to increase) be measured but also
the time for the viable count to increase by 10 fold be estimated. If either time is
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longer than that of a relevant control then a post antibiotic effect has occurred.
Generation times after exposure to the drug were also calculated on the basis
that a 10 fold increase in viable count is equivalent to 3.3223 generations.

RESULTS
Post antibiotic effect of Staphylococcus aureus and Escherichia coli.
When ciprofloxacin was used at its MIC value to treat Staph aureus for a
treatment period of 1 hour it can be seen (Figure 79a) that there was no lag phase and
the time of 140 mins (Table 18) for the viable count to increase by 10 fold was 15
mins longer than that of the relevant control. Consequently the total PAE was 15 mins
(Table 18).
When 4 x the MIC of ciprofloxacin was used to treat Staph, aureus for 1 hour
the total PAE was greater at 145 mins (Table 18 and Figure 79b). However, this
largely resulted from an extended lag phase of 240 mins (Table 18) combined with a
very rapid rate of 10 fold viability increase of 30 mins (Table 18). In fact the
generation time of 9.3 mins (Table 20) with this treatment was much more rapid than
that of the relevant control of 38.7 mins (Tables 20 and 21). So apparently the drugtreated bacteria were able to multiply much more rapidly than control bacteria. It
would therefore seem that such a result can only be explained by repair mechanisms
overcoming damage caused by the drug to give this drastic increase in viability.
When Staph, aureus was treated with ciprofloxacin for 3 hours with the same
drug concentrations, an extended lag phase of 135 mins (Table 18 and Figure 79c) at
its MIC was observed. The generation time of 21.4 mins (Table 20) was shorter than
that of the relevant control value of 38.7 mins (Tables 20 and 21) which again
suggests repair. However, as the total time for the bacteria to multiply by 10 fold (204
mins) was longer than that of the relevant control (125 mins) we can conclude that a
positive PAE of 79 mins was detected. With 4 x the MIC of ciprofloxacin, the lag of
80 mins (Table 18 and Figure 79d) was shorter than that of the 1 hour exposure test
(Table 18) but the 140 mins taken to increase in viability by 10 fold was much slower
than that of the 1 hour exposure test and slightly slower than that of the relevant
control (125 mins) (Table 18). The total P.A.E. was hence 95 mins.
When E.coli was treated with ciprofloxacin at its MIC value for a treatment
period of 1 hour, a lag phase of 66 mins (Table 19 and Figure 80a) can be seen. The
time for the viable count to increase by 10 fold was 100 mins (Table 19) which was
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Table 18
Staphylococcus aureus PAE values (minutes)

Drug

Treatment Response
Times
Times
(mins)

CIP

1 hour

CIP

OFL

OFL

CEF

CEF

3 hours

1 hour

3 hours

1 hour

3 hours

1 XMIC
Test
Control

lag
x 10
Total
PAE

(6) 140
140
15

125
125

lag
x 10
Total
PAE

(6) 135
69
204
79

125
125

lag
x 10
Total
PAE

(6) 264
264
139

lag
x 10
Total
PAE

4 XMIC
Test
Control
(5) 240
30
270
145
(4)

125
125

80
140
220
95

125
125

125
125

129
129
4

125
125

(7) 60
264
324
138

186
186

(3) 120
150
270
145

125
125

lag
x 10
Total
PAE

(6) 60
188
248
123

125
125

(6) 120
30
150
25

125
125

lag
x 10
Total
PAE

(6) 120
153
273
148

125
125

(6) 260
>120
>380
>255

125
125

(5)

lag = lag period, x 10 = time for viable count to increase 10 fold, TOTAL = total of
lag and x 10 values and PAE = post antibiotic effect
(6) etc = 106 = viable count / ml at start of the recovery periods
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Figure 80a

Figure 80b
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more rapid than that of the relevant control (138 mins) (Table 19) hence suggestive of
bacterial repair. There was a positive PAE of 28 mins. When 4 x the MIC of
ciprofloxacin was used to treat E.coli for 1 hour a lag of 120 mins was seen (Table 19
and Figure 80b) and the time of 45 mins (Table 19) for the viable count to increase by
10 fold was much faster than that of the relevant control (116 mins), once again
suggesting the involvement of repair. The overall effect was a positive PAE of 49mins.
When E.coli are treated with ciprofloxacin for 3 hours at its MIC a lag phase of
156 mins was seen (Table 19 and Figure 80c). The time for the viable count to
increase by 10 fold was 81 mins (Table 19) which is faster than that of the relevant
control value of 116 mins (Table 19). A PAE of 121 mins was found. The faster
recovery after exposure to ciprofloxacin could again be due to repair mechanisms.
When 4 X the MIC of ciprofloxacin was used to treat E.coli for 3 hours a lag
phase of 85 mins was seen (Table 19 and Figure 80d) and a significantly faster time
for the viable count to increase by 10 fold (72 minsXTable 19) was seen compared
with the relevant control of 116 mins (Table 19). This recovery was faster than that of
the relevant control and suggests the involvement of bacterial repair. A positive P.A.E.
value of 41 mins hence resulted.
When ofloxacin was used at its MIC to treat Staph.aureus no lag phase was
observed after a one hour exposure (Table 18 and Figure 81a). However the time for
the viable count to increase by 10 fold (264 mins) was much slower than that of the
relevant control (125 mins) resulting in a PAE of 139 mins. This was also seen in the
generation time of 81.9 mins (Table 20) compared to 38.7 mins for the relevant
control. With 4 X the MIC ofloxacin and Staph, aureus again no lag phase was seen
but the time for viability to increase by 10 fold was 129 mins, producing a PAE of 4
mins (Table 18 and Figure 81b).
When Staph. aureus was treated with ofloxacin for 3 hours at its MIC a large
PAE of 138 mins (Table 18 and Figure 81c) was seen due to a lag phase of 60 mins
(Table 18) and the time for viability to increase 10 fold of 264 mins (Table 18). The
generation time (81.9 mins) (Table 20) was much slower than that of the relevant
control (57.7 mins) (Table 20). At 4 X the MIC an extended lag phase of 120 mins
(Table 18 and Figure 81) was seen. The rate of viability increase (150 mins) (Table
18) with a generation time of 46.5 mins (Table 20) was slower than that of the
relevant control (38.7 mins). The overall PAE was 145 mins.
On treating E.coli with ofloxacin at its MIC for 1 hour, a lag phase of 66 mins
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Figure 81b
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Table 19
Escherichia coli PAE values (minutes)

1 X M IC
Test
Control

Drug Treatment
Times

Response
Times
(mins)

CIP

lag
x 10
Total
PAE

(7) 66
100
166
28

lag
x 10
Total
PAE

(6) 156
81
237
121

lag
x 10
Total
PAE

(6) 66
51
117
1

lag
x 10
Total
PAE

(6) 60
114
174
58

lag
x 10
Total
PAE

(6) 140
140
24

lag
x 10
Total
PAE

(7) 45
45
(-93)

CIP

OFL

OFL

CEF

CEF

1 hour

3 hours

1 hour

3 hours

1 hour

3 hours

-

138
138
.

4 X M IC
Test
Control
(5) 120
45
165
49
(4)

116
116
-

116
116
.

116
116
-

(5) 120
165
285
169
(4) 180
69
249
133
(6)

116
116
-

138
138

85
72
157
41

(7)

140
140
24
80
80
(-58)

-

116
116
-

116
116
-

116
116
-

116
116
-

116
116
-

138
138

lag = lag period, x 10 = time for viable count to increase 10 fold, TOTAL = total of
lag and x 10 values and PAE = post antibiotic effect
(6) etc = 106 = viable count / ml at start of recovery periods
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Table 20

Staphylococcus aureus Generation times (minutes)

Gen.
times
4 X M IC

Gen.
times
Relevant
control

Drug &
time
exposed

Viable
count

Gen.
times
1 XM IC

Gen.
times
Relevant
control

Viable
count

CIP lhr

106

42.1

38.7

105

CIP 3hr

106

21.4 *

38.7

104

42.1

38.7

OFL lhr

106

81.9

38.7

10s

40.0

38.7

OFL 3hr

107

81.9

57.7

103

46.5

38.7

CEF lhr

106

58.3

38.7

106

CEF 3hr

106

47.5

38.7

106

9.3 *

9.3 *
>37.3

38.7

38.7
38.7

* = sign of repair (i.e. test generation time [gen. time] shorter than control gen.time)

Escherichia coli

Generation times (minutes)

Drug &
time
exposed

Viable
count

Gen.
times
1 XM IC

Gen.
times
Relevant
control

Viable
count

Gen.
times
4 X M IC

Gen.
times
Relevant
control

CIP lhr

107

31.0 *

41.5

105

14.0 ♦

36.0

CIP 3hr

106

25.1 *

36.0

104

22.3 *

36.0

OFL lhr

106

15.8 *

36.0

105

51.2

36.0

OFL 3hr

106

35.4 *

36.0

104

21.4 *

36.0

CEF lhr

106

43.4

36.0

106

43.4

36.0

CEF 3hr

107

14.0 *

41.5

107

24.8 *

41.5

* = sign of repair (i.e. test generation time [gen. time] shorter than control gen.time)
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Tabic 21
Staphylococcus aureus Controls
Generation time (mins)

Viable count

Mins to increase x 10

103

124.7

38.7

104

124.7

38.7

105

124.7

38.7

106

124.7

38.7

107

186.0

57.7

10*

432.0

134.0

Viable count

Mins to increase x 10

Generation time (mins)

103

116.0

36.0

104

116.0

36.0

105

116.0

36.0

106

116.0

36.0

138.0

41.5

313.5

97.3

Escherichia coli Controls

10?
I 10*
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was seen (Table 19 and Figure 82a). The time taken for the viability to increase by 10
fold (51 mins) (Table 19) was faster than that of the relevant control (116 mins)
suggesting repair. The overall result was a PAE of only 1 min (Table 19). When 4 X
the MIC of ofloxacin was used to treat E.coli for 1 hour the lag phase was 120 mins
(Table 19 and Figure 82b), combined with a 10 fold viability increase time of 165
mins (Table 19) which is slower than that of the relevant control (116 mins)(Table 19).
The overall PAE was 169 mins (Table 19).
When E.coli was treated with ofloxacin for 3 hours at the same drug
concentrations a lag phase of 60 mins was seen at its MIC (Table 19). The generation
time of 35.4 mins was very close to that of the relevant control (36mins) (Table 20
and Figure 82c), resulting in the time for bacterial viability to increase 10 fold (114
mins) also being close to that of the relevant control (116 mins) (Table 19). Because
of the lag phase a PAE of 58 mins (Table 19) was seen. When 4 X the MIC of
ofloxacin was used a much longer lag phase of 180 mins (Table 19 and Figure 82d)
was seen. However there was a very rapid rate of 10 fold viability increase of 69 mins
(Table 19) with a generation time of 21.4 mins (Table 20) compared with that of the
relevant control of 116 mins (Table 19) for a 10 fold viability increase and a
generation time of 36 mins (Table 20). This indicates the presence of bacterial repair
mechanisms involved as well as bacterial growth during the recovery phase after drug
exposure. The overall PAE was 133 mins.
On treating Staph, aureus with cefdinir at its MIC value for 1 hour a lag phase
of 60 mins was found (Table 18 and Figure 83a). The time taken for the viability to
increase by 10 fold (188 mins) (Table 18) was much slower than that of the relevant
control (125 mins). The resultant PAE was 123 mins (Table 18). When 4 X the MIC
of cefdinir was used to treat Staph, aureus for 1 hour a lag phase of 120 mins was
seen but the time taken for the bacteria to multiply 10 fold in drug-free
media was 30 mins compared to the control value of 125mins (Table 18 and Figure
83b). This suggests the involvement of repair mechanisms to overcome damage caused
by the drug. The generation time of 9.3 mins was very much shorter than that of the
relevant control (38.7 mins) (see Tables 20 and 21). Nevertheless overall there was a
PAE of 25 mins (Table 19).
When the time of exposure to cefdinir was 3 hours with the same drug
concentrations a longer lag phase of 120 mins (Table 18 and Figure 83c) was seen at
its MIC for Staph, aureus. The time for the viable count to increase by 10 fold was
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153 mins (Table 18) which was longer than that of the relevant control. This produced
a total PAE of 148 mins. On treating Staph, aureus with 4 X the MIC of cefdinir for 3
hours there was an even longer lag phase of 260 mins (Table 18 and Figure 83d). In
fact the recovery rate was so slow that within the time limits of the experiment the
viability did not increase by 10 fold within 120 mins after the end of this extended lag
phase. This resulted in a very large P.A.E value with Staph, aureus of greater than 255
mins.
When cefdinir was used at its MIC value to treat E.coli for 1 hour no lag phase
was seen (Table 19 and Figure 84a). The time for recovery was 140 mins (Table 19)
was slower than that of the relevant control (116 mins) resulting in a PAE value of 24
mins. Similarly when 4 X the MIC of cefdinir was used to treat E.coli for 1 hour no
lag phase was seen and the recovery rate was the same as that observed at 1 X its
MIC (Table 19 and Figure 84b). The end result once again was a PAE value of 24
mins.
On treating E.coli for 3 hours at its MIC value of cefdinir (Table 19 and Figure
84c), no lag phase was seen, however the recovery rate was much faster (45 mins)
than that of the relevant control (138 mins). This is also reflected in the generation
time of 14 mins compared to the control generation time of 41.5 mins (Tables 20 and
21). The overall result was a negative PAE value of 93 mins. This suggests the
presence of repair mechanisms assisting the bacteria to recover from drug-induced
damage. When 4 X the MIC value of cefdinir was used to treat E.coli for 3 hours,
after removal of the drug, once again no lag phase was seen (Table 19 and Figure
84d). The recovery time was faster (80 mins) than that of the relevant control (138
mins) again suggesting the presence of repair. The overall effect was again a negative
PAE value of 58 mins. These two cases (where cefdinir was used for 3 hours either at
its MIC or at 4 X its MIC to treat E.coli) were the only instances where negative PAE
values were recorded because all other 22 tests gave positive PAE values of between
only 1 minute (E.coli treated with the MIC of ofloxacin for 1 hour; Table 19 and
Figure 82a) and as much as >255 minutes {Staph, aureus treated with 4 times the MIC
of Cl 983 for 3 hours; Table 18 & Figure 83d). Thus it was decided to try other Gramnegative species to observe whether this negative PAE was a common trend.
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Post Antibiotic Effect with Klebsiella pneumoniae and Streptococcus pvonenes.
When Klebsiella pneumoniae was treated with ciprofloxacin at its MIC value
for a treatment period of 1 hour, no lag phase was seen (Table 22 and Figure 85a).
The time for the viable count to increase by 10 fold was 90 mins (Table 22) which
was more rapid that that of the relevant control (118.5 mins) (Table 22) resulting in a
negative PAE of -28.5 mins (Table 22). This is suggestive of bacterial repair. When 4
X the MIC of ciprofloxacin was used to treat Klebsiella pneumoniae for 1 hour, again
no lag phase was seen (Table 22 and Figure 85b) and the time for the viable count to
increase by 10 fold (126 mins) (Table 22) was slower than that of the control of 118.5
mins (Table 22) resulting in a PAE of 7.5 mins (Table 22).
When ciprofloxacin at its MIC was used to treat Klebsiella pneumoniae for 3
hours a lag phase of 84 mins was seen (Table 22 and Figure 85c). The time for the
viable count to increase by 10 fold was 36 mins (Table 22) which was much faster
than the control of 118.5 mins (Table 22). The generation time was 10.8 mins (Table
24) compared with the control value of 35.7 mins (Table 24). The overall result was a
PAE of merely 1.5 mins. When 4 x the MIC of ciprofloxacin was used to treat
Klebsiella pneumoniae for 3 hours no lag phase was seen (Table 22 and Figure 85d)
and the time for viability to increase 10 fold was 84 mins (Table 22) which was faster
than the control value of 118.5 mins (Table 22) suggesting the involvement of bacterial
repair. The overall result was a negative PAE of -34.5 mins.
When Streptococcus pyogenes was treated with the MIC of ciprofloxacin for 1
hour, despite litde change in survival, a lag phase of 138 mins was observed (Table 23
and Figure 86a). The generation time of 48.8 mins (Table 24) was slighdy longer than
that of the control (47.4 mins) and the time for the bacteria to multiply by 10 fold
(162 mins) was longer than the relevant control (157.5 mins) resulting in a total PAE
of 142.5mins (Table 23). When 4 x the MIC of ciprofloxacin was used fc

hour,

slightly more death was observed and a lag phase of 135 mins (Table 23) was seen
(Figure 86b). The generation time was much longer at 108.4 mins (Table 24)
compared with that of the control (47.4 mins). The time for the viable count to
increase by 10 fold was 360 mins (Table 23) resulting in a PAE of 337.5 mins (Table
23). This is unusually high for a Streptococcus as Chin and Neu (1987) reported little
PAE effects with Streptococci.
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Table 22
Klebsiella pneumoniae PAE values (minutes)

Drug

Treatment
Times

CIP

1 hour

CIP

OFL

OFL

3 hours

1 hour

3 hours

1
CEF

CEF

1 hour

3 hours

Response
Times
(mins)

4 X M IC
Test
Control

1 XM IC
Test Control

lag
x 10
Total
PAE

(6)90
90
-28.5

lag
x 10
Total
PAE

(6) 84
36
120
1.5

lag
x 10
Total
PAE

118.5
118.5

(4) 126
126
7.5

118.5
118.5

118.5
118.5

(4) 84
84
-34.5

118.5
118.5

(4) 87
87
-31.5

118.5
118.5

(3) 84
153
237
118.5

118.5
118.5

lag
x 10
Total
PAE

(4)66
54
120
1.5

118.5
118.5

lag
x 10
Total
PAE

(6)36
36
-82.5

lag
x 10
Total
PAE

(6)84
84
-34.5

(3)

66
66
-52.5

118.5
118.5

118.5
118.5

39
39
-79.5

118.5
118.5

118.5
118.5

(3) 78
78
-40.5

118.5
118.5

(6)

lag = lag period, x 10 = time for viable count to increase 10 fold, TOTAL = total of
lag and x 10 values and PAE = post antibiotic effect
(6) etc = 106 = viable count / ml at start of the recovery periods
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With ciprofloxacin at its MIC with Streptococcus pyogenes for 3 hours less
death occurred with this strain compared to the other strains tested. It is known that
after 3 hours exposure to Streptococcus sp. the survival is still fairly high compared to
E.coli or Staph, aureus, and for the same amount of death, treatment is required for at
least 24 hours (Lewin et al, 1991). After centrifugation no lag phase was seen (Table
23 and Figure 86c). The time for the viable count to increase by 10 fold was however
210 mins (Table 23), which is slower than the control of 157.5 mins (Table 23)
resulting in a total PAE of 52.5 mins. When 4 x the MIC of ciprofloxacin was used
for a treatment period of 3 hours with Streptococcus pyogenes a lag phase of 180 mins
was seen (Table 23 and Figure 86d). The time for the viable count to increase by 10
fold was 180 mins (Table 23) which was slower than the control of 157.5 mins (Table
23). The generation time was 54.2 mins (Table 24) compared with 47.4 mins (Table
24) of the control. The resultant PAE was 202.5 mins (Table 23).
When Klebsiella pneumoniae was treated with ofloxacin at its MIC value for 1
hour no lag phase was seen (Table 22 and Figure 87a) and time taken to increase in
viability by 10 fold was 87 mins (Table 22) with a generation time of 26.5 mins
(Table 24) which was faster than that of the control (118.5 mins and 35.7 mins,
respectivelyXTables 5 and Table 24) and suggests the involvement of bacterial repair.
The overall result was a negative PAE of -31.5 mins (Table 22). With ofloxacin at 4 x
the MIC for 1 hour, a lag phase of 84 mins (Table 22) was seen (Figure 87b). The
generation time of 46.1 mins (Table 24) was slower than the control of 35.7 mins
(Table 24). The time for the bacteria to multiply by 10 fold was 153 mins (Table 22)
compared to the control of 118.5 mins (Table 22). The post antibiotic effect was 118.5
mins (Table 22).
When Klebsiella pneumoniae was exposed to ofloxacin at its MIC for a
treatment period of 3 hours a lag phase of 66 mins (Table 22 and Figure 87c) was
observed. However the time taken for the viability to increase by 10 fold was 54 mins
(Table 22) which was much faster than that of the control (118.5 mins) and this was
also reflected in the generation times (16.3 mins compared to the control value of 35.7
mins, (Table 24)). Despite this, a positive PAE of 1.5 mins resulted. When 4 x the
MIC of ofloxacin was used for 3 hours with Klebsiella pneumoniae no lag phase was
seen (Table 22 and Figure 87d) and the time for the bacterial count to increase by 10
fold was 66 mins (generation time 19.9 mins) compared to the control value of 118.5
mins (generation time 35.7 mins) indicating the involvement of bacterial repair. The
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Table 23
Streptococcus pyogenes PAE values (minutes)

Drug

Treatment
Times

CIP

1 hour

CIP

OFL

OFL

CEF

CEF

3 hours

1 hour

3 hours

1 hour

3 hours

Response
Times
(mins)

4 X M IC
Test Control

1 XM IC
Test Control

157.5
157.5

(4) 135
360
495
337.5

157.5
157.5

(6)210
210
52.5

157.5
157.5

(6) 180
180
360
202.5

157.5
157.5

lag
x 10
Total
PAE

(6) 60
171
231
73.5

157.5
157.5

(5) 180
165
345
187.5

157.5
157.5

lag
x 10
Total
PAE

(7) 60
156
216
58.5

157.5
157.5

(5) 186
139
325
167.5

157.5
157.5

lag
x 10
Total
PAE

(5) 60
120
180
22.5

157.5
157.5

(6) 120
75
195
37.5

157.5
157.5

lag
x 10
Total
PAE

(5)300
84
384
226.5

157.5
157.5

(5) 300
84
384
226.5

157.5
157.5

lag
x 10
Total
PAE

(5) 138
162
300
142.5

lag
x 10
Total
PAE

lag = lag period, x 10 = time for viable count to increase 10 fold, TOTAL = total of
lag and x 10 values and PAE = post antibiotic effect
(6) etc = 106 = viable count / ml at start of the recovery periods
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Table 24
Klebsiella pneumoniae

Generation times (minutes)
Gen.
times
Relevant
control

Drug &
time
exposed

Viable
count

Gen.
times
1 XM IC

Gen.
times
Relevant
control

Viable
count

CIP lhr

106

27.1 *

35.7

104

37.9

35.7

CIP 3hr

106

10.8 *

35.7

104

25.3 *

35.7

OFL lhr

104

26.5 *

35.7

103

OFL 3hr

104

16.3 *

35.7

103

19.9 *

35.7

CEF lhr

106

10.8 *

35.7

106

11.7 *

35.7

CEF 3hr

106

25.3 *

35.7

103

23.5 *

35.7

Gen.
times
4 XM IC

46.1

35.7

* = sign of repair (i.e. test generation time [gen. time] shorter than control gen. time).

Streptococcus pyogenes

Generation times (minutes)

Drug &
time
exposed

Viable
count

Gen.
times
1 X MIC

Gen.
times
Relevant
control

Viable
count

Gen.
times
4 XM IC

Gen.
times
Relevant
control

CIP lhr

106

48.8

47.4

105

108.4

47.4

CIP 3hr

105

63.2

47.4

104

54.2

47.4

OFL lhr

106

51.5

47.4

105

49.7

47.4

OFL 3hr

105

47.0

47.4

104

41.8 *

47.4

CEF lhr

105

36.1

*

47.4

10‘

22.6 *

47.4

CEF 3hr

105

25.3

*

47.4

105

25.3 *

47.4

* = sign of repair (i.e. test generation time [gen. time] shorter than control gen. time).
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Table 25
Klebsiella pneumoniae Controls
Viable count

Mins to increase x 10

Generation time (mins)

103 / ml

118.5

35.7

104 / ml

118.5

35.7

105 / ml

118.5

35.7

106 / ml

118.5

35.7

107 / ml

118.5

35.7

10* /m l

135

40.6

lO V m l

420

126.4

Streptococcus pyogenes Controls
Viable count

Mins to increase x 10

10s /m l

157.5

47.4

10*/m l

157.5

47.4

10s / ml

157.5

47.4

10^/m l

157.5

47.4

107 /m l

157.5

47.4

10* /m l

157.5

189.6

Generation time (mins)
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PAE that resulted was negative at -52.5 mins (Table 22).
Using ofloxacin at its MIC to treat Streptococcus pyogenes for 1 hour a lag
phase of 60 mins occurred (Table 23 and Figure 88a). The time for the bacterial count
to increase 10 fold was 171 mins (Table 23) compared to the control value of 157.5
mins (Table 23) resulting in a post antibiotic effect of 73.5 mins (Table 23).
When the concentration of ofloxacin was increased to 4 x its MIC with the
same treatment time of 1 hour, a longer lag phase of 180 mins (Table 23 and Figure
88b) was seen with Streptococcus pyogenes. The time for the viable count to increase
10 fold was 165 mins (Table 23) which was slightly longer than that of the control
(157.5 mins, Table 6). The resultant PAE was 187.5 mins (Table 23).
When Streptococcus pyogenes was exposed to ofloxacin at its MIC for 3 hours
a lag phase of 60 mins resulted (Table 23 and Figure 88c). The time for viability to
increase by 10 fold was 156 mins (Table 23) which was slightly faster than the control
value of 157.5 mins (Table 23). The total PAE was hence 58.5 mins (Table 23). When
4 x the MIC of ofloxacin was used with Streptococcus pyogenes for 3 hours a lag
phase of 186 mins (Table 23 and Figure 88d) was seen. The time for the bacterial
count to increase by 10 fold was 139 mins (Table 23) which was faster than the
control value of 157.5 mins (Table 23). The generation time was 41.8 mins compared
to the control value of 47.4 mins which indicates the involvement of bacterial repair
(Table 24). The positive PAE that resulted was however 167.5 mins (Table 23).
When Klebsiella pneumoniae was treated with 1 x the MIC of the new
cephalosporin, cefdinir, for a treatment time of 1 hour no lag phase was seen (Table 22
and Figure 89a). The time for the viability to increase by 10 fold was 36 mins (Table
22) which was much faster than the control value of 118.5 mins (Table 22). The
generation time was about three times faster at 10.8 mins (Table 24) compared to that
of the control at 35.7 mins (Table 24). The result was a negative PAE of -82.5 mins
(Table 22). This suggests the involvement of bacterial repair after exposure and
removal of the drug. When Klebsiella pneumoniae was treated with 4 x the MIC of
cefdinir for 1 hour no lag phase was seen (Table 22 and Figure 89b) and the time
taken for the viability to increase by 10 fold was 39 mins (Table 22)(generation time
11.7 mins, Table 24) compared to the control value of 118.5 mins (Table
22)(generation time 35.7 mins, Table 24). The overall PAE was negative at -79.5 mins.
When Klebsiella pneumoniae was treated with 1 x the MIC cefdinir for 3
hours, no lag phase was seen (Table 22 and Figure 89c). The generation time of 25.3
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mins (Table 24) was shorter than that of the relevant control (35.7 mins, Table 24)
which suggests bacterial repair. As the time for viability to increase by 10 fold
(84mins, Table 22) was shorter than that of the control (118.5 mins, Table 22) and due
to the absence of a lag phase the PAE was negative at -34.5 mins (Table 22). When 4
x MIC of cefdinir was used for 3 hours again no lag phase was seen (Table 22 and
Figure 89d) and the time taken for the viability to increase by 10 fold was 78 mins
(Table 22) which was faster than that of the control (118.5 mins, Table 22), resulting
in a negative PAE of -40.5 mins once again suggesting repair.
When Streptococcus pyogenes was treated with 1 x the MIC of cefdinir for 1
hour a lag phase of 60mins was seen (Table 23 and Figure 90a). However, the time
taken for the bacterial count to increase by 10 fold was 120 mins (Table 23) which
was faster than the control value of 157.5 mins (Table 23). This can also be seen by
the generation time of 36.1 mins (Table 24) compared to the control of 47.4 mins
(Table 24). The PAE that resulted was 22.5 mins (Table 23). When 4 x the MIC
cefdinir was used to treat Streptococcus pyogenes for 1 hour a lag of 120 mins was
seen (Table 23 and Figure 90b) and the time of 75 mins (Table 23) for the viable
count to increase by 10 fold was much faster than that of the relevant control (157.5
mins) once again suggesting the involvement of bacterial repair. Despite this the
overall PAE was 37.5 mins (Table 23).
When Streptococcus pyogenes was treated with 1 x the MIC cefdinir for 3
hours a lag phase of 300 mins (Table 23 and Figure 90c) was seen. The time taken for
the viability to increase by 10 fold (84 mins, Table 23) was faster than that of the
relevant control (157.5 mins, Table 23). However, because of the large lag, the PAE
was 226.5 mins (Table 23). When 4 x the MIC of cefdinir was used to treat
Streptococcus pyogenes for 3 hours similar results to 1 x MIC cefdinir for 3 hours
resulted. The lag phase was 300 mins (Table 23 and Figure 90d) and the generation
time was 25.3 mins (Table 24) which was the same as before and suggested bacterial
repair. The resultant PAE was again 226.5 mins (Table 23).

CONCLUSION
A PAE delaying bacterial recovery was observed when Staph, aureus was
treated with ciprofloxacin, ofloxacin or the new cephalosporin cefdinir either at their
MIC values or at 4 times their MIC’s both for the 1 hour and for the 3 hour drug
exposure periods (see Summary Table 26a). It would be expected that a cephalosporin
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should produce a post antibiotic effect with Staph. aureus (see Introduction) but it is
interesting to note that the extent of the mean PAE with cefdinir (at >137.5 mins) was
greater than the mean values observed either with ciprofloxacin (83.5 mins) or with
ofloxacin (106.5 mins) against this Gram positive coccus.
With E.coli it would be expected that 4-quinolones should produce post
antibiotic effects (see Introduction) and indeed similar observations were made here,
although the effect of ciprofloxacin against this Gram negative rod was on average less
than that against Staph. aureus (59.8 mins compared with 83.5 mins, see Summary
Tables 26a and 26b). In addition the mean PAE of ofloxacin against E.coli (90.3
mins)was also less than that observed with Staph, aureus (106.5 mins) (see Tables 26a
and 26b).
However, with respect to E.coli treated with cefdinir the situation was more
complex than treatment of E.coli with the 4-quinolones because this cephalosporin
clearly exerted a post antibiotic effect either at its MIC or at 4 X its MIC (see
Summary Table 26b) when a 1 hour treatment period was used and this is an
unexpected result (see Introduction). However, with a 3 hour treatment period negative
PAE values were obtained when E.coli was treated with cefdinir either at its MIC
value or at 4 X its MIC value (Table 26b). There is no doubt that these negative
values were due to repair processes occurring because the treated bacteria multiplied
much more rapidly than the relevant control bacteria in either case (Table 20, Figures
84c and 84d). Indeed such evidence for repair was much more common with E.coli
(9/12 cases showed repair - see Table 26b) than with Staph, aureus (only 3/12 cases
showed repair - see Table 26a)
In conclusion cefdinir exerted a greater post antibiotic effect against Staph,
aureus than ciprofloxacin or ofloxacin which is a promising indication for its clinical
efficacy against this species. With E.coli the situation is less obvious although it is
doubtful whether cefdinir would be used as a first choice drug to treat infections
caused by this species. Perhaps it is encouraging to observe any PAE at all with
cefdinir and E.coli because such effects are uncommon between cephalosporins and
Gram-negative bacteria. However PAE’s were only observed when a 1 hour long
treatment period was used, but not when the bacteria were treated for the longer period
of 3 hours. This latter finding may suggest that longer dosage intervals are not to
be encouraged with this species.
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Summary Table 26a
Staphylococcus aureus PAE’s (minutes)

Drug

Time
exposed

1 X M IC

1 hour

4 X M IC

Mean

145 4

15

83.5

CIP
79 4

3 hours
1 hour

95
4

139

106.5

OFL
3 hours

138

145

1 hour

123

25 4
>137.5

CEF
3 hours

148

>255

1 X M IC

4 X M IC

Table 26b
Escherichia coli PAE’S (minutes)
Drug

I CIP

Time
exposed
1 hour

28

4

Mean

49 4
59.8

|

3 hours

I

1 hour

121

*

1 4

41 4
169

OFL

90.3
3 hours

58

1 hour

24

4

133 4
24

CEF

-25.8
3 hours

(-93) 4

(-58) 4

4 s evidence of repair was seen since the treated bacteria multiplied more rapidly than
control bacteria during the recovery period (see also Table 20).
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With Klebsiella pneumoniae a positive mean PAE of only 9 mins resulted with
ofloxacin but negative mean PAEs resulted with ciprofloxacin and with cefdinir (Table
27a). Cefdinir in fact had the larger negative mean PAE value of -59.3 mins compared
to that of ciprofloxacin (-13.5 mins). The pattern of negative results seen with
Klebsiella pneumoniae with ciprofloxacin, ofloxacin and cefdinir were similar to those
seen in E.coli treated with cefdinir at 1 x or 4 x its MIC for 3 hours with repair
processes seeming to occur as the treated bacteria multiplied more rapidly than the
relevant controls. Positive PAE’s occurred at 4 x the MIC of ciprofloxacin for lhr and
at 4 X the MIC of ofloxacin for lhr with Klebsiella pneumoniae . In general evidence
of repair was even more common with Klebsiella in 10/12 cases (Table 27a) compared
to 9/12 with E.coli (Table 26b).
Similarly-sized PAE values were seen with Streptococcus pyogenes treated with
ciprofloxacin, ofloxacin, and cefdinir either at their MIC values or at 4 x their MIC
values both for 1 hr or 3 hrs treatment periods (see Table 27b) to those observed
earlier with Staph, aureus (Table 26a). These results with ciprofloxacin and ofloxacin
with Strep, pyogenes, however were not expected in view of results obtained by Chin
and Neu (1987) with Streptococcus faecalis. The PAE’s with cefdinir and Strep,
pyogenes were expected and were very similar to those PAEs obtained for
ciprofloxacin or ofloxacin with this species (see Table 27b). With cefdinir the lag
phases at 4 X the MIC of cefdinir were longer than those for the 4-quinolones at 4 X
their MIC values for the two treatment times. The rate of growth was faster with
cefdinir-treated Streptococcus pyogenes in every case than in the controls with cefdinir
suggesting the involvement of bacterial repair. Nevertheless despite this repair, because
of the longer lag phases cefdinir was extremely effective against Strep, pyogenes
especially after 3 hours of treatment whether at its MIC or at 4 x its MIC and as such
these findings may have clinical potential in that prolonged dosage intervals may be
acceptable with this species. This new cephalosporin unfortunately does not appear to
be a candidate for prolonged dosage intervals with Klebsiella pneumoniae as judged by
its PAE effects. However, Figure 89 shows that the drug was extremely bactericidal
not only at 4 X its MIC but also at 1 X its MIC and providing adequately short dosage
intervals were used this could probably offset the absence of post antibiotic effects
with this species.

Summary Table 27a

Klebsiella pneumoniae PAE’s (minutes)
Drug

lim e
exposed

1 XM IC

1 hour

-28.5 4

3 hours

1.5 4

4 X M IC

Mean

7.5

CIP

1 hour

-31.5 4

-34.5 4

-13.5

118.5

OFL

9.0
3 hours
1 hour

1.5 4

-52.5 4

-82.5 4

-79.5 4

CEF

-59.3
3 hours

-34.5 4

-40.5 4

Summary Table 27b
Streptococcus pyogenes PAE’s (minutes)
1 Drug

Time
exposed

1 X M IC

4 X M IC

1 hour

142.5

337.5

3 hours

52.5

202.5

1 hour

73.5

187.5

3 hours

58.5

167.5 4

1 hour

22.5 4

37.5 4

3 hours

226.5 4

226.5 4

CIP

.....................
Mean

183.8

OFL

121.8

CEF

128.3

4 = evidence of repair was seen since the treated bacteria multiplied more
rapidly than control bacteria during the recovery period (see also Table 24)
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DISCUSSION

The bactericidal mechanisms caused by the 4-quinolones are still not yet wholly
understood despite the target site of DNA gyrase being identified over 15 years ago
(Gellert et al, 1976). This thesis investigates primarily the properties of the bactericidal
mechanisms of the 4-quinolones. From the experiments in the thesis it has been
possible to show:

1) An involvement of the gyrase A subunit with bactericidal mechanism B of the 4quinolones.
2) Incomplete cross resistance between novobiocin-resistant and coumermycin-resistant
mutants in two bacterial species and the involvement of the gyrase B subunit with
bactericidal mechanism C of the 4-quinolones.
3) The effects of combinations of 4-quinolones with coumarin antibacterials
highlighting the differences between the bacteriostatic and the bactericidal effects of
the 4-quinolones.
4) The role of recombination repair in nalidixic acid damage and of the SOS response
in damage induced by modem 4-quinolones.
5) The characteristics of mechanism B and mechanism C and the possible involvement
of co-operative drug binding to the target site.
6) Changes in supercoiling caused by the addition of 4-quinolones or coumarin
antibacterials to intact cells.
7) The post antibiotic effects of 4-quinolones and of a new cephalosporin
in four bacterial species.

1) The effect of DNA gyrase mutations on the bactericidal mechanisms of the 4quinolones.
There are several chromosomal mutations which affect the susceptibility of
E.coli to 4-quinolone antibacterial agents. The nalA mutation which maps at 48min
(i.e. in gyrA) causes increased resistance to 4-quinolones (Hane and Wood, 1969). The
nalB mutation reduces bacterial permeability of the 4-quinolones (Gellert et al, 1977),
while the nalC and nalD mutations map at 82min in gyrB and affect the B subunit of
DNA gyrase. With the vast majority of antibiotics and chemotherapeutic agents,
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clinically there are few cases of resistance that result from mutation, because usually
resistance is caused by plasmids. However, 4-quinolone resistance is not conferred by
plasmids and so the only way that bacteria can become resistant to the 4-quinolones is
by mutation. Thus to assess a 4-quinolone antibacterial it is important to test it against
resistant mutants to judge possible clinical outcomes. Smith,(1984b) investigated the
MICs of the above four nalidixic acid-resistant mutants and their parent strain with the
4-quinolones. However, it is known that the bacteriostatic effect of the 4-quinolones
does not always reflect their bactericidal activity and consequently in this thesis the
bactericidal mechanisms of the 4-quinolones against these four nalidixic acid-resistant
mutants and their parent strain were investigated. The studies were to test whether
mechanism B (which does not require protein, RNA synthesis or cell division) was still
in operation in such mutants (Smith, 1984). Mechanism B has previously been found
in ciprofloxacin and ofloxacin (Smith and Lewin, 1988) and possibly has clinical
relevance as it is able to kill non-dividing bacteria.
The results of the studies in this thesis showed that the nal B and nalC
mutations did not affect mechanisms B or C. However, a mutation in gyrA caused by
the nalA mutation abolished the mechanism B of both ciprofloxacin and ofloxacin but
did not abolish the mechanism C of norfloxacin. The nalD mutation reduced but did
not abolish the effect of mechanism B in ciprofloxacin or ofloxacin. Thus the target of
mechanism B could be located in the gyrase A subunit but no target could be
identified for mechanism C by these investigations. This result does not agree with the
proposal of Dahloff (1985) that the target site for mechanism B was in the outer layers
of the cell envelope.
It has been suggested that the possession of mechanism B explains why the
frequencies of bacterial mutation to resistance to the fluorinated quinolones is much
lower than that to the non-fluorinated quinolones such as nalidixic acid (Smith, 1986).
Smith (1986) proposed that two distinct mutations might be required to confer
resistance to the fluoroquinolones whereas a single mutation may suffice for the older
non-fluorinated drugs. The results in this thesis that the nalA mutation abolishes
mechanism B but does not abolish mechanism A would seem to support this
hypothesis.
However, Lewin and Smith (1991) found that in Serratia marcescens the
frequency of mutation to resistance to ciprofloxacin was higher than that to ofloxacin
(Smith, 1990) despite both drugs exerting both mechanisms A and B against this
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species. Thus the low frequency of mutation to 4-quinolone resistance exhibited by
bacteria to ciprofloxacin or ofloxacin does not appear to be an inevitable correlation of
the possession of mechanism B by a drug. However, possession of this extra
mechanism by the newer 4-quinolones should still be advantageous because it kills
non-dividing bacteria (Smith and Lewin, 1988).
Lewin et al (1991) have reported that in the absence of protein synthesis
ciprofloxacin cannot kill those E.coli strains which have acquired 4-quinolone
resistance during therapy. The isolates appeared to have lost mechanism B and
therefore like the results presented in this thesis with the nalA mutation the clinical
isolates may well also have an alteration in the A subunit of DNA gyrase. The loss of
mechanism B-dependent killing might be correlated with the gyrA (nalA) mutation and
thus a rapid screening method of identifying whether resistance could be due to a
mutation in gyrA is possible.

2) Sensitivity and mutational resistance to the coumarin antibacterials.
Novobiocin and coumermycin have been found to affect the B subunit of DNA
gyrase (Gellert et al, 1976). When the minimum inhibitory concentrations of the four
nalidixic acid-resistant mutants as mentioned above were determined, the nalB mutant
was found to be more resistant to novobiocin but no more sensitive to coumermycin
than its parent strain. On the other hand, the nal C mutant was found to be
hypersensitive to coumermycin (like it is to ciprofloxacin) but no more sensitive to
novobiocin than its parent strain. The nal A and nal D mutants were found to be
hypersensitive to coumermycin despite being of unchanged novobiocin sensitivity as
well as being more resistant to ciprofloxacin. These results show that not only do the
4-quinolones and coumarins exhibit incomplete cross resistance, but also that
novobiocin and coumermycin exhibit incomplete cross resistance. Such findings
suggest that novobiocin and coumermycin may have a different mode of action on
DNA gyrase.
It is known that the bacteriostatic properties of the 4-quinolones do not
correlate with their bactericidal properties. However, for these investigations the
bactericidal activities of novobiocin or coumermycin were not studied because
novobiocin is not very potent against E.coli and coumermycin is not clinically
important (Perrone et al, 1987). The investigations in this thesis, however, provided
more evidence to suggest that the modes of action of novobiocin and coumermycin
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may not be identical as once believed, as follows. In E.coli mutants selected for
resistance to novobiocin were novobiocin-resistant as expected but unexpectedly were
coumermycin sensitive. On the otherhand, when coumermycin-resistant mutants of
E.coli were selected some but not all had simultaneously gained novobiocin resistance.
In some cases when selection of coumermycin-resistant mutants was carried out using
very high coumermycin concentrations, the mutants exhibited elevated MICs not only
to coumermycin and novobiocin but also to ciprofloxacin. It was found by
investigating the bactericidal properties of ciprofloxacin against these mutants that
mechanism C had been lost in the Sj and T type mutants but was still present in the S2
type mutant. These mutations might be due to an altered DNA gyrase B subunit and
this could imply that mechanism C might involve the B subunit of DNA gyrase.
When mutants of Staph, warneri were selected for resistance to coumermycin
or to novobiocin no cross resistance was detected to the other coumarin nor was
resistance to the 4-quinolones observed. In fact the bactericidal properties of
ciprofloxacin or ofloxacin with both the Y and Z type mutants did not differ from
those with the parent strain. Thus the two species were different in the properties of
the novobiocin- and coumermycin-resistant mutants indicating that the DNA gyrase of
these two species may be different.
Reusser and Dolak (1986) have reported that the novenamine portion of
novobiocin inhibits DNA gyrase. This fragment is also found in coumermycin (see
Figure 1) but novenamine may not be the only active part of these compounds
(Althaus et al, 1988). Thus although novobiocin and coumermycin act on the gyrase B
subunit as found by Gellert et al (1976) it may be that as the chemistry of these
compounds differs, other functional groups may play a role in inhibiting bacteria. The
conclusions in this thesis that the modes of action of coumermycin and novobiocin
cannot be the same are supported by the results of Hooper et al (1982). They found
the frequencies of mutation to resist to novobiocin were 10-fold higher than the
frequency of coumermycin-resistance in E.coli and concluded that this variation in
frequency may reflect different sites on the gyrase B protein that interact with these
agents. It is possible that these drugs interact with sites other than DNA gyrase.
Hooper et al (1982) found that most of their novobiocin-resistant mutants were
possibly involved with drug impermeability. The novobiocin-resistant mutants that
were selected in this thesis in E.coli were found to occur at a 10-fold higher frequency
than those selected on coumermycin, which agrees with the findings of Hooper et al
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(1982). The mutants isolated were then tested to see whether they could be
impermeability mutants and in all cases this did not appear to be the case. Novobiocin
is not very potent against E.coli with a MIC of about 150mg/L and the MIC of
coumermycin against E.coli is about 30mg/L. Thus the difficulty in permeation of
these drugs through the bacterial cell wall may explain the higher MIC values with
E.coli compared to the MIC values of Staph, warneri but does not explain the
differences between the mutation results with novobiocin and coumermycin. It may be
that the two molecules have a different orientation in space near the target site of the
gyrase B subunit and thus the drug molecules may fit differently around the target site
which might create slightly different inhibitory effects.

3) Combinations of 4-quinolones with coumarin antibacterials.
Of the three bactericidal mechanisms of the 4-quinolones, only mechanism A
had a known target site prior to this thesis. The investigation in E.coli which studied
the interaction of the 4-quinolones with novobiocin found that the latter antagonised
the killing action of ciprofloxacin or ofloxacin at all concentrations tested. It was
found that the coumarin antibacterials antagonised all three bactericidal mechanisms of
4-quinolones, but in different ways. Novobiocin only antagonised the mechanism A of
norfloxacin. However, it was found that novobiocin only antagonised mechanism B of
ofloxacin whereas both mechanisms B and C of ciprofloxacin were antagonised by
novobiocin addition. These results show a difference between the mechanism B of
ciprofloxacin and the mechanism B of ofloxacin.
Combinations of the 4-quinolones and coumarin antibacterials were studied
using ciprofloxacin or ofloxacin with coumermycin or novobiocin in different
permutations against E.coli. In every case the kill of the 4-quinolone was antagonised
by the addition of the coumarin at an effective dose and the kill caused by the
coumarin was increased by the addition of the 4-quinolone at its most bactericidal
concentration.
Similarly ciprofloxacin and ofloxacin were found to be significantly more
bactericidal against Staph, aureus and Staph, warneri than coumermycin or novobiocin
and the lethality of mixtures of the two classes of drugs was less than that of
ciprofloxacin or ofloxacin alone. The bactericidal activity of either 4-quinolone at its
most bactericidal concentration was reduced by 10-fold or more by adding increasing
concentrations of novobiocin or coumermycin. A possible explanation for antagonism
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of the bactericidal activity of the 4-quinolones by these gyrase B subunit inhibitors
may be the effect of the drugs on supercoiling. Mixtures of the two classes of drug
might cause a greater reduction in chromosomal supercoiling than the 4-quinolones
alone. Negatively supercoiled DNA provides a better template for DNA-dependent
RNA polymerase than relaxed DNA (Wang, 1974). RNA synthesis is required for the
full bactericidal activity of the 4-quinolones as decreased RNA synthesis reduces their
lethality (Smith and Lewin, 1988). This idea fits in well with results of FIC tests
which showed synergy between the coumarins and 4-quinolones (Chao, 1978; Neu et
al, 1984 and in this thesis) because inhibition of RNA synthesis has no effect on the
bacteriostatic activity of the 4-quinolones (Smith and Lewin, 1988).
The antagonism of the killing activity of ciprofloxacin by coumermycin may
explain why ciprofloxacin alone was found to be better than a combination of
ciprofloxacin and coumermycin for treating Staph, aureus endocarditis in rats (Perrone
et al, 1987). Coumermycin even at a concentration that would have been present in
rats 24hrs after administration (Peronne et al, 1987) was found to be sufficient to
reduce the bactericidal activity of ciprofloxacin in this thesis. This agrees with the
findings that the activity of coumermycin plus a 4-quinolone by Perrone et al (1987)
was less than that of ciprofloxacin alone although better than coumermycin alone in
treating endocarditis in rats.
The results of this investigation may have clinical implications although
coumermycin is no longer being developed for clinical use (Perrone et al, 1987). Many
FIC studies have shown little interaction between the 4-quinolones and other
antibacterials, but the bactericidal activity of the 4-quinolones can be significantly
affected by other antibacterials (Smith and Lewin, 1988; Lewin and Smith, 1990b).
Changes in 4-quinolone lethality may well affect the clinical outcome of combination
therapy more than changes in bacteriostatic potency. The results from this thesis show
the effect of the coumarin antibacterials on the 4-quinolones seemed to correlate better
with clinical outcome than results obtained through FIC testing (Neu et al, 1987).
Therefore it would seem wise to investigate the bactericidal activity of combinations of
the 4-quinolones with other antibacterials more than their bacteriostatic activity via
MIC studies before predicting the effect of other antibacterials on the activity if the 4quinolones.
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4) The role of DNA repair processes in 4-quinolone lethality
The reck, recB and recC genes are required for the induction of the SOS
response by nalidixic acid (Walker, 1984) and mutations inactivating any of these
genes render the bacteria hypersensitive to nalidixic acid (McDaniel et al, 1978).
Drlica (1984) proposed that the SOS genes are involved in restoring nalidixic acidinduced bacterial damage. Ratcliffe and Smith (1986) found that a lexA mutant (which
is recombination-proficient and SOS-deficient) was not hypersensitive to nalidixic acid
and suggested that although the SOS response may be induced it was not responsible
in protecting the bacteria from nalidixic acid-induced damage. Lewin (1987) found that
a recArecB double mutant was even more sensitive than either a recA or recB single
mutant alone and thus the hypersensitivity cannot be related to the inability to induce
the SOS response.
In this thesis a recA430 mutant (which is recombination-proficient but SOSdeficient) was found to be no more sensitive than its parent strain to nalidixic acid.
Thus it can be concluded in agreement with Ratcliffe and Smith (1986) and Lewin
(1987) that recombination repair, not SOS repair, was the reason for the
hypersensitivity of recombination-deficient mutants to nalidixic acid. Further studies on
the sensitivities of a recombination-deficient but SOS-proficient strains would help to
clarify this hypothesis.
The induction of a set of genes by nalidixic acid does not necessarily imply
that such genes are involved in the bacterial response to the drug. This has been seen
with the induction of the SOS genes by nalidixic acid. Thus it is more realistic to test
the bactericidal susceptibility of the bacterial strains to the drugs under investigation.
Piddock and Wise (1987) proposed that the induction of the SOS response by the 4quinolones was involved in the repair of damage caused by these drugs. However as
can be seen from results with nalidixic acid this was not the case.
In this thesis the bactericidal susceptibilities of the recA and lexA mutants and
the parent strain to ciprofloxacin, ofloxacin and norfloxacin were investigated. The
bactericidal mechanisms of these 4-quinolones were also investigated by the addition
of rifampicin at a bacteriostatic concentration. The strains were extremely sensitive to
these modem 4-quinolones and when mechanism A was abolished by the addition of
rifampicin the bacterial strains were still hypersensitive to these modem 4-quinolones.
Nalidixic acid possesses only one bactericidal mechanism (mechanism A) (Smith,
1984) and this bactericidal mechanism was found to be repaired solely by the
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recombination repair pathway. However, it was found that damage induced by the
mechanism B of ciprofloxacin or ofloxacin and the mechanism C of norfloxacin was
repaired by the SOS response and possibly also by recombination repair. As both these
systems repair damage to DNA the results suggest that the lethality of mechanisms B
and C must be caused by DNA damage. Piddock et al (1990) proposed that the
primary killing mechanisms of the 4-quinolones are independent of the SOS response
but that there is a later involvement of the SOS response enhancing cell death. This
could agree with the findings of this thesis that mechanism A is not repaired by the
SOS response but that mechanisms B and C are repaired by the SOS response.
As nalidixic acid damage is repaired by recombination repair the survivors are
unlikely to be mutants because recombination repair is an error-free response. However
ciprofloxacin-, ofloxacin- and norfloxacin-induced damage was found to be repaired by
the SOS response which is an error-prone pathway. This implies that survivors after
treatment with these drugs (unlike survivors after nalidixic acid treatment) could
possibly have been mutated by the action of these modem drugs. Could it be possible
that this could give rise to clinical failures that would not occur with nalidixic acid
treatment ? Certainly there is very little clinical resistance with nalidixic acid, whereas
there is much more clinical resistance emerging with ciprofloxacin, ofloxacin or
norfloxacin. However, this could also be due to the fact that a much larger variety of
bacterial species are treated with the modem 4-quinolones, whereas nalidixic acid is
and has been used mainly to treat urinary tract infections, which usually means
treatment of E.coli.

5) The characteristics of mechanism B and C and the possible involvement of co
operative binding.
In this thesis, the bactericidal mechanisms of the 4-quinolones have been
examined at different 4-quinolone concentrations. Crumplin and Smith (1975) and
Smith (1984) reported that a most bactericidal concentration of several 4-quinolones
occurred. When this concentration of drug was used in the presence of rifampicin to
inhibit RNA synthesis the bactericidal activity of some but not all 4-quinolones was
abolished. This discovery led to the concept of additional bactericidal mechanisms of
action for the newer 4-quinolones.
In the initial stages of the investigatory work in this thesis, it seemed that the
addition of rifampicin might be acting as a brake upon the killing effect of the 4-
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quinolones. With nalidixic acid (90mg/L) its killing effect was completely abolished
when a bacteriostatic concentration of rifampicin (160mg/L) was added (Smith, 1984).
On the otherhand, with ciprofloxacin and ofloxacin, which are much more potent than
nalidixic acid, the killing effect of these two newer 4-quinolones at their most
bactericidal concentrations was merely reduced and not abolished by rifampicin
addition (Smith, 1984). However, when a concentration range of these 4-quinolones
was tested in the presence of rifampicin it was found that at low 4-quinolone
concentrations the killing effects of ciprofloxacin or ofloxacin could be abolished by
rifampicin addition. However, when the ciprofloxacin or ofloxacin concentrations were
increased rifampicin addition suddenly no longer abolished all bacterial kill as
mechanism B described by Smith (1984) suddenly became apparent. Similarly studies
with bacteria treated with 4-quinolones in PBNS showed that the mechanism C of
norfloxacin suddenly became apparent when a particular concentration of the drug was
reached.
At the same time as this work was going on Shen et al (1989a, 1989b)
proposed a co-operative drug-DNA binding model for the 4-quinolones. Previously
Shen and Pernet (1985) had claimed that norfloxacin could bind to supercoiled DNA
rather than to relaxed DNA or to the enzyme DNA gyrase, which did not agree with
the cleavable complex proposed by Gellert et al (1977) or Sugino et al (1977). Not
surprisingly Shen and Pemet’s theory raised the spectre that 4-quinolones could bind to
human DNA by a similar mechanism and so human genotoxicity became a potential
worry. However, later Shen et al (1989a, 1989b) shifted their stance completely to
propose their new binding specificity and co-operativity theories. In these papers they
now suggested that the drug bound to a partially denatured 4 base-pair staggered cut in
DNA, which had been created by DNA gyrase during the ATP-requiring action of the
gyrase B subunit. They then proposed that drug molecules self-associated to occupy
this space with two pairs of drug being co-operatively bound together in the DNA
pocket. This work hence confirmed earlier work by Crumplin et al (1980) describing
an interaction between nalidixic acid and DNA. In studies with norfloxacin Shen et al
(1989b) found that the concentration of norfloxacin which correlated to the co
operative binding of four molecules of the drug to the DNA pocket also correlated
with the onset of the drug’s supercoiling inhibitory action.
This concentration of norfloxacin was calculated to be 0.2mg/L which was
precisely the concentration that mechanism C was found to switch in, in this thesis
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with the PBNS studies. This all or nothing switch in of mechanism C had been, until
the Shen et al proposals, difficult to explain. It would hence seem that at a certain
concentration of norfloxacin saturation of its binding site occurs which then switches
on the bactericidal effect of mechanism C on DNA gyrase. The concentrations found
in this thesis for mechanism B and mechanism C of ciprofloxacin to switch in were
0.04mg/L and 0.015mg/L, respectively. The concentrations for mechanism B and
mechanism C of ofloxacin to switch in were 0.2mg/L and 0.08mg/L, respectively.
With both drugs mechanism C was found to switch in at a lower concentration. It is
not certain how significant these concentrations are at present. It would be interesting
to compare these results from this thesis with the results when published of the co
operative drug-binding of ciprofloxacin and ofloxacin to see whether they would
correlate. If so, then this could lead to the development of understanding the
biochemical nature of these additional mechanisms in these newer 4-quinolones.

6) Detection of changes of supercoiling in intact bacterial cells

When the intracellular target protein of the 4-quinolones, DNA gyrase, was
identified by Gellert et al (1976), it was shown to be an essential component of the
bacterial cell. In vitro work investigating the topological effects of this enzyme
involved adding negative superhelical turns into plasmid DNA by DNA gyrase
subunits which had been individually purified in vitro as separate A and B subunits. In
the experimental work the purified subunits were combined together again to mimic
the in vivo situation. This provided the basis of the classical inhibition of supercoiling
by the 4-quinolones. However this in vitro method was then assumed for the basic
component for in vivo events. For example, mutations in the gyrase A subunit confer
resistance to the 4-quinolones (Smith, 1984) and on this basis DNA gyrase from a cell
harbouring a gyrA mutation was resistant to this method of detecting inhibition of
DNA supercoiling by a 4-quinolone (Sato et al, 1986). Later it was found that the
concentration of drug to inhibit DNA gyrase supercoiling was much greater than the
concentration required to kill susceptible cells (Smith and Lewin, 1988). Thus using
this method as a screening method for new 4-quinolones would seem inappropriate.
Further developments (Reece and Maxwell, 1989) involved monitoring the generation
of a cleavable complex at the DNA double-stranded break under denaturing conditions
(SDS or alkali-treatment). The measurements taken involved the generation of linear
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fragments from circular or long linear DNA molecules, the decatenation of circular
catenanes and the resolution of knotted DNA circles (Reece and Maxwell, 1989).
However all these techniques involved using enzymes or substrates that did not
reflect the physiological environment of the bacterial chromosome in the cell: (i) The
DNA gyrase was extracted and purified and artificially recombined for use in vitro
(e.g. Sato et al, 1986) (ii) the plasmid used despite being easily isolated and having a
high copy number, was however too small to compare with a Worcel domain of
supercoiling (iii) the original state of the plasmid was usually artificially relaxed before
the experiment and not in the supercoiled state of the in vivo conditions. Using these
criteria it was decided to attempt a new approach to gyrase supercoiling in vivo.
In this thesis it was found that this task was indeed not straight forward. With
alkaline lysis (Method A) the chemical treatment of the cells to extract the DNA might
seriously have affected the recovery of DNA especially from bacteria treated with
modem 4-quinolones. Thus the technique was changed and compared with in situ lysis.
The advantages of developing a technique like this are the simplicity of the
technique, avoiding lengthy extraction procedures and complicated methodology and
the ease of producing results within a day.
In this thesis it has been possible to show in most cases with novobiocin,
nalidixic acid and ciprofloxacin that the intensity of the supercoiled plasmid bands
changed, rather than their migratory distances, which was not expected. This was
found irrespective of plasmid size. As yet the method is not appropriate to use for the
screening of new 4-quinolones and further refinements would need to be made in the
following areas. It would be more accurate to ensure a consistency in the concentration
of DNA inoculated into the wells. However this would be difficult to do at the time of
the experiment because an estimate of bacterial viability would be needed. However
due to the inability to use light scattering to measure the bacterial count due to
filamentation occurring on exposure to quinolones, viable counts would have to be
made and this value used to approximate the number of viable cells. Then based on
this approximation an appropriate concentration of the reaction mixture would then be
chosen after exposure to the drug prior to washing and preparation for in situ lysis.
However, it is still not certain whether this technique together with the already
known techniques of performing supercoiling assays would show results that would be
reliable to investigate the properties of newer quinolones. It is known that plasmids
may not contain the DNA sequences which would correspond to the association sites
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of the domains of supercoiling in the bacterial chromosome (Crumplin, 1990). This
might explain why the plasmid results in vitro have always resulted in a much higher
ID50 values than the MIC values. It is also now not certain if the changes in linking
number can be detected in vivo due to the intracellular events that compensate for the
unwinding of DNA. Shen et al (1989c) have found magnesium-dependent DNA
unwinding by 4-quinolones at concentrations greater than 50mg/L may be antagonised
by polyamines at physiological intracellular concentrations which implies that in intact
cells where numerous DNA binding components are present such unwinding may not
exist at all and thus may not be detectable by these attempts at an in vitro assay.
However, from the results in this thesis it was found that novobiocin and
coumermycin caused easily detectable effects at low concentrations in the range of 5 X
their MIC while ciprofloxacin showed hardly any effect until concentrations of 40 X
the MIC were reached. These results were found by both methods. Nalidixic acid
showed no detectable effect at all concentrations tested in the alkaline lysis
experiments and some, but not significant effect in the in situ lysis experiments.
Novobiocin and coumermycin act exclusively on the gyrase B subunit (Sugino
et al, 1978), ciprofloxacin acts primarily on the A subunit with some B subunit
inhibitory action (Drlica and Franco, 1988) and nalidixic acid possesses weak A
subunit inhibitory action (Gellert et al, 1981). These results show that the interaction
of the B subunit by the coumarins noticably affected the supercoiling of the plasmid
DNA detectable by the methods used. The results also support the findings of Sugino
et al (1978) that the B subunit of DNA gyrase is involved with the supercoiling action.
The results obtained with ciprofloxacin also support this with a higher concentration of
drug required to inhibit the B subunit (as the 4-quinolones act mainly on the A
subunit). The results in this thesis that no significant detectable changes in supercoiling
were found by nalidixic acid suggest that the A subunit may not be as directly
involved as the B subunit in the supercoiling action of DNA gyrase.

7. The potential role of 4-quinolones and cefdinir based on the post antibiotic effects.
It has been shown by Bigger (1944) that if Staphylococci were exposed to
lethal concentrations of penicillin in vitro and the drug removed before all the
organisms were killed, then the viable survivors did not immediately resume
multiplication or multiplied very slowly. This effect was called a post antibiotic effect
(PAE).
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In this thesis the PAE values for ciprofloxacin, ofloxacin and a new
cephalosporin, cefdinir, with four different bacterial species have been estimated. The
results obtained opened new ideas as to bacterial behaviour after exposure to drugs.
With Staph, aureus treated with ciprofloxacin or cefdinir (see Table 9) there were
cases where the rate of growth after the removal of drug was much faster than that of
a similar control without previous drug treatment. This suggested that repair
mechanisms of damaged bacteria were involved rather than resumption of normal cell
division. This unexpected result opens new areas of research into the types of
mechanisms involved to overcome the damage induced not only by the cephalosporins,
but also the 4-quinolones. This faster recovery rate was also observed in other species
such as E.coli and Klebsiella pneumoniae treated with ciprofloxacin, ofloxacin or
cefdinir and Streptococcus pyogenes treated with ofloxacin or cefdinir. Also, in some
cases, there was a definite lag phase which then gave way to repair as the change in
viability was dramatic. It would be interesting to investigate these processes further as
to the factors involved at each of these stages.
Chin and Neu (1987) reported a PAE with ofloxacin in Gram-negative bacteria,
which correlated well with its bactericidal activity. Gurdal et al (1990) reported that
magnesium ions decreased the post antibiotic effect. Other multivalent metal ions such
as aluminium or iron which reduce the antimicrobial activity by the formation of
complexes which are less readily absorbed by bacteria (Smith and Lewin, 1988) may
also reduce PAE’s. Ratcliffe and Smith (1983) have already reported that urinary
magnesium concentrations antagonise the bactericidal activities of 4-quinolones (which
is reflected in Gurdal et aV s (1990) results), while low pH antagonises the
bacteriostatic effect of modem 4-quinolones more than their bactericidal activity
(Ratcliffe and Smith 1984b and 1984c). If magnesium ions alter the PAE then it would
be interesting to investigate the effect of pH on the PAE.
The PAE may be an important property of a drug to investigate when
considering the future potential of a new antimicrobial. From these experiments it is
possible to detect not only the efficiency of kill of the drug but also its after-effect
which could not be anticipated by other experiments. For example a drug that kills the
bacteria efficiently may not be able to suppress the multiplication of the bacteria after
its removal - as was found with Klebsiella pneumoniae treated with cefdinir; yet
cefdinir, which only killed Streptococcus pyogenes slowly was nevertheless able to
suppress bacterial growth after its removal. In these two extremes it can be seen that
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the regimens for drug dosage would be very different. In the case of Klebsiella it
would be appropriate to maintain high plasma levels by frequent dosing to enable the
bactericidal concentration to be maintained, while with Streptococcus more prolonged
dosage intervals may succeed. This could be important from the view of patient
acceptability as well as the economics of drug prescribing.
The technique developed in this thesis was, although lengthy, easily
reproducible and reliable. Similar effects have also been found by other workers since
this work was completed (Zhanel et al, 1990). Interestingly they reported that a PAE
was detectable in vitro but not in vivo with Streptococci treated with benzylpenicillin.
This discovery is especially important when planning dose regimens for the clinical
treatment of infections. Hessen et al (1989) reported a prolonged PAE in
Streptococcus faecalis with a combination of penicillin plus gentamicin. In addition to
a more rapid killing, the bacteria did not recover as rapidly as when treated with either
drug alone. However this PAE could not be detected in vivo in rats with an
experimentally induced Streptococcal endocarditis. They suggested that antibiotic
vegetation levels should be maintained above the MIC values to prevent loss of
efficacy as a result of bacterial regrowth. Thus it is important be aware of the possible
failure of a PAE in vivo if detected in vitro. Due to the unpredictability of the PAE
outcome in vivo compared with the in vitro work studied by Hessen et al (1989) it
would be interesting but may not be clinically significant to follow up this work by
investigating combinations of different types of antibacterials by methods used in this
thesis.

In conclusion although very simple in methodology this work adds new
dimensions to previous methods of studying the interactions of antibacterials with
bacteria and a new outlook on the future of administration of antimicrobial agents.
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B. M. A. Ho wa r d, C . S . L e w i n , J . T . S m i t h , M i c r o b i o l o g y S e c t i o n , D e p a r t m e n t o f
P h a r m a c e u t i c s , The S c h o o l o f P h a r m a c y , B r u n s w i c k S q u a r e , Lo nd o n WC1N 1AX.
N a l i d i x i c a c i d d a ma g e s b a c t e r i a l DNA and i n d u c e s SOS DNA r e p a i r by a m e c h a n i s m
t h a t i s d e p e n d e n t on t h e a c t i v i t y o f t h e e x o n u c l e a s e d e t e r m i n e d by t h e r e c BC g e n e s
(Walker, 1S84).
RecA and r e c B m u t a n t s w h i c h a r e d e f e c t i v e b o t h i n t h e i n d u c t i o n
o f SOS r e p a i r and i n r e c o m b i n a t i o n DNA r e p a i r a r e h y p e r s e n s i t i v e t o n a l i d i x i c a c i d
( M c D a n i e l e t a l _ . , 1 9 7 8 ) s o D r l i c a ( 1 9 8 4 ) p r o p o s e d t h a t t h e SOS r e s p o n s e i s
i n v o l v e d i r P r e p a i r i n g damage c a u s e d t o b a c t e r i a l DNA by n a l i d i x i c a c i d . H o w e v e r ,
a l e x A m u t a n t , w h i c h a l s o l a c k s t h e SOS r e s p o n s e b u t i s r e c o m b i n a t i o n p r o f i c i e n t ,
was f o u n d t o be a s s e n s i t i v e a s i t s p a r e n t s t r a i n t o n a l i d i x i c a c i d by R a t c l i f f e
and S m i t h ( 1 9 8 6 ) who t h e r e f o r e s u g g e s t e d t h a t t h e h y p e r s e n s i t i v i t y o f r e c A and
r e c B m u t a n t s t o t h e d r u g was d u e t o t h e i r d e f i c i e n c i e s i n r e c o m b i n a t i o n r e p a i r
r a t h e r t h a n t o t h e i r l a c k o f SOS r e p a i r . T h e s e c o n f l i c t i n g v i e w s w e r e i n v e s t i g 
a t e d by t e s t i n g t h e s u s c e p t i b i l i t y o f v a r i o u s r e c m u t a n t s t o 50 ug / ml n a l i d i x i c
a c i d i n n u t r i e n t b r o t h a t 3 7 0C . The i n i t i a l i n o c u l u m s i z e o f t h e c u l t u r e s was
a b o u t 1 0 7 c o l o n y f o r m i n g u n i t s / m l a nd a t 3 0 m i n u t e t i m e i n t e r v a l s s a m p l e s w e r e
d i l u t e d i n n u t r i e n t b r o t h and p l a t e d on n u t r i e n t a g a r t o d e t e r m i n e v i a b i l i t y .
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I t c a n be s e e n i n f i g u r e 1 t h a t a r e c A r e c B d o u b l e m u t a n t was e v e n mo r e s e n s i t i v e
to n a l i d i x i c a c i d than e i t h e r o f t h e s i n g l e recA or recB m u t a n t s . T h i s s u p p o r t s
the c o n c lu s io n th a t the h y p e r s e n s i t i v i t y o f the rec mutants to n a l i d i x i c a c id is
due t o a d e f i c i e n c y i n r e c o m b i n a t i o n r e p a i r . I f t h e h y p e r s e n s i t i v i t y o f t h e
_recA, r e c B o r recAB d o u b l e m u t a n t t o t h e d r u g was s i m p l y d u e t o an i n a b i l i t y t o
i n a u c e t h e SOS r e s p o n s e , t h e n no d i f f e r e n c e w o u l d be e x p e c t e d i n t h e s e n s i t i v i t y
o f t h e s i n g l e m u ta n ts compared w i t h t h e d o u b l e mutant t o n a l i d i x i c a c i d b e c a u s e
e i t h e r m u t a t i o n a l o n e s h o u l d a b o l i s h t h e i n d u c t i o n o f t h e SOS r e s p o n s e . F u r t h e r 
m o r e , when a r e c A 4 3 0 m u t a n t , w h i c h i s u n a b l e t o i n d u c e t h e SOS r e s p o n s e b u t i s
s t i l l a b l e t o c a r r y o u t r e c o m b i n a t i o n r e p a i r , was i n v e s t i g a t e d i t was f o u n d t o be
as s e n s i t i v e asi t s p a r e n t s t r a i n t o n a l i d i x i c a c i d ( f i g u r e 2 ) .
Hence t h e
s u g g e s t i o n made by R a t c l i f f e and S m i t h ( 1 9 8 6 ) t h a t r e c o m b i n a t i o n r e p a i r r a t h e r
t h a n SOS r e p a i r i s i n v o l v e d i n r e p a i r i n g t h e da mage c a u s e d by n a l i d i x i c a c i d
wo u l d a p p e a r t o be c o r r e c t . The o b s e r v a t i o n t h a t n a l i d i x i c a c i d i n h i b i t s
r e c o m b i n a t i o n r e p a i r ( P r i e l , 1 9 8 4 ) t h e r e f o r e t a k e s on new s i g n i f i c a n c e b e c a u s e
n a l i d i x i c a c i d n o t o n l y d a m a g e s DNA b u t a l s o s e e m s t o i n h i b i t t h e m e c h a n i s m
s p e c i f i c f o r r e p a i r i n g t h e damage.
D r l i c a , K. ( 1 9 8 4 ) B a c t e r i o l o g i c a l R e v i e w s 4 8 : 2 7 3 - 2 8 6
M c D a n i e l , L . S . , R o g e r s , L . H . , H i l l , W.E. (1 9 7 8 ) J . B a c t e r i o l . 1 3 4 : 1 1 9 5 - 1 1 9 8
P r i e l , E. ( 1 9 8 4 ) C e l l B i o l o g y I n t e r n a t i o n a l R e p o r t s 8: 7 7 3 - 7 8 6
R a t c l i f f e , N . T . , S m i t h , J . T . ( 1 9 8 6 ) J o u r n a l o f P ha r ma cy and P h a r m a c o l o g y 3 8 : 45P
W a l k e r , G.C. ( 1 9 8 4 ) M i c r o b i o l o g i c a l R e v i e w s 4 8 : 6 0 - 9 3
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NOVOBIOCIN ANTAGONISES THE BACTERICIDAL MECHANISMS
AGAINST ESCHERICHIA COL I

OF

4-QUIN0L0NES

B. M. A. Ho wa r d, N..Tu R a t c l i f f e , J . T . S m i t h , M i c r o b i o l o g y S e c t i o n , D e p a r t m e n t o f
P h a r m a c e u t i c s , The S c h o o l o f P h a r m a c y , U n i v e r s i t y o f L o n d o n , B r u n s w i c k S q u a r e ,
London-WC1N 1 AX UK
'
N a l i d i x i c a c i d e x h i b i t s a s i n g l e b a c t e r i c i d a l m e c h a n i s m ( t e r m e d A) a g a i n s t E_.coli
KL16 ( S m i t h . , 1 9 8 4 ) , n o r f l o x a c i n p o s s e s s e s m e c h a n i s m s A and C ( R a t c l i f f e and SmTtTT
1 9 8 5 ) w h i l e " c i p r o f l o x a c i n and o f l o x a c i n e x h i b i t m e c h a n i s m s A, B and C ( L e w i n and
Smith 1 9 8 6 ) .
Me c h a n i s m A, f o u n d i n a l l 4 - q u i n o l o n e s , r e q u i r e s RNA and p r o t e i n
s y n t h e s i s as well as b a c t e r i a c a p a b l e o f . c e l l d i v i s i o n f o r i t s a c t i v i t y , w h ile
mechanism B does not d i s p l a y any o f t h e s e t h r e e r e q u i r e m e n ts (Smith 1 9 8 4 ) .
M e c h a n i s m C, f o u n d i n i t i a l l y i n n o r f l o x a c i n ( R a t c l i f f e a nd S m i t h 1 9 8 5 ) and a l s o
e x h i b i t e d by c i p r o f l o x a c i n and o f l o x a c i n , i s a l s o a c t i v e a g a i n s t n o n - d i v i d i n g
b a c t e r i a . b u t RNA and p r o t e i n s y n t h e s i s a r e e s s e n t i a l f o r i t s a c t i v i t y ( L e w i n and
Smith 1 9 8 6 ) .
A l t h o u g h a l l t h e s e 4 - q u i n o l o n e s i n h i b i t c e l l - f r e e p r e p a r a t i o n s o f DNA g y r a s e i t i s
n o t known w h e t h e r t h i s e n z y m e i s t h e t a r g e t s i t e f o r t h e i r 3 b a c t e r i c i d a l m e c h a n 
isms (Smith 198 4 ).
N o v o b i o c i n , w h i c h i n h i b i t s DNA g y r a s e by an i n t e r a c t i o n
d i s t i n c t f r o m t h a t o f t h e 4 - q u i n o l o n e s , was t e s t e d i n n u t r i e n t b r o t h a t 3 7 : C,
a g a i n s t E . c o l i KL16 i n t h e p r e s e n c e a nd a b s e n c e o f t h e 4 - q u i n o l o n e s a t t h e i r m o s t
bactericidal concentrations.
The i n i t i a l i n o c u l u m s i z e o f t h e c u l t u r e s wa s a b o u t
1 0 7 c o l o n y f o r m i n g u n i t s / m l and a f t e r 3 h o u r s s a m p l e s w e r e d i l u t e d i n n u t r i e n t
b r o t h and p l a t e d on n u t r i e n t a g a r t o d e t e r m i n e v i a b i l i t y .

4 - Q U I N O L O N E CO NC ENTRAT I ON
n a lid ix ic acid
norfloxacin
ciprofloxacin
ofloxacin
-

90.0
1.5
0.15
0.9

ug / ml
ug / ml
ug / ml
ug/m.l

L: V I A B I L I T Y A F TE R 3 HOURS
WITHOUT NOVOBIOCIN
WITH NOVOBIOCIN
90 0 u g / m l
4.03
50.83
0.41
4 . 23
0.03
0.50
0.06
1 .94
“
23.^0

The t a b l e s no ws t h a t n o v o b i o c i n , d e s p i t e b e i n g b a c t e r i c i d a l o n i t s own, r e d u c e d
t h e b a c t e r i c i d a l a c t i v i t y o f e a c h 4 - q u i n o l o n e by a f a c t o r o f g r e a t e r t h a n 10 f o l d
in e v e r y c a s e .
T h e s e r e s u l t s c a n be e x p l a i n e d e i t h e r by t h e 4 - q u i n o l o n e s and
n o v o b i o c i n c o m p e t i n g f o r t h e s a me u p t a k e m e c h a n i s m , o r by t h e m h a v i n g common
i n t e r a c t i o n s w i t h DNA g y r a s e .
I f th e l a t t e r i s tr u e than t h e b a c t e r i c i d a l mech
a n i s m s A, B and C may o p e r a t e v i a 4 - q u i n o l o n e s a c t i n g on DNA g y r a s e .
T h e s e r e s u l t s wo u l d se e m t o c o n t r a d i c t t h e f i n d i n g s o f Chao ( 1 9 7 8 ) who u s e d m i n i 
mum i n h i b i t o r y c o n c e n t r a t i o n ( m . i . c . ) t e s t s t o sho w t h a t n a l i d i x i c a c i d wa s
p o t e n t i a t e d by n o v o b i o c i n .
H o w e v e r , i t i s known t h a t m . i . c . ' s o f 4 - q u i n o l o n e s
m e r e l y m e a s u r e t h e i r a b i l i t y t o i n h i b i t b a c t e r i a l m u l t i p l i c a t i o n and do n o t
r e f l e c t t h e i r a b i l i t y to k i l l b a c t e r i a (Smith 1 9 8 4 ) .
H e n c e i t s e e ms t h a t when
t e s t i n g f o r a n t i b i o t i c i n t e r a c t i o n s b a c t e r i c i d a l as well as m . i . c . t e s t s sh o u ld
be c a r r i e d o u t .
Ch a o , L. ( 1 9 7 8 ) N a t u r e 27: 3 8 5 - 3 8 6
L e w i n , C . S . , S m i t h , J . T . ( 1 9 8 6 ) J . P’n arm . P h a r m a c o l . 38 : 4 4 P
R a t c l i f f e , N . T . , S m i t h , J . T . ( 1 9 8 5 ) J . Pharm. P h a r m a c o l . 3 7 : 92P
S m i t h , J . T . ( 1 9 8 4 ) The P h a r m a c e u t i c a l J o u r n a l 2 3 3 : 2 9 9 - 3 0 5
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4-Quinolones and the SOS response
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Microbiology Section, Department o f Pharmaceutics, The School o f Pharmacy, London University, Brunswick
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Summary. The SOS DNA repair system is induced in bacteria treated with 4quinolones. However, whether the response exacerbates or repairs the damage caused
by these drugs is still unclear. The recA13 and the recB21 mutations impair
recombination repair and render bacteria unable to induce the SOS response when
treated with nalidixic acid or other agents that affect DNA synthesis. However, UV
treatment induces the SOS response in recB21 mutants but not in recAU mutants.
Both these mutants are hypersensitive to nalidixic acid and, therefore, either
recombination repair or SOS repair would appear to repair DNA damage caused by
the drug. However, since the lexA3 mutation (which also renders bacteria incapable
of inducing the SOS response without affecting recombination repair) had no effect
on the susceptibility of bacteria to nalidixic acid, the SOS response neitW contributes
to nor repairs DNA damage caused by the drug. Consequently, it would seem that
the hypersensitivity of the recA13 and recB21 mutants to nalidixic acid is due to their
deficiency in recombination repair. This view was confirmed by testing a recA430
mutant that is recombination-repair proficient but SOS repair-deficient and finding it
to be no more sensitive to nalidixic acid than its parent. Thus it would appear that,
although induced by nalidixic acid treatment, the SOS DNA repair system does not
play any role in bacterial responses to the damage caused by the drug. In contrast, the
recombination repair system does repair damage caused by nalidixic acid.

Introduction
The SOS DNA repair system is one of the
responses which assists bacteria to recover from
DNA damage. The response is controlled by two
regulatory proteins, the recA and lexA gene prod
ucts. These proteins govern transcription of a
subordinate group of genes called the SOS genes.
The expression of these genes, which code for
products such as DNA repair enzymes and cellcycle inhibitors, leads to a series of individual
activities that together make up the SOS response
(Walker, 1984). The basic organisation and regula
tion of the response is only partially understood at
a molecular level. The lexA protein acts as a
repressor that binds to similar operator sequences
in each SOS gene and inhibits their transcription
(Walker, 1984). The recA protein, on the other
hand, functions as an inducer either directly, by
cleaving the lexA repressor by a proteolytic mech
anism, which is acquired by the recA gene product
Received 17 Nov. 1988; accepted 21 Dec. 1988.
Correspondence should be sent to Professor J. T. Smith.

when it interacts with an unknown product that is
formed as a result of certain types of DNA damage
(Little and Mount, 1982), or indirectly by the so
modified recA protein acting as an allosteric effector
in the autocatalytic digestion of the lexA protein
(Little, 1984; Slilaty et al. 1986). The SOS response
so induced is transient because DNA repair, by
definition, will progressively remove the inducing
stimulus so that concentration of the modified recA
protein will decline and, consequently, lexA repres
sor levels will rise, so causing the normal state of
repression of the SOS genes to resume.
Treatment of bacteria with the 4-quinolones
leads to induction of the SOS response (Gudas and
Pardee, 1976; Phillips et al., 1987; Piddock and
Wise, 1987). It is thought that this is due to the 4quinolones deranging DNA replication (Goss et al.
1965; Crumplin et al. 1984; Benbrook and Miller,
1986). The role of the SOS response in bacteria
treated with the 4-quinolones is still unclear.
Phillips et al. (1987) have suggested that one of the
SOS genes may code for the unknown protein
which has been postulated by Dietz et al. (1966)
and Smith (1984) to cause the lethal action of the 4-
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Summary. The SOS DNA repair system is induced in bacteria treated with 4quinolones. However, whether the response exacerbates or repairs the damage caused
by these drugs is still unclear. The recAlS and the recB21 mutations impair
recombination repair and render bacteria unable to induce the SOS response when
treated with nalidixic acid or other agents that affect DNA synthesis. However, UV
treatment induces the SOS response in recB21 mutants but not in recA13 mutants.
Both these mutants are hypersensitive to nalidixic acid and, therefore, either
recombination repair or SOS repair would appear to repair DNA damage caused by
the drug. However, since the lexA3 mutation (which also renders bacteria incapable
of inducing the SOS response without affecting recombination repair) had no effect
on the susceptibility of bacteria to nalidixic acid, the SOS response neither contributes
to nor repairs DNA damage caused by the drug. Consequently, it would seem that
the hypersensitivity of the recA 13 and recB21 mutants to nalidixic acid is due to their
deficiency in recombination repair. This view was confirmed by testing a recA430
mutant that is recombination-repair proficient but SOS repair-deficient and finding it
to be no more sensitive to nalidixic acid than its parent. Thus it would appear that,
although induced by nalidixic acid treatment, the SOS DNA repair system does not
play any role in bacterial responses to the damage caused by the drug. In contrast, the
recombination repair system does repair damage caused by nalidixic acid.

when it interacts with an unknown product that is
formed as a result of certain types of DNA damage
The SOS DNA repair system is one of the (Little and Mount, 1982), or indirectly by the so
responses which assists bacteria to recover from modified recA protein acting as an allosteric effector
DNA damage. The response is controlled by two in the autocatalytic digestion of the lexA protein
regulatory proteins, the recA and lexA gene prod (Little, 1984; Slilaty et al. 1986). The SOS response
ucts. These proteins govern transcription of a so induced is transient because DNA repair, by
subordinate group of genes called the SOS genes. definition, will progressively remove the inducing
The expression of these genes, which code for stimulus so that concentration of the modified recA
products such as DNA repair enzymes and cell- protein will decline and, consequently, lexA repres
cycle inhibitors, leads to a series of individual sor levels will rise, so causing the normal state of
activities that together make up the SOS response repression of the SOS genes to resume.
(Walker, 1984). The basic organisation and regula
Treatment of bacteria with the 4-quinolones
tion of the response is only partially understood at leads to induction of the SOS response (Gudas and
a molecular level. The lexA protein acts as a Pardee, 1976; Phillips et al., 1987; Piddock and
repressor that binds to similar operator sequences Wise, 1987). It is thought that this is due to the 4in each SOS gene and inhibits their transcription quinolones deranging DNA replication (Goss et al.
(Walker, 1984). The recA protein, on the other 1965; Crumplin et al. 1984; Benbrook and Miller,
hand, functions as an inducer either directly, by 1986). The role of the SOS response in bacteria
cleaving the lexA repressor by a proteolytic mech treated with the 4-quinolones is still unclear.
anism, which is acquired by the recA gene product Phillips et al. (1987) have suggested that one of the
SOS genes may code for the unknown protein
which has been postulated by Dietz et al. (1966)
Received 17 Nov. 1988; accepted 21 Dec. 1988.
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and Smith (1984) to cause the lethal action of the 4Introduction
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quinolones. This is because the concentrations of Escherichia coli strains
the 4-quinolones that maximally induce the SOS
Seven strains of E. coli were used: AB1157, F- thr-1
response correlate well with the most bactericidal leu-6 proA2 his4 thi-1 argE3 lacY l galK2 ara-14 xyl-5 mtlconcentrations of these drugs (Phillips et al., 1987). 1 tsx-33 strA31 sup-37; AB2463, as AB1157 but also
On the other hand, Drlica (1984) has suggested that recA 13; AB2470: as AB1157 but also recB21; JC5495, as
the SOS response may play a role in protecting AB1157 but also recA13 recB21; AB2494, as AB1157 but
bacteria from damage caused by these drugs also metb-1 pps-31 lexA3; IC1656, thr leu thiproA argE3
because mutations that render bacteria unable to ilvts= galK sup-37 strA31 sfiB srlC 300; IC1657, as SC1656
induce the SOS response increase bacterial sensitiv but also recA430.
ity to nalidixic acid (McDaniel et al., 1978).
Therefore, the role of the SOS response in bacteria Determination o f antibacterial effects o f nalidixic
treated with 4-quinolones was investigated by acid
observing the effect of recA, recB and lexA
Nalidixic acid causes filamentation of bacteria (Goss
mutations on the sensitivity of Escherichia coli to
et al., 1964) (which increases the turbidity of liquid
nalidixic acid 50 /zg/ml in nutrient broth.
cultures) so bacterial killing by the 4-quinolones cannot
Nalidixic acid was chosen for this investigation be judged by measurements such as light scattering or
for two reasons. Firstly, nalidixic acid possesses optical density (Smith, 1984). Hence, rates of kill of
only a single mechanism of action (termed mecha bacteria by nalidixic acid were studied by viable counting.
nism A) which is possessed by all 4-quinolones and
Nutrient broth (Nutrient Broth No. 2, Oxoid) was
is considered to be the basic mechanism of action inoculated with bacteria and then incubated overnight at
of these drugs (Smith, 1984). Mechanism A requires 37°C to provide inocula for studies with nalidixic acid.
Sterile double strength nutrient broth was dispensed in
the prior synthesis of an unknown protein before
5-ml
volumes in sterile 1 oz bottles. Aqueous nalidixic
bacterial death can occur. This concept follows
acid and sterile distilled water were added to give a final
from the finding that protein and RNA synthesis
are prerequisites for the activity of mechanism A volume of 9-8 ml. The bottles were incubated at 37°C for
at least 15 min and then 0-2 ml of the overnight culture,
(Dietz etal, 1966; Smith, 1984) but are not required which contained approximately 2-5 x 108 cfu/ml, was
for the second bactericidal mechanism (termed added at time zero to complete the reaction mixtures.
mechanism B) which is exerted by some 4- Hence, the viable count at time zero was c.5 x 106
quinolones (Ratcliffe and Smith, 1984). Secondly, cfu/ml. At 30-min intervals, 0-1-ml samples from each
more is understood about the conditions required reaction mixture were decimally diluted in sterile nutrient
for the induction of the SOS response by nalidixic broth. A 0-1-ml sample of each dilution was then spread
acid than for other 4-quinolones. For the SOS on to a nutrient-agar plate. The plates were incubated
responses to be induced by treatment of bacteria overnight at 37°C and the colonies were counted.
When the effect of a range of concentrations of
with nalidixic acid but not by UV treatment, it is
nalidixic acid on bacterial survival was estimated, 2-5 ml
known that bacteria must have functional recB and
of double strength nutrient broth was placed in sterile
recC genes (Chaudhury and Smith, 1985). These 1 oz bottles. Aqueous nalidixic acid and distilled water
two genes code for exonuclease V (exo V) and it has were added to give a final volume of 4-9 ml (the
been suggested that the action of exo V on DNA concentrations of nalidixic acid used were based on the
damaged by nalidixic acid may provide the un following geometric progression: 1-5, 3, 5, 9, and 15);
known product that interacts with the recA protein 0-1 ml of the overnight culture was then added and the
so leading to lexA repressor cleavage and induction reaction mixtures were incubated at 37°C for a single
of the SOS response (Walker, 1984; Bailone et al., period of 3 h. A 0-1 -ml sample from each reaction mixture
1985). Hence, inactivation of the recB or recC genes was then decimally diluted in sterile nutrient broth and a
as well as the recA gene will render bacteria 0-1-ml sample of each dilution was spread on to a nutrientincapable of inducing the SOS response when agar plate. The plates were incubated overnight at 37°C
and the colonies were counted. All experiments were
treated with nalidixic acid.
performed at least four times and the results presented
are typical data for any one experimental series.

Materials and methods
Antibacterial preparation
Nalidixic acid (Sterling-Winthrop) was dissolved in
0-5 m NaOH (0-2 ml/mg) before being diluted to its
appropriate concentration in sterile distilled water.

Results
In agreement with the results of McDaniel et al.
(1978), a recA13 mutant was found to be hypersensitive to nalidixic acid 50 /tg/ml when compared to
its parent strain (fig. 1). Similarly, a recB21 mutant
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was also found to be hypersensitive to nalidixic
acid 50 /tg/ml when compared to its parent strain
(fig. 1). Hence, at first sight, it would seem that
since these two mutants lack the SOS response and
are hypersensitive to nalidixic acid, then the SOS
response cannot contribute to the lethality of
nalidixic acid as had been suggested (Phillips et a l,
1987) but might play a role in protecting bacteria
from damage caused by the drug (Drlica, 1984).
However, when the effect of nalidixic acid on a
lexA3 mutant (which is recombination-proficient
but lacks the SOS response because its lexA protein
is resistant to proteolysis catalysed by the modified
recA gene product) was investigated, the results
were most surprising. The sensitivity of the lexA3
mutant to nalidixic acid 50 /tg/ml was found to be
similar to that of its parent strain (fig. 2). As this
mutant also lacks the SOS response, the SOS
response does not appear to be involved in
protecting bacteria from the damage caused by
nalidixic acid. It would seem that, although induced
by nalidixic acid treatment, the SOS response
neither contributes to nor protects bacteria from
damage caused by the drug.
The sensitivity of these mutants to nalidixic acid
has so far been investigated at only a single drug
concentration. Therefore, the sensitivity of mutants
in nutrient broth containing nalidixic acid at
concentrations of 0-15 to 1500 /tg/ml was investi
gated. It can be seen in fig. 3 that the recA13 mutant
was hypersensitive to nalidixic acid as compared to
its parent strain at all concentrations tested. On the
other hand, no significant difference between the
sensitivity of the lexA3 mutant and the parent
strain was observed throughout the same range of
concentrations (fig. 3). This supports the conclusion
that, despite being induced by nalidixic acid, the
SOS response does not play any role in repairing
the damage to the bacteria caused by the drug at
any concentration.
Further support for this conclusion is provided
by investigations with a recA13recB21 double
mutant. Such a mutant was found to be even more
sensitive to nalidixic acid 50 fig/ml than either of
the single recA13 or recB21 mutants (fig. 1). If the
hypersensitivity to nalidixic acid of the recA13,
recB21 and recA13recB21 mutants was due to their
inability to induce the SOS response, then no
difference would be expected in their sensitivity to
nalidixic acid because either mutation alone should
abolish the induction of the SOS response by the
drug. Hence it seems that the hypersensitivity of
these three mutants to nalidixic acid is not due to
SOS repair but to their recombination repair
defects. This view is strengthened by the double
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and bacterial survival estimated by viable counting on nutrient
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Fig. 2. Survival of strain AB1157 and AB2494 in nutrient broth
containing nalidixic acid 50 //g/ml.

mutant being more susceptible than either single
mutant to nalidixic acid because the double mutant
has a greater deficiency in recombination repair
than either single mutant. Furthermore, there is no
requirement for the lexA gene in recombination
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of bacteria to nalidixic acid, in agreement with
10000 other results (McDaniel et al., 1978), the SOS
response does not seem to contribute to the lethality
Nalidixic acid concentration (ug/ml)
of the drug as had been suggested previously
Fig. 3. Treatment of strains AB1157, AB2463 and AB2494 in
(Phillips et al., 1987; Chow et al., 1988). Neither
nutrient broth with varying concentrations of nalidixic acid.
would the SOS response seem to be involved in
Survival was estimated after incubation for 3 h at 37°C.
protecting bacteria from the damage caused by
nalidixic acid as the lexA3 mutation which also
repair (Petersen et al., 1988) and we find that the renders bacteria unable to induce the SOS response
lexA mutation does not alter bacterial sensitivity to had no effect on the sensitivity of bacteria to
nalidixic acid. Therefore it would seem that, despite
nalidixic acid.
When a recA430 mutant, which is recombination its induction, the SOS response is neither involved
repair proficient but is unable to induce the SOS in protecting bacteria from the damage caused by
response (Walker, 1984; Blanco et al. 1936), was the drug nor does it contribute to the lethality of the
investigated it was found to be no more sensitive to drug. Hence, as error-prone SOS repair does not
nalidixic acid 50 /zg/ml than its parent strain (fig. seem to repair the type of DNA damage caused by
4). This finding confirms that the hypersensitivity nalidixic acid then such damage should not be
to nalidixic acid treatment conferred by the recA13 expected to lead to mutations as has been suggested
and recB21 mutations is due to the role of these previously (Phillips, 1987).
genes in recombination repair rather than to their
The hypersensitivity to nalidixic acid of the
role in SOS repair. Hence, it would appear that recA13 and recB21 mutants appears to be due to
reci?C-dependent recombination repair does play a their recombination repair defects since a recA430
role in protecting bacteria from the damage caused mutant, which is SOS-deficient but recombination
by nalidixic acid but, on the other hand, the SOS repair-proficient, was found to be no more sensitive
response, while being induced by the drug, neither than its parent to the drug. Hence rec5C-dependent
recombination repair is involved in repairing
contributes to, nor repairs, the damage it causes.
damage to the bacterial chromosome caused by
nalidixic acid. Another DNA repair pathway which
Discussion
is also independent of the SOS response, the recFSince mutations in the recA and the recB genes pathway (Peterson et al., 1988), also seems to be
which render bacteria incapable of inducing the implicated in the repair of nalidixic acid damage
SOS response were found to increase the sensitivity as a recF mutation has also been shown to increase
0.01J

1000
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bacterial susceptibility to the drug (McDaniel et
al., 1978).
These conclusions would seem to apply, at least
in part, to all 4-quinolones since they all exhibit
mechanism A (Smith, 1984). Hence the correlation
between the 4-quinolone concentration at which
maximum induction of the SOS response occurs
and the most bactericidal concentration of the drug
does not appear to be due to one of the SOS geneproducts being the unknown protein that causes
bacterial death. As Phillips et al. (1987) measured
the ability of the 4-quinolones to induce the SOS
response by following the amount of protein
synthesised from a sfiA-lacZ fusion gene, their
correlation may simply have been caused by the 4quinolones increasingly inhibiting RNA synthesis
at concentrations greater than their most bacteri
cidal concentrations (Crumplin and Smith, 1975).
The induction of the SOS response, though coincid
ing with the most bactericidal concentration of a 4quinolone, probably stems from the increasing
antagonism of RNA synthesis by 4-quinolones at
high concentrations.
A further conclusion can be drawn from these
investigations on the sensitivity of recA, recB and

lexA mutants to nalidixic acid. Although the SOS
response is induced by nalidixic acid (Gudas and
Pardee, 1976), it was found not to play a role in the
bacterial response to the drug. In other words, a
response that is induced upon treatment of bacteria
with nalidixic acid seems to have no effect on
bacterial survival. Hence it is not sufficient to show
the induction of a gene by a 4-quinolone to conclude
that the gene is involved in the bacterial response
to the drug. Before such a conclusion can be drawn
it is necessary to show that inactivating the gene
has an affect on the susceptibility of bacteria treated
with the 4-quinolone. A possible explanation for
the induction of a set of genes that are not directly
involved in the bacterial response to the 4quinolones could result from the general effects of
supercoiling on transcription (Smith, 1981) because
reduced chromosomal supercoiling caused by the
4-quinolones is known to induce some genes while
others are repressed.
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INTERACTIONS BETWEEN THE BACTERICIDAL EFFECTS OF
4-QUINOLONES AND OTHER GYRASE INHIBITORS ACTING ON
STAPHYLOCOCCI
B.M.A. Howard, C.S. Lewin* and J.T. Smith, M icrobiology Section, Department o f Pharmaceutics, The School
of Pharmacy, University o f London, Brunswick. Square, London WC1N 1AX.
"■Present Address: Bacteriology Department, Medical School, University o f Edinburgh, Teviot Place, Edinburgh,
EH8 9AG.
Coumermycin (COU), novobiocin (N O V ) and 4-quinolone antibacterials like ciprofloxacin (CEP) and ofloxacin
(OFL) inhibit DNA gyrase, which is the only enzyme capable o f introducing negative' supercoils into DNA
(Drlica & Franco 1988). While COU and N O V act on the B subunits o f gyrase the 4-quinolones act principally
on the a subunits o f this enzyme (Drlica and Franco 1988). In minimum inhibitory concentration (MIC) tests
with Staph, aureus COU and CIP were found to act synergistically (Neu et al, 1984). However, in vivo studies
have shown that CIP alone was more effective than a combination o f CIP and COU in treating Staph, aureus
endocarditis in rats (Perrone et al, 1987). To resolve this discrepancy, the bactericidal effects o f CIP and COU,
alone and in combination against Staphylococci at an initial inoculum size o f 107 cells mL'1 , were studied in
nutrient broth at 37°C and survival estimated after 3 hours.
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Figure 1 shows that 3mg/L CIP reduced the viable count o f Staph, aureus to 0.033% but survival was greater
in every mixture tested when increasing concentrations o f COU were combined with 3mg/L CIP. Antagonism
was also seen when increasing concentrations o f CIP were combined with 0.9 mg/L COU (Fig. 2). At CIP
concentrations above 0.2m g/l survival in the mixtures was more than 10 fold to up to 100 fold higher than that
seen with CEP alone. Similar results were found when NOV or COU were combined with CEP or OFL to treat
Staph, aureus or Staph, wameri. so the phenomenon seems to be a general one. These results agree with the
in vivo findings o f Perrone et al (1987) and disagree with the MIC data o f N eu et al (1984). Since MIC studies
solely estimate the bacteriostatic effects o f 4-quinolones (Smith, 1984), clinical resolution o f infections would
seem to depend more on bacterial kill than on suppression o f bacterial multiplication. Thus bactericidal
investigations o f mixtures o f these two different classes o f gyrase inhibitors provide a better prediction of
clinical effects than MIC studies.
Drlica, K., Franco, R.J. (1988) Biochemistry 27: 2253-2259
Neu, H.C., Chin. N-X., Labthankul,P. (1984) Antimicrob. Agents Chemother. 25: 687-689
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Protein- and RNA-synthesis independent bactericidal
activity of ciprofloxacin that involves the A subunit of D NA
gyrase
C. S. LEWIN, B. M. A. HOWARD* and J. T. SMITH*
Department of Bacteriology , University of Edinburgh Medical School, Treviot Place, Edinburgh EH8 9AG and
*Microbiology Section, School of Pharmacy, University of London, 2 9 -3 9 Brunswick Square, London WC1N

Summary. Ciprofloxacin, unlike nalidixic acid, can kill Escherichia coli cells in the absence
of synthesis o f protein or R NA. Hence, chloramphenicol or rifampicin do not abolish the
bactericidal activity of ciprofloxacin against wild-type E. coli. Protein and R N A synthesis
were not required for the bactericidal activity of ciprofloxacin against nalB, nalC and nalD
mutants o f E. coli. However, the addition o f chloramphenicol or rifampicin abolished the
bactericidal activity of ciprofloxacin against a nalA mutant in nutrient broth. It is concluded
that the ability of ciprofloxacin to kill E . coli in the absence of protein or R N A synthesis
involves the A subunit of D N A gyrase.

Introduction

mechanism B could be abolished by specific mutations.
Four different mutations were investigated: the nalA
(gyrA ) mutation, which causes an alteration in the A
subunit of D N A gyrase;11 the nalB mutation, which
causes a reduction in permeability;11 the nalC muta
tion, which alters the B subunit of D N A gyrase;12 and
the nalD mutation, which appears to alter both the B
subunit and permeability.13

The 4-quinolones appear to act on D N A gyrase, the
bacterial enzyme that introduces negative supercoils
into D N A .1 Mutations affecting either the A or B
subunits of this enzyme alter bacterial susceptibility
to the 4-quinolones.2 Shen et al.3 have proposed that,
rather than acting directly on D N A gyrase, the drugs
bind to saturable sites on supercoiled D N A . This
binding is suggested to be facilitated by D N A gyrase.
The molecular events leading to the death o f bacteria
exposed to the 4-quinolones are not known. However,
differences have been observed amongst these drugs
in the conditions required for their lethal action.
Protein and R N A synthesis are essential for the
bactericidal activity o f the older 4-quinolones, such as
nalidixic acid.4,5 On the other hand, some fluoroquin
olones kill bacteria in the absence of protein or R N A
synthesis.6-9 This observation has led to the suggestion
that these fluoroquinolones exert an extra bactericidal
mechanism, termed B, in addition to that termed A,
exhibited by nalidixic acid. Mechanism A requires
protein and R N A synthesis as well as cell division4,5
but mechanism B, which is possessed by ciprofloxa
cin,6 DR-3355,7 fleroxacin,8 lomefloxacin,9 ofloxacin6
and pefloxacin8 does not require these activities, and
allows the killing of non-dividing bacteria. The basis
of mechanism B is unknown but has been suggested
by Dalhoff10 to involve the bacterial membrane, rather
than D N A gyrase.
In the present study, the bactericidal mechanisms
of ciprofloxacin were determined for various mutants
of E. coli KL16 that had altered susceptibility to 4quinolones. The aim was to determine whether

Materials and methods
Bacterial strains
E . coli KL16, a prototroph,5 and its na lA ,11 nalB ,11
nalC (rial 31) 12 and nalD (inal 24 )13 mutants were used.

All the mutants were resistant to nalidixic acid. The
nal A , nalB and nalD mutations increased the MIC of
ciprofloxacin, whereas the nalC mutation reduced the

MIC of the drug (table). The strains were kept on
nutrient-agar plates, which were subcultured every 10
days. Colonies taken from these plates were used to
seed the overnight cultures for the experiments
described below.
Table. MICs of ciprofloxacin
for E. coli strain KL16 and
mutants

Received 9 May 1990; revised version accepted 20 June 1990.
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E. coli strain or
mutant

MIC (mg/L)

KL16
nalA
nalB
nalC
nalD

00075
005
001
< 0 002
002
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A during exposure to various concentrations of ciprofloxacin in
Fig. 1. (a) Killing of E. coli KL16 • ------# , nalC ■ ------ ■ and nalD A
nutrient broth for 3 h at 37°C. (b) Killing of E. coli nalA ■ ----- ■ and nalB A
A during exposure to various concentrations of
ciprofloxacin in nutrient broth for 3 h at 37°C.

Antibacterial preparation
Ciprofloxacin (Bayer, U K ) and chloramphenicol
(Parke-Davis, U K ) were dissolved in sterile distilled
water. Ofloxacin (Hoechst U K ) was dissolved in 0*5 M
NaO H (0-02 ml/mg) before dilution in sterile distilled
water. Rifampicin (Merrell Dow, U K ) was dissolved
in dimethylsulphoxide.

Antibacterial activity o f the 4-quinolones
The bactericidal activity o f ciprofloxacin (0T 5-

150m g/L) alone, or in combination with chloram
phenicol, was determined in nutrient broth at 37°C
after a 3-h exposure period. Bacteria were enumerated
by serial dilution in nutrient broth followed by viable
counting on nutrient agar, as described by Lewin et
al,14
The rate o f kill o f bacteria treated with ciprofloxacin
and ofloxacin alone, or in combination with rifampi
cin, in nutrient broth was derived from sequential
‘viable counts determined at 30-min intervals over a
4-h period, as described by Lewin and Smith.15
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Fig. 2. Killing of E. coli KL16 • ------• , nalA ■ ------ ■ , nalB □ ------□ , nalC x ------x and nalD O ----- O during exposure to various
concentrations of ciprofloxacin in the presence of chloramphenicol 20 mg/L in nutrient broth for 3 h at 37°C.
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Ciprofloxacin, at concentrations above the MIC,
was bactericidal against the nal A , nalB, nalC and nalD
mutants (figs. la and b). Addition o f a bacteriostatic
concentration of the protein-synthesis inhibitor chlor
amphenicol 20 mg/L reduced, but did not completely
abolish, this activity against E. coli KL16, and the
nalB, nalC and nalD mutants (fig. 2). On the other
hand, chloramphenicol 20 mg/L completely abolished
the bactericidal activity of ciprofloxacin against the
nal A mutant at concentrations up to 150 mg/L (fig. 2).
Thus, ciprofloxacin was not bactericidal against the
nalA mutant in the absence o f protein synthesis.
The bactericidal activity o f ciprofloxacin at its
optimum bactericidal concentration (OBC, defined as
the drug concentration giving the most rapid killing
of the bacteria) was examined alone and in the
presence o f rifampicin, an inhibitor o f R N A synthesis.
At its OBC, ciprofloxacin was bactericidal against the
parent E . coli strains and the mutants (figs. 3-4).
Addition of a bacteriostatic concentration of rifampi
cin (160 mg/L) reduced, but failed to abolish, the
bactericidal activity o f ciprofloxacin against the nalB,
nalC and nalD mutants, confirming that the 4quinolone continued to exhibit mechanism B against
these organisms (fig. 4 and data not shown). However,
addition of a bacteriostatic concentration o f rifampi
cin completely abolished the bactericidal activity of
ciprofloxacin against the nalA mutant (fig. 3).
The bactericidal activity of ofloxacin, which also
exerts mechanism B, was investigated against the four
mutants. Rifampicin abolished the bactericidal activ
ity of ofloxacin at its OBC against the nalA mutant but
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Fig. 3. Killing of E. coli KL16 during exposure to ciprofloxacin
0-15 mg/L alone □ ----- □ and plus rifampicin 160 mg/L # ------#
in nutrient broth at 37°C, and of E. coli nalA during exposure
to ciprofloxacin ■ ----- ■ 0-9mg/L alone and plus rifampicin
A A in nutrient broth at 37°C.

CO

>

£2
co
0

Ol
CO
+*

c

o(J
0-1

0-01

0

60

120

180

240

T im e (m in)

Fig. 4. Killing of E. coli KL16 during exposure to ciprofloxacin
015 mg/L alone □ ----- □ and plus rifampicin 160 mg/L A
A
and of the nalB mutant by ciprofloxacin 0-15 mg/L alone ■ ------■
and plus rifampicin # ----- # . All experiments were performed at
37°C in nutrient broth.

not against the nalB, nalC or nalD mutants. Hence, as
with ciprofloxacin, ofloxacin could not kill the nalA
mutant in the absence o f R N A synthesis.

Discussion
Protein and R N A synthesis were found to be pre
requisites for the mechanism B-dependent bactericidal
activity of ciprofloxacin or ofloxacin against a nal A E.
coli mutant. Mutations which affected the outer
membrane (nalB) or the B subunit of D N A gyrase
(nalC and nalD) and which altered bacterial sensitivity
to the fluoroquinolones had no effect on the occurrence
o f mechanism B. Thus, the fluoroquinolones were
bactericidal against nalB, nalC and nalD mutants,
even when protein or R N A synthesis were inhibited.
These data suggest that mechanism B involves the A
subunit of D N A gyrase rather than the bacterial
membrane, as has been suggested previously.10
It has been suggested16 that the possession of
mechanism B explains why the frequencies of bacterial
mutation to resistance to the fluorinated quinolones is
much lower than to the non-fluorinated drugs such as
nalixidic and oxolinic acids.2,16-19 It was proposed16
that two distinct mutations might be required to
confer resistance to the fluoroquinolones whereas a
single mutation would suffice for the older nonfluorinated drugs. However, the present data indicate
that the nal A mutation abolishes mechanism B. In this
context, it is interesting to note that although ofloxacin
and ciprofloxacin both exhibit mechanisms A and B
against S. marcescens,20 the frequency of mutation to
resistance to the latter drug was higher than to the
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former.21,22 Hence, a low frequency o f mutation
resistance does not appear to be an inevitable correlate
o f possession o f mechanism B by a drug. However,
the possession o f this additional bactericidal mecha
nism by the fluoroquinolones should still be advanta
geous as it enables these drugs to kill non-dividing
bacteria.6-9
Finally, we have recently reported that, in the
absence of protein synthesis, ciprofloxacin is no longer
able to kill E. coli strains that have acquired 4quinolone resistance during therapy.23 Thus, these
isolates appear to have lost sensitivity to killing by
mechanism B.23 As with the nalA mutant studied
here, such isolates may have an alteration in the A

subunit of D N A gyrase. The loss o f sensitivity to
mechanism B-dependent killing might be exploited to
identify gyrA (nalA) mutants. At present, although a
high MIC for fluoroquinolones strongly suggests a
gyrA phenotype, the only method o f conclusively
identifying the gyrA gene as the site of mutation
requires the purification o f D N A gyrase.2 This is
laborious and is not yet feasible for large numbers of
isolates. The present results suggest that testing 4quinolone-resistant isolates for loss o f mechanism B
may provide a rapid screening method of identifying
whether resistance could be due to a mutation in the
gyrA gene. Further investigation with different strains
will be required to confirm this proposal.

References

13. Hrebenda J, Heleszko H, Brzostek K, Bielecki J. Mutation
affecting resistance of Escherichia coli K12 to nalidixic ,
acid. JGen Microbiol 1985; 131:2285-2292.
14. Lewin CS, Howard BM A, Ratcliffe NT, Smith JT. 4-quinolones
and the SOS response. J Med Microbiol 1989; 29:139-144,
15. Lewin CS, Smith JT. Bactericidal mechanisms of ofloxacin. J
Antimicrob Chemother 1988; 22 Suppl C: 1-8.
16. Smith JT. Frequency and expression of mutational resistance
to the 4-quinolone antibacterials. Scand J Infect Dis 1986;
49: Suppl: 115-123.
17. Barry AL, Gardiner RV, Packer R-R. Resistance to ten
different fluoroquinolone antibiotics following in vitro
exposures to nalidixic acid. Diagn Microbiol Infect Dis
1987; 6:77-79.
18. Fernandes PB, Hanson CW, Stamm JM, Votjko C, Shipkowitz
NL, St Martin E. The frequency of in-vitro resistance
development to fluoroquinolones and the use of a murine
pyelonephritis model to demonstrate selection of resistance
in vivo. J Antimicrob Chemother 1987; 19:449-465.
19. Wolfson JS, Hooper DC. The fluoroquinolones: structures,
mechanisms of action and resistance, and spectra of
activity in vitro. Antimicrob Agents Chemother 1985; 28:
581-586.
20. Lewin CS, Smith JT. Conditions required for the bactericidal
activity of the 4-quinolones against Serratia marcescens. J
Med Microbiol (in press).
21. Watanabe M, Inoue M, Mitsuhashi S. In vitro activity of
amifloxacin against outer membrane mutants of the family
enterobacteriaceae and frequency of spontaneous resist
ance. Antimicrob Agents Chemother 1989; 33:1837-1840.
22. Smith JT. In-vitro and in-vivo mutation frequencies to
resistance-do they correlate in the long term? In : Crumplin
GC (ed) The 4-quinolone antibacterial agents in vitro.
Springer Verlag-Heidelberg. 1990:215-227.
23. Lewin CS, Blakemore P, Drabu YJ, Smith JT. Loss of
ciprofloxacin’s second killing action in Escherichia coli that
have developed 4-quinolone resistance during therapy. J
Antimicrob Chemother (in press).

1. Drlica K, Franco RJ. Inhibitors of DNA topoisomerases.
Biochemistry 1988; 27:2254-2259.
2. Lewin CS, Allen RA, Amyes SGB. Potential mechanisms of
resistance to the modern fluorinated 4-quinolones. J Med
Microbiol 1990; 31:153-161.
3. Shen LL, Mitscher LA, Sharma PN et al. Mechanism of
inhibition of DNA gyrase by quinolone antibacterials: a
cooperative drug-DNA binding model. Biochemistry 1989;
28:3886-3894.
4. Dietz WH, Cook TM, Goss WA. Mechanism of action of
nalidixic acid on Escherichia coli: III. Conditions required
for lethality. JBacteriol 1966; 91: 768-773.
5. Smith JT. Awakening the slumbering potential of the 4quinolone antibacterials. Pharm J 1984; 233: 299-305.
6. Smith JT, Lewin CS. Chemistry and mechanisms of action of
the quinolone antibacterials. In: Andriole VT (ed) The
quinolones; London, Academic Press. 1988: 23-82.
7. Lewin CS, Amyes SGB. The bactericidal activity of DR-3355,
an optically active isomer of ofloxacin. J Med Microbiol
1989;30:227-231.
8. Lewin CS, Amyes SGB. Conditions required for the bactericidal
activity of fleroxacin and pefloxacin against Escherichia
coli KL16. J Med Microbiol 1990; 32:83-86.
9. Lewin CS, Amyes SGB, Smith JT. Bactericidal activity of
enoxacin and lomefloxacin against Escherichia coli KL16.
E urJ Clin Microbiol Infect Dis 1989; 8:731-733.
10. Dalhoff A. Interaction of aminoglycosides and ciprofloxacin
with bacterial membranes. In: Adam H, Hahn W,
Opferkuch W (eds) The influence of antibiotics on the
host-parasite relationship II. Springer-Verlag, Berlin and
Heidelberg. 1985:16-27.
11. Hane MW, Wood TH. Escherichia coli K-12 mutants resistant
to nalidixic acid: genetic mapping and dominance studies.
J Bacteriol 1969; 99:238-241.
12. Yamagishi J, YoshidaH, Yamayoshi M, NakamuraS. Nalidixic
acid-resistant mutations of the gyrB gene of Escherichia
coli. Mol Gen Genet 1986; 204: 367-373.

THE JOURNAL OF

An Official Journal of the Pathological Society of Great Britain and Ireland
From
Mrs J. E. Edwards, Pathological Society of Great Britain and Ireland,
2 Carlton House Terrace, London SW 1Y 5AF
Tel.

01 976 1260
071 976 1260 (from 6.5.90)

Fax

01 976 1267
071 976 1267 (from 6.5.90)

Dr B M A Howard
The F l a t
68 W estgate
C h ic h e s te r
West su s se x P019 3HH
21 May 1991
Dear Dr Howard,
re:

Manuscript No. M1079
4-quinolone interactions with gyrase subunit B antagonists
Lewin C S, Howard B M A, Smith J T

T h is i s to co n firm t h a t th e above m a n u s c rip t has been a c c e p te d
f o r p u b l ic a t i o n in th e J o u r n a l o f M ed ical M ic ro b io lo g y .
We
a n t i c i p a t e t h a t i t w i l l be p u b lis h e d in S eptem ber o r O c to b er t h i s
y e a r.
W ith b e s t w ish e s.
Yours s i n c e r e l y ,

J& ttice O 'D o n nell (Mrs)
On b e h a lf o f th e E d i t o r i a l B oard

Abstract Form (Original Abstract)
Read instructions for preparation printed
on the reverse side

17th INTERNATIONAL C O N G R E SS
O F CHEMOTHERAPY

BERLIN (West)

CHEMO
THERAPY

F ederal R epublic of G erm an y
please start here

JUNE 23-28,1991

1
Post Antibiotic Effect (PAE) of Cefdinir ( CI-983)
B.M.A. HOWARD, J .T . SMITH*, The School of
Pharmacy, University of London, England.
Even after removal of an antimicrobial agent, bacteria
may remain adversely effected. Most antibacterials
cause such PAE’s with Gram positive bacteria while with
Gram negative bacteria PAE's are only consistently
caused by aminoglycosides or 4-quinolones. In these
experiments Staphylococcus aureus E3T or Escherichia
coli KL16 were treated with ciprofloxacin (CIP),
ofloxacin (OFL), or the new cephalosporin cefdinir
(CDN) in nutrient broth for 1 hour at 37°C either at the
minimum inhibitory concentration (MIC) or at 4 X the MIC
of each drug. The MIC's for E.coli were 0.0075, 0.03
and 0.2mg/L and for S.aureus were 0.2, 0.1 and
0.75mg/L, respectively.
Drugs were removed by
centrifugation, incubation continued in drug-free
nutrient broth and viable counts of drug-treated
bacteria compared with those of untreated bacteria.
Time differences in minutes between treated and control
bacteria to multiply by 10 fold in drug-free media were
taken as PAE values.

CIP
OFL
CDN

Staph. aureus
1 X MIC 4 X MIC
15
145
139
4
123
25

E. coli
1 X MIC 4 X MIC
28
49
169
1
24
24

Indicate the su b je ct categ o ry
n u m b e r from the Prelim. P rogram

□ □□□-□

□ □ □ □
□ Q□ □ □

T he d ecisio n on w h eth er an
ab stra ct is sc h e d u le d in a slide or
a p o ster s e ssio n will b e m a d e by
th e P rogram C om m ittee, w hich
will b e g u id e d (but not b o u n d ) by
th e p referen c es of th e authors.
A pproxim ately 70%
of the
ab s tra c ts will b e sc h e d u le d in
p o ste r se ssio n s. By subm itting an
ab stract, th e au th o rs a g re e that
th e p a p e r will b e p re se n te d a s
sc h e d u le d . P lea se c h e c k o n e:
□

P o ster se ssio n preferred

□

Slide se ssio n preferred

C Z ] No p referen ce

Deadline for receipt of ab
stracts is January 20lh, 1991.

The table shows that as expected CIP and OFL
exhibited a PAE with both species of bacteria. Cefdinir
gave a PAE with S.aureus as expected but unexpectedly
cef dinir also gave a significant PAE with E.coli. It is
unusual for a cephalosporin to exhibit a PAE with Gram
negative bacteria. These post antibiotic effects of
cefdinir against both Gram positive and Gram negative
bacteria may have clinical relevance.

Mail th e ab stra ct form an d
3 c o p ie s to g eth er with your regi
stration form to:

Congress-Headquarters
Secretariat 17th International
C ongress of Chemotherapy

® Futuramed Verlag GmbH
P.O.Box 830358
D-8000 Munich 83
Phone N o.+ ..49 -89 -67 1 0 88 .
Telefax No.+.. 49-89-6701434

Please note that the abstract cannot be processed until the registration form and registration fee have been
received by the Congress-Headquarters.
I have sent the registration form

For official

and fee to the Congress Headquarters

u s e only

Professor J.T.Smith,
D ate

P;e a s e type full
nam e. com p lete
p c s ’ui ad dress,
p n on e ana fax no.
of autnor presenting
:ne paper m
aciacen t sp a c e.

The School o f Pharmacy,

►

Brunswick Square, London,
'WCTFTIM7”UIC
^TeT-: 071-7-53-5862-Fax^D74-*278=06fe2

S ignature

