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Abstract

The postantibiotic effect (PAE) is defined as the persistent suppression of

bacterial growth following brrief exposure to antimicrobial agents. Clinically, the

PAE is important, given ús imFlications of the PAE in influencing dosage regimens

of an''microbials. During the course of this thesis, the PAE was examined in both

fluoroquinolone susceptible and resistant Staphylococcus aureus. Initial studies

established the fluoroquinolone PAE to be a reproducible phenomenon in both

methicillin susceptible (MSSA) and methicillin resistant (MRSA) $.aureus. The

hlpothesis that the PAE of fluoroquinolones in quinolone resistant Ë.aureus would be

simila¡ to their isogenic wild type counterparts was explored, however, several

fluoroquinolone resistant $.aureus strains faited to produce a prolonged PAE when

exposed to antrmiøobial concentrations up to 10x their minimum inhibitory

concenüation (MIC). DNA sequence analysis of the gyrA, gyrB, and norA coding

regions failed to detect mutations which might account for the observed loss of PAE.

Fluoroquinolone uptake into $.aureus cells was found to proceed via a non

sanuable energy independent passive diffusion process, however, studies with

metabolic inhibitors established the presence of an energy dependent efflux system.

Fluoroquinolone accumulation in the presence of these inhibitors was significantly

increased. During the PAE phase, accumulation of fluoroquinolones were also

significantly increased. Unlike actively growing cells, addition of metabolic

inhibitors during the PAE phase did not significantly increase dnrg accumulation.

This suggested that the norA efflux system is depressed during the PAE.

Accumulation kinetic studies demonstrated that normal steady state levels of
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fluoroquinolone accumulation did not return to pre-exposure kinetics for an average

of 6 hours after the end of the PAE phase. This suggests that the duration of ttre PAE

grossly underes¡mates the time required for bacterial cells to fully recover from the

effects of antrmicrobial exposure. Several fluoroquinolone resistant strains displayed

reduced accumulation kinetics of fluoroquinolones confirming that permeability can

also play a role in fluoroquinolone resistance. DNA sequence analysis detected two

nucleotide substitutions in the norA promoter region of these strains. The mutations

coincided with increased production or stability of norA transcripts as detected by

Northern analysis and reduced intracellula¡ accumulation of fluoroquinolones.
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INTRODUCTION

I-. Fluoroquinolones

a) History

The fluoroquinolones of the earty 1980's, launched with the synthesis of

norfloxacin, are not unlike other antimicrobial families, in that they are derived from

chemical modifications of existing agents. The progenitor quinolone, nalidixic acid,

now some 30 years old, was first described by Iæsher et al:urr 1962 (Lesher et a7,1,962).

Nalidixic acid itself is a derivative of the L,8-naphthyridines; compounds obtained

during chloroquine synthesis. Nalidixic acid, while active against a number of gram

negative organisms, had little activity against Pseudomonas aeruginosa and gmm

positive organisms. The pharmacokinetic properties of nalidixic acid limited its utility

in treating systemic infections although it did attain concentrations in urine sufficient to

eradicate most gram negative organisms. Thus the primary clinical use of nalidixic acid

was in the treatnent of urinary tract infections (Siporin,1989). Soon after the

introduction of nalidixic acid into clinical use, reports of toxicity, clinical failures, and

the deveþment of resistance were frequently documented. Nalidixic acid was soon

replaced with other agents.

During the 1970's other quinolone agents were introduced including oxolinic

acid, pipemidic acid and cinoxacin. Unforn¡nately these agents were only marginal

improvements over nalidixic acid with oxolinic acid being approximately 4x more

active than nalidixic acid and pipemidic acid having a significant (but not clinically

relevant) improvement in activity against !.aeruginosa (Bryskier, 1 993).
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The early 1980's saw the synthesis of norfloxacin, the first of the second

generation quinolones. The addition of a 6 - fluo¡ine atom and a 7 - piperazinyl ring

gave rise to the agents now referred to as the fluoroquinolones, 4 - quinolones,

carboxyquinolones, and the quinolone carboxylic acids. Norfloxacin had outstanding

activity against the Enterobacteriaciae, having 50 - 10Ox more activity than nalidixic

acid. More imponantly, norfloxacin also had significant activity against !.aeruginosa

and Staphylococcus aureus. Other second generation quinolones were soon to follow

including ciprofloxacin, enoxacin, pefloxacin, and ofloxacin. From the time of its

launch in the mid 1980's ciprofloxacin has been the "gold standard" by which all other

potential fluoroquinolones have been measured. The attempt to develop

fluoroquinolones with better oral availability, greater gram positive activity and

activity against anaerobes has led to a plethora of third generation compounds

including lomefloxacin, temafloxacin, tosufloxacin, sparfloxacin, and BAy y3118.

b) Structure

As st¿ted previously, the basic fluoroquinolone structure is based on the much

older quinolone analogs such as nalidixic acid and oxolinic acid. The two primary

features o¡ modiñcations that distinguish the two a¡e the addition of a fluorine atom at

position 6 and a pþrazinyl or pynolidinyl substitution at posiúon 7 of the quinolone

nucleus (Wolfson and Hooper, 1989). Figure 1. depicts the stn¡ctures of nalidixic acid

and several of the second and third generation fluoroquinolones.

The fluoroquinolones are not large molecules. The tSpical molecular weight of

these compounds is generally in the range of 300 - 500 daltons. Because of their
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ionisable fr¡nctional groups, the ionic and non-ionic states of the fluoroquinolone

molecules depend on the pH of the surrounding environmenl At neutral pH the

majority of the fluoroquinolones are prcsent in two forms; 90Vo zutitænonic form and

L07o non-dissociaæd acid form @ryskiea1989). These two characæristics are

primarily responsible for the excellent cell penetration exhibiæd by most

fluoroquinolones.

Figure 1. The structures of nalidixic acid and several second and third generation

fluorcquinolones
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The structure activity relationships of the fluoroqtiúnolones have and a¡e being

extensively studied. Modifications to existing structures have been shown to result in

wider antibacterial spectrums, increased gram positive activity, g¡eater oral availability,
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and anaerobic activity. For example the replacement of the 7 - piperannyl group in

cipr,ofloxacin with a 7 - 13' - (ethylamino) methyll - pyrrolidinyl group results in a 7.5

fold increase in activity against S.aureus and a 16 fold increæe in activity against

Streptococcus Bpggnas. The addition of an amino group at position C-5 further

augments these activitíes another 2fold (Wolfson andHooper,1989).

Figure 2. summarizes a number of the fluoroquinolone antibacterial structure

activity relationships @omagala,L994). Positions 2,3,4, and 6 of the fluoroquinolone

molecule are extremely important for antibacterial potency as they all have roles

mediating binding of the molecule to the DNA gyrase complex. Ttre 3 - carboxylate

and the 4 - carbonyl groups are absolutely essential in ttris regard. R-2 is generally an

H atom and the fluorine atom alone can increase activity 100 fold. Very few

modiñcations a¡e made at these positions as most have been shown to decrease

antibac teri al activity.

Figure 2. Summary of quinolone antibacterial structure activity relationships.
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Substitution at positions C-5 and C-7 have been shown to increase both gram positive

activity as well as the entire antibacterial spectrum. Modificæions at these positions

can also affect serum half-life. Position X-8 primarily connols ín-vívo efficacy.

Substitution at this position with groups such as CF, CCl, or COMe can expand the

antibacterial spectrum to include activity against anaerobes @omagala ,lgg4).

c) Antibacterial activity:

Unlike the first quinolone agents which were hampered by a n¿urow spectrum of

activity limited to aerobic gr¿rm negative bacæria, the newer fluoroquinolones are

broad spectrum bactericidal agents. These new agents not only demonstrate greater

potency against common gram negative bacteria but also provide activity against

l.aeruginosa and various gram positive organisms such as S.aureus @liopoulos and

Eliopoulos,l993). In addition, the fluoroquinolones demonstrate good activity against

fastidious gram negative bacteria such as Haemophilus influenzae and sexually

transmitted organisms such as Chlamydia trachomatis (Wolfson and Hooper,1989;

Danger et a1,1988; Hoppe and Simon,1990). Activity against Rickettsia sop., Coxiella

burnetti, and the malariat parasite Plasmodium falciparum have been reported @ivo et

a1,1988;Raoult et 41,1987, Yeaman et a1,1987). Table 1. Iists the susceptibilities of

many clinically relevant gram negative and gram positive organisms. The minimum

bactericidal concentration (MBC) is generally within 2 dilutions of the MCs. When

susceptible enteric organisms are exposed to fluoroquinolones at two to four times the

MIC, a 3 logro reduction in the viable count is usually observed within nvo hours.

Often the bactericidal effects are seen within one hour of exposure @liopoulos and



Table 1. The ín-vítro activities of selected fluoroquinolones.

MICgo, (pg / ml)

Organism CTx. Nft pfx Lfx

Gram nesati

Escherichia coli 0.06

Klebsiella pneumoniae 0.12 0.5 1.0 1.0 o.zs 1.0 0.12

Enterobacter cloacae 0.12 0.5 0.5 0.5 ,.zs 0.5 0.25

Salmonella spp. 0.06 0.lZ 0,lZ O.tZ 0.06 0.12 0.06

Pseudomonas aeruginosa 0.5 2.0 2.0 2.0 2.0 2.0 0.5

Haemophilus influenzae 0.008 0.06 0.06 0.06 0.06

Legionella pneumophila 0.12 0.06 0.06 O.tZ 0.06

Gram positive

staphylococcus epidermidis 0.5 2.0 1.0 2.0 1.0 O.zs 0.lz

streptococcus pneumonia 2.0 16.0 g.0 g.0 2.0 1.0 0.5

Enterococcus faecalis 2.0 8.0 g.0 g.0 4.0 2.0 1.0

0.2 0.t2 0.12 0.06

Ofx Tft Sft



Table 1. Continued

Organism

Others

Mycoplasma pneumoniae

Chlamydia trachomatis

Ureaplasma urealyticum

Mycobacterium tuberculosis

Cfx

tCfx-ciprofloxacin,Nfx-norfloxacin,Pfx-pefloxacin,Lfx-lomefloxacin,Ofx-ofloxacin,Tfx-temafloxacin,sfx-sparfloxacin.

2.0

2.0

2.0

1.0

Nfx

MfCso, (pg / ml)

Pft Lfx

r6.0

16.0

16.0

4.0

2.0

8.0

4.0

4.0

2.0

4.0

oft

1.0

Tfx

1.0

2.0

2.0

0.25

4.0

1.0

Sfx

2.0

0.1

0.06

0.5

o.t2
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Eliopoulos,L993). The rate of killing in gram positive bacteria however has generally

been slower than that of gram negative bacæria. A number of factors can reduce the

activity of the fluoroquinolones. kr vino activity has been shown to be reduced

under anaerobic conditions, acidic pH, excessively large inocula, and high

concentrations of divalent cations. With limited options currently available for the

treafnent of ÍÍury infections, interest in the fluoroquinolones as alternative

chemotherapeutic agents has dramatically increased

2) Mechanisms of action

a) Fluoroquinolone entry into the bacterial cell

Before any antimicrobial can exert its fuIl antibacterial effects it must first gain

access to its site of acúon or target site. The target siæ for most antimicrobial agents

including the fluoroquinolones is found within the bacterial cell. Therefore uptake of

antimicrobial agents into the bacterial cell can serve as an important factor in

determining the activity and antibacterial spectrum of a given antimicrobial agenr

At the time this work began a certain degree of controversy existed in the

literature regarding the exact mechanism of fluoroquinolone entry and accumulation in

the bacterial cell @edard et a1,1987; Chapman and Georgopapadakou,lg8S; Chapman

and Georgopapadakou,l9S9; cohen et a1,1988; Diver,1989; Diver et a1,1990; Kotera

et a1,1991; Piddock et a1,1990). As well, the majority of investigators concentrated

primarily on the upøke of fluoroquinolones in gram negative bacæria. This

introduction will therefore limit itself to a b'rief review of this work, leaving the most

recent investigations to be reviewed along with my findings in the discussion section.
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Most of the earlier work concentrated on the uptake kinetics of fluoroquinolones

in E.coli. In 1987, Bedard et al examined the uptake of lac-enoxacin in E.coli . Their

results indicated that the uptake of enoxacin was not sanlrable even at concentrations

as high as 150 pgml. Competition experiments using unlabelled ciprofloxacin ar

various ciprofloxacin:enoxacin ratios did not modiff enoxacin uptake further

supporting the unsaturable nature of uptake. Experimens perforrred at 4oC clearly

demonstrated the rate of enoxacin uptake was decreased at this temperature. A

number of metabolic inhibitors (sodium azde [NaNg], carbonyl cyanide m-

chlorophenylhydrazone [CCCP], 2,4-dinitrophenol [2,4-DNp], sodium arsenate, and

sodium fluoride) were employed to determine their effect. None of the inhibitors had

any effect on enoxacin uptake. Given the above results, the authors concluded that

enoxacin uptake must tle an energy independent passive diftision process. The

investigators then examined the role of the outer membrane and more specifically the

role of several outer membrane proteins (Omp) in fluoroquinolone uptake.

Accumulation of enoxacin was studied in E.coli mut¿utts deficient in Ornp F, Ornp C,

or both. Little difference in quinolone uptake was observed in Ornp C deficient

mutants, however Omp F deficient mutants had significantly decreased quinolone

uptake as well as a corresponding two fold increase in enoxacin MICs. The uptake of

enoxacin was also examined in Bacillus subtilis with similar findings to those reported

for E.coli.

Consistent with the hypothesis that Omp F was responsible for fluoroquinolone

penneation through the outer membrane of E.coli, Chapman and Georgopapadakou
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reported that MICs of fleroxacin in Omp F deficient mutants were increased (Chapman

and Georgopapadakou,l9SS). The role of divalent cations and in panicular magnesium

was examined in fleroxacin uptake. They discovered the uptake of fleroxacin was

decreased and its MIC was increased in the presence of magls5ium- Chapman and

Georgopapadakou (1988), proposed that fluoroquinolones inæract with the outer

membnane as chelating agents. This h¡pothesis was based on the observation that

outer membrane perturbations gæical of those seen with genumicin and EDTA were

seen in quinolone treated cells. Aminoglycosides and EDTA are known to expose the

lipid bilayer by displacing and chelating divalent cations respectively (tlancock,1984:

Iæive,1968). The afore mentioned quinolone induced alterations, in addition to the

antibacterial action of fleroxacin, was abrogated or prevented by the addition of

magnesiurn Finally, the authors proposed that in addition to the porin pathway,

quinolones may gain access into the cell via a non-porin "self promoted" pathway

similar to that of aminoglycosides.

In 1988 while studying norfloxacin transport in E.coli, Cohen et al discovered an

endogenous energy dependent efflux system. This was the second such efflux system

described for antimicrobials, the first being described for the tetracyclines (McMurry et

41,1983). The fluoroquinolone efflux system was, however, the first described qpecific

for a fully synttretic antimicrobial. The genes encoding the tet efflux system are lnown

to be plasmid mediated, however the fluoroquinolone system appears to be

chromosomally controlled. The authors noted that norfloxacin rapidly diffrrsed into

energy depleted cells, but accumulation was significantly decreased in energized cells.
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They further cha¡acterized the apparent efflux system using everted inner membrra¡re

vesicles. Results suggested that ttre efflux system was ca¡rier mediated and was driven

by proton motive force. Other hydrophilic but not hydrophobic quinolones competed

with norfloxacin for transport. The authors concluded that decreased permeability

caused by Omp F deficient mutants coupled with active efflux may permit the

emergence of strains resistant to fluoroquinolones.

In 1990, Diver et al described a biphasic pattern of fluoroquinolone uptake in

E.coli. Accumulation began with an initiat rapid phase followed by sæadily increasing

accumulation over tttirry minutes. They also reported that there was no direct

relationship between quinolone accumulation and antibacterial activity. Consistent with

other investigators, they described reduced uptake of fluoroquinolones at low

temFerature and acid pH. Studies performed in the presence of metabolic inhibitors

(2,4-DNP, potassium cyanide [KCl.ù1, and sodium azide [NaNs]) indicated that

fluoroquinolone accumulation was reduced. This contradicted some earlier reports and

suggested that uptake is partly dependent on cell metabolism and rnay proceed via an

active transport mechanism.

b) Fluoroquinolone accumulation into S.aureus:

One of the first reports comparing the uptake of fluoroquinolones (toc -

lomefloxacin) in E.coli and S.aureus was published in 1990 by Piddock et al. The

accumulation pattern benveen the two organisms were shown to be similar suggesting

the mechanism of cell entry may be similar in both gram positive and gram negative

cells. In both species saturation of the uptake system with lomefloxacin was not
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observed.

Okuda et al (1991), examined the accumulation of ciprofloxacin and sparfloxacin

in three strains of S.aureus, FDA209-P (fluoroquinolone susceptible), mutant 19 and

6171 (fluoroquinolone resistant). They observed that the fluoroquinolone susceptible

isolate, FDA209-P, accumulated both ciprofloxacin and sparfloxacin to a higher level

than did the fluoroquinolone resistant strains. The observed difference in quinolone

accumulation benveen the susceptible and resistant srains was, however, abolished

with the addition of CCCP. The authors state that these results suggest that energy

dependent reduction systems exist in both the fluoroquinolone resistant strains.

Yoshida et at (1991), examined the accumulation of norfloxacin and sparfloxacin in

both susceptible and resistant strains of S.aureus. hitial experiments wittr their

susceptible strain (MS16008) demonstrated that accumulation increased in a linear

fashion with increasing concentrations of drug and that accumulation was not saturable

at concentrations as high as 80 pglml. They reported that binding of both quinolones

appeared to be reversible as 80Vo and 90Vo of cell associated norfloxacin and

sparfloxacin, respectively, were removed by two additional washings. Plateau levels of

both agents was achieved within five minutes, however levels of sparfloxacin were

approximately six-fold higher in this srain. The norfloxacin resistant, sparfloxacin

susceptible strain, (MS16401), showed less accumulation of norfloxacin than in the

susceptible strain, however, sparfloxacin levels were comparable. S.aureus strain

NMS54, resistant to both agents, showed decreased accumulation of both agents. The

addition of CCCP significantly increased the accumulation of both agents in all three
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strains suggesting the presence of an energy dependent efflux systenl The authors

were also able to establish a relationship benveen the antibacterial activities of the two

agents and the amount of quinolone accumulation in these strains.

Piddock and Ztu, Iggl,examined the accumulation of sparfloxacin in members of

the family Enterobacteriaceae, P.aeruginosa and S.aureus using three different

methods. The first method, a fluorometric technique, was found to be unsuitable

because the sparfloxacin molecule fluoresced poorly resulting in unreliable data. The

second metho4 a vacuum filtration technique, was also found to be unsuitable because

sparfloxacin bound to the filters resulting in an unacceprable background. A third

æchnique based on the par:titioning of cells in silicon oil, centrifugation, and

scintillation counting was adopted.

The authors found that all strains tested with the exception of P.aeruginosa rapidly

accumulated sparfloxacin, with high levels of the drug accumulated by the

Staphylococci. They also demonstrated that the steady state levels of sparfloxacin

were reduced threefold in the presence of the cation magnesium ctrloride (7M

solution). Steady state levels of ciprofloxacin were not as high as sparfloxacin in both

S.aureus and S.epidermidis. Accumulation experiments performed with

fluoroquinolone resistant mutant S.aureus demonstrated no change in the

accumulation of quinolones.

The authors concluded that sparfloxacin is accumulated to higher steady state

levels than ciprofloxacin in Staphylococci and to higher overall levels than gram

negative bacteria. The authors suggest that the inhibition of sparfloxacin accumulation
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by magnesium ions may be the result of a sparfloxacin complex formed in the presence

of these ions. This complex may be too bulþ to diffrrse through the cell envelope or

that this agent uses a "self-¡romoted" pathway.

McCaffrey et aJ, 1992, examined the accumulation of numerous fluoroquinolones,

(fleroxacin, pefloxacin, norfloxacin, difloxacin,456620, ciprofloxacin, ofloxacin, and

Ro 09-1168) in E.coli, !.aeruginosa, and S.aureus. Their results suggest that

quinolones are taken up by a passive diffi.¡sion process, however, studies with

metabolic inhibitors also suggest the presence of an endogenous energy dependent

efflux system. The metabolic inhibitors CCCP and 2,4-DNP had a dramatic effecr on

the accumulation of quinolones in the gram negative species, increasing accumulation

four fold, however, the same dramatic effect was not observed in S.aureus. Although

the uptake Í¡ssays were performed over a thirty minute period, maldmal accumulation

was achieved in approximately five minutes. McCaffrey et a7, 1992, also observed a

relationship benveen the relative hydrophobicity of the agents and the amount of

fluoroquinolone accumulation. High quinolone hydrophobicity was associated with

decreased uptake in the gram negative species but was associated with higher

accumulation in S.aureus.

Bazile et al, 1992, examined the accumulation of eleven fluoroquinolone agents in

E.coli, !.aeruginosa, and S.aureus. They observed a d.irect relationship benveen the

hydrophobicþ of the fluoroquinolone agents and the degree of accumulation in

S.aureus. In addition their experiments demonstrated that while size of the quinolone

agents was a limiting factor in garn negative species, this was not true in S.aureus.
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The authors did not find any correlation benveen antibacterial activity and

accumulation with the three microorganisms tested.

Furet et aI,1992, examined the uptake of pefloxacin into both intact S.aureus cells

and protein free phosphatidylglycerol liposomes. Furet et al, 1992, confimred that

quinolones enter the bacterial cell via simple dtffirsion and also speculaæd that

quinolone species with no net charge, (zwitterionic and uncharged species), have a

predominant role in crossing the membrane. kr addition their work suggested that

negatively charged phospholipids facilitate quinolone difñ¡sion across the membrane,

while zwitterionic phospholipids are unlikely to be involved-

The most surprising result generated by this paper was the observation that CCCp

could increase pefloxacin uptake in liposomes devoid of protein and energy production

at both 3Ooand 4oC. Given these observations, the authors speculaæd that the CCCP

effect in S.aureus may be the result of acidification of the inærnal bacterial pH with

increased binding of the positive quinolone species to the inner leaflet of the

cytoplasmic membrane. They also demonstrated that acidic outer pH optimized both

the CCCP effect in whole cells and pefloxacin labeling of everted membrane vesicles.

The authors do state however that their experiments were deterrnined using a

fluoroquinolone susceptible snain. They suggested that an endogenous active efflux is

unlikely in quinolone susceptible strains but do not rule out its existence in resistant

isolates.

The accumulation of four agents, rufloxacin, ofloxacin, fleroxacin and MF96l,

were studied in S.aureus, P.acn¡gÉnosa, and members of the family Enterobacteriaceae
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by Piddock et a7, L993. The accumulation of all four agents was rapid with steady state

concentrations achieved within five minuæs. Higher steady state concentrations \ilere

achieved in S.aureus than in gram negative species with rufloxacin taken up at the

highest concentrations. Interestingly, although n¡floxacin was accumulated to the

greatest degree, it was the least active agent in S.au¡eus suggesting that no correlation

exists between uptake and antibacterial activity.

In 1993, Asuquo and Piddock published a study comparing the accumulation

kinetics of 15 quinolone agents; nalidixic acid, eight mono-fluoroinared agents , three

di-fluoroinated agents and three tri-fluoroinated agents in S.aureus, E.coli, and

l.aeruginosa. The authors observed a biphasic pattern of accumulation for all agents

studied with an initial rapid phase of uptake in the first ten seconds followed by a slow

steady increase in quinolone accumulation over the next 50 minutes. The number of

fluorine atoms on the quinolone nucleus did not appear to influence uptake of the

agents as no correlation benveen the number of fluorine atoms and level of

accumulation was observed. In addition, Asuquo and Piddock, 1993, were unable to

correlate hydrophobicity and the degree of accumulation. Lastly, no correlation was

found between the amount of quinolone accumulated and the antibacterial activity of

the agents tested.

Denis and Moreau, 1993, exarnined the accumulation of sparfloxacin and three

other fluoroquinolones of decreasing hydrophobicity, pefloxacin, ofloxacin, and

ciprofloxacin in both fluoroquinolone susceptible and resistant clinical isolaæs of

Enterobacteriaceae, !.aeruginosa, and S.aureus. These studies demonstrated the
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importance of hydrophobicity on fluoroquinolone uptake. Sparfloxacin, the most

hydrophobic agent studied, was accumulated in S.aureus to a higher concentntion

than the other quinolones. The opposite was seen in gram negative species with

ciprofloxacin being accumulated the most and sparfloxacin the least. CCCP did not

appear to have any effect on the accumulation of sparfloxacin in S.aureus in both

susceptible and resistant cells.

In 1994, Ma¡shall and Piddock examined the interaction of cations, quinolones and

bacteria. While the majority of the work was perforrred using gram negative species,

the authors do make some interesting observations with S.aureus. They observed that

both Mg* and Ca* increased the MICs of quinolones in S.aureus. In addition the

ICso's of the dnrgs were increased and correlated with the increase in the agents MICs.

Steady state concentrations of quinolones were also reduced in the presence of

cations. The authors end their paper with an interesting hypothesis. They speculate

that there may be a direct antagonism by cations on the interaction between quinolones

and DNA gyrase and suggest that studies be undertaken to test this hypothesis.

c) Topoisomerases' DNA gyrase and its interaction with fluoroquinolones:

Once the fluoroquinolones have penetrated the cell membnane and entered the

bacterial cell they interact with their target site, the DNA-DNA gyrase complex. It is

this interaction that is thought to be responsible for cell death. This section will review

the functions of DNA gyrase as well as how fluoroquinolones interact with DNA,

DNA gyrase and the DNA-DNA gyrase complex.

Deoxyribonucleic acid or DNA encodes genetic information, allows mutations
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and recombination and serves as a templaæ for semi-conservative replication and

transcription (Hooper and Wolfson,I993:Watson et a],1987). The configuration of the

DNA molecule, a linear double helical structure poses many problems. Firstly, the

DNA exists in a highly condensed state within the bacterial cell. In a typical gram

negative cell such as E.coli, the chromosome is a circular DNA molecule

approximately 1,100 pm long. As the cell is t¡,pically only 1 to 2 pm long the DNA

molecule is condensed approximately 1000 fold (Hooper and Wolfson,1993; Watson

et a1,1987; Kornberg and Baker,1991). Despite this, the DNA must still be able to

replicate, segregate into daughter chromosomes, and allow transcription of individual

genes (Ilooper and Wolfson,1993).

With each turn of the DNA helix, which occurs on the average every 10.4 base

pairs, two single strands are wrapped around each other. In a DNA molecule

containing 4 million base pairs the strands are intertwined 4ü),000 times (Hooper and

Wolfson,1993). This is the root of the second problem. The srands must unwind

4CÐ,000 times to allow semi-conservative replication.

Prokaryotes have a ttrird unique problem in that negative supercoils are present in

bacterial DNA. The slightly underwound state of bacterial DNA is thought to facilitate

strand separation required for DNA replication and initiation of transcription (Hooper

and Wolfson,7993: Kornberg and Baker,1991).The bacterial cell must expend energy

to generate these as negaúve supercoils are energetically unfavorable.

Lastly, another problem arises during the transcription of certain genes by RNA

polymerase. For constrained segments of DNA, the tracking of RNA polymerase along
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the helical DNA æmplate generates positive supercoils ahead of and negative

supercoils behind the enz¡me (rlooper and Wolfson,1993; Watson et al,19g7;

Kornberg and Baker,l99l; Sutcliffe er at,1989)

A class of enzymes known as the topoisomerases have evolved in both

prokaryotes and eukaryotes to solve numy of the above problems. DNA

topoisomerases are enzymes that control and modifu the topological states of DNA

(wang,1985). There are two recognized tlpes of topoisomerases; t)¡pe I

topoisomerases act by transiently breaking a DNA strand and passing another strand

through the transient break. Type tr topoisomerases acr in a similar fashion but

transiently b'reak a pair of complementary strands and pass another double stranded

segment through the transient break ftVang,1985). Bacteria contain 4 topoisomerase

enzymes (I - ry). Topoisomerase I and Itr are classified as type I enzymes where as

topoisomerase tr and IV are classified as type II enzymes. Table 2. lists the

topoisomerases identified to date in E.coli.

Table 2. Characterized topoisomeras€s in E.co!!.

Topoisomerase Type Subunit Genes

I

II (DNA gyrase)

TopA

Gy¡A

GyrB

TopB

ParC

ParE

topA

gyrA

gyrB

topB

parC

parE

I

tr

trI

rV
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Topoisomerase I first isolated from E.coli in 1969 (Wang,1971) is a qpe I

enryme. It is a 110 Kda protein encoded for by the topA gene (Hooper and

wolfson,1993; Truckis et a1,1981). Found in both prokaryotes and eukaryotes, it

catalyTÊ,s the removal of negative supercoils from DNA in the absence of ATP

(Wang,1971). kt bacteria, topoisomerase I acts in concert with DNA gyrase to

regulate the levels of negative supercoiling of intracellular DNA and is required for the

transcription of certain operons (Drlica"1984; Reece and Maxwet1,1991).

Topoisomerase III, another qæe I enzyme was first characterized in E.coli þ
Srivenugopal et al (Srivenugopal et a1,1984). It is also able to remove negative

supercoils in the absence of ATP.The enz)rme is encoded for by the topB gene.

Topoisomerase III does not appear to be an essential enz5nne,however,the observation

that topB deletion mutants display an increased frequency of spontaneous DNA

deletions suggests that it may have a role in DNA recombination(Wang et aI,1990).

Little is known about the function of topoisomerase IY in viyo. This enryme, a

type tr topoisomerase, is encoded by the parc and parE genes (Kato et ar,l990). In

vitro ,the purified enzrqehas been shown to catalyznthe ATP dependent relaxation

of negative and positively supercoiled DNA and the unlnoning of un-nicked duplex

DNA. While its role is unclear, studies with conditional tethal mutants indicate that the

parC and parE genes are essential.

Topoisomerase II or DNA gyrase, the intracellular target of fluoroquinolones, is

a q¡pe tr enzyme first isolated from E.coli by Gellen et al in 1976. DNA gyrase was

unique in that unlike other topoisomerase enzymes it had the ability to catalyze, using
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ATP, the introduction of negative superhelical turns into closed-circular double

stranded DNA.

DNA gyrase has now been cloned from a variety of organisms including E.coli,

K.pneumoniae, s.aureus, B.subtilis, cjei!{ú, and most recently p.aeruginosa. The

enzyme is encoded by two genes, gyrA and gyrB. In ttre majority of organisms, E.coli

being an exception, gyrA and gyrB are found contiguousty within the genome. In

S.aureus, the recF, gyrB, and gyrA genes lie in the same open reading frame separated

by only 9 and 36 base pairs sequentially. The absence of obvious ærmination signals

for recF and gyrB and promoter functions for gyrA suggest that the three genes form

an operon transcribed as a polycist¡onic transcript (Margerrison et a1,1992). DNA

gyrase is a tetramer composed of ¡wo A subunits coded for by gyrA and rwo B

subunits coded for by gyrB. In S.aureus the A subunit has an approximate molecular

weight of 99 Kda and the B subunit is approximately 73 Kda @rockba¡k and

Barth,1993). Thus the AcBz holoeîzyme has a predicted molecular weight of

approximately 344 Kda. Both subunis appear to be required for the enzyme ro

function, although each subunit has a unique role. The A subunits fonn a transient

double stranded break in DNA by linking to each complementary strand vraTyr-L2}

(Ilorowitz and Wang,1987). A second DNA duplex is then passed through the gyrase-

DNA gate in a process coupled to ATP hydrotysis by the B subunits.

DNA gyrase is capable of performing a number of topological interconversions of

DNA molecules (table 3.). It is capable of the ATP dependent negative supercoiling

of closed circular double stranded DNA, a feature unique to this enrqe. DNA gyrase
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Table 3. The Reactions of DNA Gyrase:

Subunits req. ATPreq. Inhib by quinolones

Supercoiling

Relaxation

-ve supercoils*

+ve supercoils*

Catenation

Decatenation

Unknoning

DNA cleavage

ATPase

AIB

AÆ

AÆ

AIB

AIB

AÆ

A/B

A/B

B

Yes

No

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

* template dependent

can relax negative supercoiled DNA in an ATP dependent manner and relax positively

supercoiled DNA in an ATP independent fashion. Other observed functions include

the formation and resolution of catenated DNA and the resolution of knotted DNA.

DNA gyrase is the primary target of the fluoroquinolones. The most compelling

evidence in support of this is the existence of single point mutations in the gyrA gene

which confer high level resistance to fluoroquinolones (Fasching et al,l99l;Sreedha¡an

et a1,1991; Goseitz et ar,r992). An important effect of quinolones on DNA gyrase

occurs afær site-specific cleavage of DNA by the enzyme. In ttris reaction, søggered

single strand breaks on both strands are introduced four base pairs apart on a DNA

duplex and the GyrA subunit is covalently attached to the 5' single stranded ends at
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the cleavage site. Covalent linkage occurs at Tyr-I22 of the GyrA subunit. All the

DNA breaks a¡e found within a 120-150 base pair region that binds to the enzyme.

Quinolones are thought to stabilizethe gyrase mediaæd DNA b'reaks leading to a rapid

cessation of DNA synthesis. That is; quinolones are thought to trap the cut

inærmediaæ by stabilizing the enzSrme-DNA complex.

It should be noted that although DNA gyrase is considered to be the primary

tårget of fluoroquinolones, these agents do not bind qpecifically to the enryme. Shen

and Pernet found that quinolones did not bind to DNA gyrase but in fact bind to DNA

(Shen and Pernet,1985). They also demonsnated that quinolones prefer to bind single

stranded DNA and only bind double stranded DNA in a weak non qpecific ÍrÍmner.

However fluoroquinolone binding to a relaxed double stranded DNA substrate can be

induced by the addition of DNA gyrase. This finding lead Shen and colleagues to

suggest that the binding of DNA gyr¿se to the DNA substrate created a site that

allowed the drug to bind in a cooperative manner (Shen et a1,1989). Fu¡ther

experimentation provided evidence to suggest that the bound enzyme induced a drug

binding site on the relaxed DNA molecule and that the binding site was formed during

the gate-opening step. The separated short, single stranded DNA segments form a

simulaæd denatured DNA bubble that is an ideal siæ for the drug to bind (Shen et

a1,1989; Shen,1993). Their working model is depicted in figure 3.

3. Fluoroquinolone Resistance

Since the advent of chemotherapeutics in the treatnent of microbial infections,

the deveþment of resistance has always been a concern. Today, however, common
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clinical pathogens are rapidly becoming resistant to numy agents once considered. first

line therapy. The situation is becoming so precarious that some experts have predicted

that we are entering a phase similar to the pre-antibiotic era for certain bacæriat

infections. Bacteria generally use one or more of three different techniques to acquire

resistance to antimicrobial agents. They can limit access of the drug to its siæ of action

via decreased perrneability (or efflux), the drug can be modified or destroyed, or the

target site can be modified.

The frequency of resistance to fluoroquinolone agents differs greatly among these

agents. The older agents such as nalidixic acid had a selection frequency of

approximately 10-7-E while the newer agents such as ciprofloxacin and ofloxacin select

resistant mutants with frequencies in the range of 10-e to 10{1. To date, no evidence

exists to suggest that bacteria are capable of modiSing or destroying fluoroquinolone

agents but much data has been collected to provide evidence in support of decreased

permeability and / or target site modification. Most of this discussion will focus on

S.aureus, but it is important to first note the role of the outer membrane in gnm

negative bacteria. Uptake studies have clearly demonstrated that porin charurels of

gram negative bacteria play a crucial role in the transport of fluoroquinolone agents.

Experiments have shown that porin deficient mutants accumulate less drug and diqplay

a corresponding decreased susceptibility to fluoroquinolone agents. Omp F appears to

play the major role in gram negative permeability mutants.

Gram positive organisms do not have an outer membnane and as such rely on a

different mechanism to limit access of the fluoroquinolone agents to their siæ of
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Figure 3. Proposed Quinotone-DNA Cooperative Binding Model for DNA

Gyrase Inhibition. The filled and harched boxes denote the quinolone molecules that

seH assemble to form a superrnolecule inside the gyrase- induced DNA pocket. The

binding pocket is believed to be induced during the intermediatÊ, gate opening step of

the DNA supercoiling process (50).
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action. Early studies examining the uptake of norfloxacin in E.coti demonstrated the

exisænce of an endogenous active efflux pump (Cohen et a1,1988). This purative

pump, while first described in gram negative cells has also been shown to exist in

s.aureus (ubukata er 41,1989;Yoshida et al,l990; ohshita E! a1,1990; Kaaø et

a1,I993). The norA gene, responsible for this efflux pump, encodes a protein of

approximately 43 Kda (Yoshida et a1,1990). The deduced NorA polypeptide has 12

predicted hydrophobic membrane spanning regions and is partly homologous (26Vo) to

the tet efflux protein. The NorA pump appears to be present in both susceptible and

resistant organisms. A report by Ohshita et al described a mutarion in the open reading

frame of the norA apparently responsible for quinolone resistance (Ohshita et a],1990).

This has not been confirmed by other workers. Recent reports involving the norA gene

as well as my results will be handled in the discussion section of ttris thesis.

While the NorA efflux protein has been shown to contribute to low level

fluoroquinolone resistance, high level resistance (MIC>8pg,/ml) is acquired through

modifications at the gyrase target (Fasching et a1,1991; Sreedharan et a1,1991; Goseitz

et aJ,l992; Nakamura er 41,1989; Sreedharan er a1,1990; piddock et al,199l).

Documented changes to gyrA in both gram negative and gram positive organisms

appear to be clustered in the amino terminal portion of the polypeptide near tyrosine

122- Table 4 deseribes common changes in gyrA associated with fluoroquinolone

resistance at the DNA and amino acid level. The effects of these amino acid changes

on the secondary and tertiary structures of the GyrA protein have not been fully

elucidated, although it seems apparent that these changes somehow disrupt key
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interactions involving the g¡nase-quinolone complex. The most simple explanation

would be that these changes reduce the atrnity of the binditrg siæ for the quinolone

molecules or in some cases block entry of the antibiotic to the binding site.

Table 4. Mutations in $.aureus gfrA associated with fluoroquinolone resistance.

Position Codon Amino

Acid

Codon Amino

Acid

Type of

Change*

84

84 TCA

Ser change to TIA

Ser changeo GCA

84185 TCA/TCT Ser/Ser change to TTA/CCT

TCA Ser change to TTT

Glu change to AAA

TCA Iæu

Ala

Leu/Pro

Lys

Phe

PtolgP

PtoNP

PtoNP

P to +ve

-ve to NP

84

88 GAA

*' p = polar, NP = non-polar, lg = large, +ve = positive charge, -ve = negative charge

4. Postantibiotic Effect

a) History:

The postantibiotic effect or PAE is defined as the persistent suppression of

bacærial regrowth following brief exposure to antimicrobial agents (McDonald et

a1,1977). The term po"$ is to emphasize that the persisænt suppression is due to

Plevious exposure to antimicrobial agents. The observation that detayed regrowth of

surviving bacteria following removal of an antibiotic was first described almost 50
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years ago @igger,l9$). Bigger noted the delayed development in rurbidity after

adding peniciltinase to cultures of staphylococci and streptococci previously exposed

to penicillin G. Other investigators also noted that culnres of staphylococci exposed

to penicillin G for 5 to 30 minutes and then transferred to drug free medium did not

resume normal growtfr for approximately 1 to 3 hours (Parker and Marsh ,1946;Parker

and Luse,1948). These investigators also noticed a time-concentration relationship in

this effect. Incteasing concentrations of drug and/or longer exposure times resulted in

greater bacterial kill and a longer time for resumption of norrnal growth. Parker and

Luse, 1948, reported that this effect was not due to the selective killing of dividing

cells, leaving resting cells unaffected, because the effect was as apparent when there

was no change in the viable cell count afær penicillin treatûrent as when the population

was moderately reduced (Parker and Luse,1948). Eagle and co-workers extended this

work to include other gram positive bacteria and confimred that this persisænt effect

exists both in viffo and in vivo (Eagke,7949; Eagle and Musselman,l949; Eagle et

41,1950). Surprisingly, research in this r¡rea was not resurected until just over a decade

ago. The long void in the continuation of ttris work is somewhat disconcerting

considering the implications of this area in the practice of chemotherapeutics. In the

last decade however, studies on PAE have been expanded to include most clinically

relevant gram positive and gram negative organisn$ as well as most antimiqobial

agents.

b) Factors affecting the PAE:

The PAE appears to be a featr¡re of virnratly every antimicrobial examined and
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has been documented with most common bacterial pathogens. Nevertheless, the type

of organism, the class and concentration of antimicrobial agent, and the duration of

exposure all influence the duration or presence of the PAE (Craig and

Vogelman,1987). As stated above, the PAE has been evaluaæd in many common gram

positive and gram negative pathogens but dat¿ regarding the PAE for organisms other

than aerobic gram positive cocci and gram negative baci[i are limited. Experiments

with anaerobic gram negative bacilli such as Bacteroides fragrlis demonstrate no

PAE with cefoxitin, but PAEs lasting several hours have been observed with

clindamycin, metronidazole, and chloramphenicol (Craig and Gudmundsson,lgS6).

Studies with antituberculosis agents indicate a PAE lasting several days when

Mycobacterium tuberculosis is exposed to isoniazid (Beggs and Jenne,1969). Limited

studies with antifungal agents show significant PAEs produced by amphotericin B and

flucytosine with Candida spp. and one strain of CYyptococcus neoformans. In conrrasr,

little or no PAE was observed with the imidazole agents ketoconazole and miconazole

(Craig and Gudmundsson,l986). Tables 5 and 6 display the maximat ín vitro pAEs

achieved with several antimicrobial / microorganism combinations. The majority of

antimicrobial agents used in clinical practice today have been evaluated for their pAE

(tables 5 and 6). In general, inhibitors of protein and nucleic acid synthesis (including

chloramphenicol, tetracycline, clindarnycin, aminoglycosides, rifarnpin, and

fluoroquinolones) induce prolonged PAEs (2 to 6 hours) against most gram positive

cocci and gram negative bacilli within their spectrum of activity (Craig and

Vogelman,l987). The apparent difference in the duration of the PAE between gram
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positive and gram negative bacteria with aminoglycosides may be somewhat

misleading. The rapid and complete bactericidal activity of these agents against gram

positive cocci may not allow accurate quantitation of the true PAE whereas the slower

ki[ing of gram negative bacilli leaves sufEcient cells to monitor regrowth. In contrast,

cell wall-active agents (peniciltins, cephalosporins, carbapenems, monobactams, and

vancomycin) and trimethoprim induce PAEs of approximately 2 hours duration in

gram positive cocci, but very short or no effects in gram negative bacilli (Craig and

VogeLnan,1987). Imipenem, a cell wall-active agent is unique in that it can produce

significant PAEs with some strains of P.aeruginosa. In some instances gram negative

bacilti exposed to penicillins and cephalosporins rnay produce what appears to be a

negative PAE. That is; the culture exposed to a¡rtimicrobials appears to grow faster

than the growth control. This phenomenon is most likely the result of filamentous

forms, induced by exposure to B-lactam antimicrobials, dividing faster than connol

organisms soon after drug removal.



Table 5': Maximal ìn vítro Postantibiotic Effect of several antimicrobial classes for gram positive cocci.

PAE ( hours )

Antimicrobial MSSA

Aminoglycosides 0.5-1.5

Cephalosporins 1.5-2.5

Clindamycin 2.5-3.s

Macrolides >3.5

Imipenem Z.S-3.s

Penicillins 1.5-3.5

Fluoroquinolones 1.5-3.5

Tetracyclines 1.5-3.5

Vancomycin 2.5-3.5

* adapted from references 67, 69,71

MSSA = methicillin susceptible S.aureus

MRSA

0.5-1.5

2.5-3.5

1.5-2.5

1.5-2.5

S.pneumoniae

2.5-3.5

>3.5

>3.5

2.5-3.5

0.5-2.5

1.5-2.5

E.faecalis
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S.pyogenes

1.5-3.5

1.5-3.5

MRSA = methicillin resistant S.aureus

>3.5

>3.5

2.5-3.5

1.5-2.5

1.5-2.5



Tabte 6': Maximal in vitro Postantibiotic Effect of several antimicrobial classes for gram negative bacilli.

PAE ( hours )

Antimicrobial

Aminoglycosides

Cephalosporins

Chloramphenicol

Imipenem

Penicillins

Fluoroquinolones

E.coli

2.5>3.5

<0.5-1.5

1.5-3.5

t.5-2.5

<0.5-1.0

1.5-3.5

Rifampin >3.5

* adapted from references 67, 69,71

2.5>3.5

<0.5-1.5

P.aeruginosa H.influenzae

r.5-2.5

<0.5

2.5>3.5

<0.5

1.5-3.5

<0.5

1.5-3.5

2.5>3.5
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K.pneumoniae

<0.5-1.5

t.5-2.5

<0.5-1.5

2.5-3.5

0.5-1.5

<0.5-1.5

P.mirabilis

<0.5-1.5

0.5-1.5

<0.5-1.5

2.5>3.5 2.5-3.5
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c) Effects of concentration and duration of exposure:

Two of the 66s1 imFortant factors that determine the duration of the pAE for

any antimicrobial / organism combination are the concentration of antimicrobial and

the tength of exposure. In general, the persistent suppression of bacterial growth is

only seen afær bacteria have been exposed to drug concentrations that approach or

exceed the MIC. When gram positive cocci are exposed to p-lactams, both the

bacæricidal activity and the duration of the PAE increase with increasing antimicrobial

concentrations. There is a ceiling effect, however, that occurs benveen 5 and 10 times

the MIC. At this point, maximal bactericidal activity and maximal pAE occur and

increasing drug concentrations beyond this point do not increase either parameter

(McDonald et a7,1977; MacKenzie and Gould,1993). Gram negative bacilli exhibit

little or no PAE with p-lactams (with the exception of imipenem) regardless of

antimicrobial concentration (MacDonald et a7,1.977; MacKenzie and Gould,1993).

Unlike the B-lactams, which show little concentration dependent bacæricidal activity,

the aminoglycosides display marked concentration dependent bacæricidal acnvrty. In

vítro data document more extensive and rapid bacterial killing and continually

increasing PAEs with increasing aminoglycoside concentration (Isaksson et at,1988).

Isaksson (1988), has documented continually increasing PAEs with E.coli and

l.aeruginosa using aminoglycoside concentrations of 1,-64pgrn1. Aminoglycosides are

also one of the few antimic:¡obials that appear to induce a PAE even at concentrations

below the MIC of the organism (Isaksson et a1,1988). The bacteriostatic agents,

erythromycin, tetracycline, and chloramphenicol induce PAEs in both gram positive
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and gram negæive organisms only at concentrations above the MIC. Maximal PAE is

obtained at concentrations 5 to 10 times the MIC (MacDonald, et al,I977; Bundøen et

41,1981). Rifampin does not appear to have a ceiling on its effect. Studies with

$.aureus reveal that rifampin PAEs continue to increase even at concentrations as high

as 200 "nes the MIC (Isaksson et a1,1988).

Increasing the antimicrobials length of exposure has been shown to prolong the

duration of the PAE. The length of exposure has also been shown to have a ceiling

effect for many antimicrobials, i.e.; a mædmal PAE is obtained regardless of the

duration of antimicrobial exposure. A number of experiments by CTaig and co-workers

have demonstrated that the length of exposure and concentration of antimicrobials

appear to have equal effects on the PAE (Fig. 4). Doubling the concennadon has the

same approximate effect as doubling the exposure time. Thus the "area under the

concentration culve" (AUC - concentration x duration of exposure) appears to be the

major detemrinant on the PAE duration for most antimicrobial / organism

combinations (Craig and Gudmundsson, 1986).

d) Quantitation of the PAE:

The PAE can be demonstrated both in vitro and in vivo by deæmrining bacærial

growth patterns after the antibiotic has been removed. Comparison of the growth

kinetics of a treated organism (exposed to antimicrobial) with that of an untreated

connol enables us to assess the duration of the PAE (Craig and VogeLnan,l987).

Investigators performing in vito experiments generally use rapid drug removal

techniques such as repeated washing, dilution, or drug inactivation (Frg.s).



PAE (hours)

2.5

2

1.5

1

o,5

o
Mrc 2xMlC 4xMlC Mrc 2xMlC 4xMlC

t
o\



37

Figure 4. The effect of antimicrobial concentration and duration of exposure on

the postantibiotic effect. Escherichia coli was exposed to either norfloxacin or

ciprofloxacin at its MIC, 2xMIC, or 4xMIC. The organism was exposed to each

concentration for 30, 60, or l2O minutes.
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Figure 5. Growth kinetics of a typical PAE erperiment.

offi
T|HE (ho,r¡l

The ¡¿ vitro PAEof penicillin G (0.05 pgml) afær a 2 hour exposure with
$.aureus. Dnrg removal to inactive concenEations was performed by repeæed
washing, a l:1000 dilution, or addition of penicillinase.

In vivo, four animal models exist to study the phenomenon; thigh infection in

neuEopenic mice, meningitis in rabbits, endoca¡ditis in rats, and pneumonia in guinea

pigs (Vogetnan çl d,1988; Tauber eI a1,1984; Ingerman c_t a1,1986i Kapusnik g¡

d,1985). In each of the preceding animal models, regrowth of bacteria is assessed after

serum and tissue levels decrease to less than the MIC of the test agent against the

infecting organism. Table 7 displays the in vivo PAE results for several antimicrobial /

organism combinations. Regardless of the technique used to determine the PAE, the

equation PAE = T - C is used to quantify the phenomenon. T represents the time

required for the bacærial count (cfl¡/ml) in the test cultrue to increase one logro above

the count observed immediately after drug removal and C represents the time required

for an untreated cbntrol cultu¡e to increase one log10 above the count observed



Table 7t. In vivo PAE results for several antimicrobial - organism combinations.

Antimiøobial

Penicillins

Cephalosporins

Imipenem

Vancomycin

Aminoglycosides

Fluoroquinolones

Tefracyclines

Macrolides

Staphylococci

2-6

2-6

2-4

4-6

Streptococci

PAE (hours)

0neutropenic mouse thigh model

<0.5

2-4

2-4

4-6

4>6

Enterobacteriaceae

<0.5-2

<0.5-2

0.5-2

39

4-6

4>6

Pseudomonas

4>6

2-6

2-4

<0.5

<0.5

2-4

4>6

2-6
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immediaæIy after drug removal (MacDonald er al,r977; cyaig and

Gudmundsson,1986). To calculaæ the PAE in vivo a similar equation is used. Using

the neutropenic mouse thigh model as an example the equation pAE - T - C - M is

employed (Vogehnan et a1,1988). M represents the time serum levels exceed the MIC;

T is the time required for the number of cfu in ttre thighs of treated mice to increase

one logle above the count at time M and C is the time required for the number of cfri

in the thighs of unneated controls to increase one logro above the viable counts at zero

time. It is important to note that the above equations require cells to increase by one

logls cfu before normal growth kinetics are considered to be "normal". To understand

the importance of this one must first consider the cultures that are being examined- A

bacterial culture is composed of a large population of individual cells. Early srudies

have demonstrated quite clearly that individual cells within the bacterial population can

vary tremendously in their growth characteristics. Therefore, by requiring an overall

increase in cfu by one logls the variability among individual cells is reduced to

acceptable levels and the growth characteristics of the population as a whole is more

accurately reflected

e) Mechanism of the PAE:

The precise mechanism by which antimicrobials induce PAEs are as yet not

understood. The observed differences in PAEs of various antimicrobial / organism

combinations suggest that multiple mechanisms are involved (Craig and

Gudmundsson,1986; zhanel et a1,1991; MacKenzie and Gould,lgg3). It does not

appear to be the result of a population shift in the test cultures to slower growing
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variants as the growth curyes of test and control culnues are parallel in the post pAE

phase. The two most commonly proposed mechanisms are drug induced nonlethal

damage at the cellular siæ of action and/or the limi¡sd persistence of the drug at its

binding siæ (craig and vogelnan,l987; craig and Gudmundsson,lggl; ztanel et

al,799l:MacKenzie and Gould ,Lgg3ò.For agents such as the macrolides, tetracycline,

and chloramphenicol, which revenibly bind to qpecific subunits of susceptible bacterial

ribosomes it has been suggested that the PAE represents the time required for the

antibiotics to diffrrse from the ribosome. An argument against this hypothesis stems

from experiments by Gerber and Claig (Gerber and Craig,1981). They demonstrated

that ttre PAE of er¡hromycin with S.prreumoniae was not lost during a24hovr period

at 4oC, during which time the drug would have been expecred to difü¡se from the

ribosomes.

The aminoglycosides are a class of agents that exhibit their highly tethal effects

by irreversibly binding to ribosome subunits. It has been suggested that the prolonged

PAE induced by these agents could represent the binding of sublethal amounts of drug

with subsequent disruption of protein synthesis. Therefore a possible result of this may

be the depletion of functional proteins required by the cell for its intermediary

metabolism and unhampered growth. The PAE might represent a period of resynthesis

of these proteins (Craig and Gudmundsson,1987).

Ê-lacto- ¿¡1timiç¡sþials show a ma¡ked difference in their effect on gr¿ür positive

and gram negative bacæria. A prolonged PAE is observed in gram positive organisms,

however, little or no PAE is observed in gtarn negative organisms. In both organisms,



42

B-lactams are known to bind to multiple penicillin binding proteins (PBp), some of

which are required for cell wall synthesis. CTaig and Gudmundsson (Craig and

Gudmundsson, 1987) have postulated that the PAEs of Blactam agenrs represent rhe

time required for the organism to synthesize new enzymes. It has also been shown that

the covalently bound penicillin-enzyme complex can break down regenerating active

enzyme molecules (Tomasz,1979). Thus the PAE could represenr the time required for

the restoration of pre-existing PBPs. A recent paper by yan et ar (rgg4), has shown

the new synthesis hypothesis to be the most likely scenario. They demonstrated that

the PAE induced by peniciltin in S.Byggelgs is the resulr of irreversible binding to and

the subsequent reslmthesis of PBP 1-3.

Fuursted has speculated that the PAE induced by fluoroquinolones may represenr

the time required for these agents to dissociate from their binding siæ and diffuse from

the cell (Fuursted,1987). This explanation seems reasonable, however, one cannot

discount a multifactorial mechanisrn

f) Clinical implications of the PAE:

Clinically the PAE has very important implications, its major impact being on the

frequency of antimicrobial administration. At present, most antimicrobial regimens are

designed to ensure serum and tissue levels of drug remain above the MIC for most of

the dosing inærval. While this has proved to be relatively successful for most cases, it

may not be the optimal dosing regimen for drug efficacy, toxicity and cost. Studies

have already shown that once daily aminoglycoside therapy is as efñcacious as bid

(twice a day) or tid (three times a day) dosing and the likelihood of oxiciry is reduced
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(Gilbert,1991). Demonstration of a prolonged PAE should allow for increased periods

of time between dosing. Regrowth of the infecting organisms would be suppressed by

the PAE allowing serum and tissue levels of the antimicrobial agent to fall below the

MIC without any loss in dnrg efñcacy.

5. Staohvlococcus aureus:

S.aureus resides in the family Micrococcaceae. Its genus name "staphylococçus"

is derived from the Greek term grape-like cocci. This name is appropriate because the

cellular rurangement of these organisms resembles a cluster of grapes.

The Staphylococci are small gram positive cocci 0.5 to 1.5 pm in diameter, non

motile, and facultatively anaerobic. They are catalase positive, salt tolerant, and grow

well at temperatures ranging from 18o to 40oc (Kaplan and renenbaum,lgg2).

S.aureus is differentiated from other Staphylococcal species by its ability to produce

coagulase.

Some consider S.aureus to be one of the most versatile pathogens in existence

today @rumfitt and Hamilton-Miller,1989). It produces at least five cyolytic toxins

(cr, Þ, ô, 7, and leucocidin) as well as exfoliative roxin (Staphylococcal scalded skin

syndrome) and toxic shock syndrome toxin-l. S.aureus also produces five

serologically distinct enterotoxins (A - E) that are resistant to hydrolysis by gastric and

jejunel enzymes and are thermostable. As a result S.aureus is commonly associated

with cases of food-borne poisonings.

Treament of Staphylococcal infections is becoming increasingly problematic.

The term "antibiotic resistant" and 'lS.aureus" is rapidly becoming synonymous. The
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advent of penicillin G in the early 1940's æmporarily solved the problem of

Staphylococcal infections, but the constant use of this agent caused the selection of

resistant (B-lactanase producing) strains. By 1948 the prevalence of resistant strains

had seriously reduced the value of penicillin G (Barber and Rozwadowska-

Dowzenko,L948). By the end of the 1950's S.¿uæus had acquired resistance to

virmally all available systemic antimicrobials including erythromycin, streptomycin,

and the tetracyclines. The semi-synthetic penicillins, (mettricillin, oxacillin etc.)

produced in ttre early 1960's seemed hopeful as they were not inactivated bV Þ-

lactamases. Resistance to these agents were soon detected however. The methicillin

resistant S.aureus (MRSA) snains of the 1960's and 1970's, while resistant to most

penicillins, were adequately covered by numerous other agents. The late 1980's and

early 1990's saw the arrival of new highly resistant MRSA strains. So multiply

resistant are some of these snains that vancomycin is the only option left available for

many staphylococcal infections. Add to this the fact that vancomycin resistant

Enterococci have now been isolated. The genes vanA and vanB, responsible for

vancomycin resistance reside on highly mobile transposons. How long will it be before

MRSA acquires vancomycin resistance? V/ith this information in mind it is clear that

research dedicated to finding new antimicrobial agents is an absolute priority. The

infomraúon gleaned from studying pharmacodynamic pafttmerers of existing agents

and the resistance mechanisms directed against them should help us in the search for

new agents.

The studies in this thesis were undertaken in part to expand our knowledge of
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fluoroquinolone phannacodynamics in gram positive bacæria- While the pAE of many

antimicrobials and the accumulation of these agents has been well studied in gram

negative organisms, exarrination of the sarne in gram positive organisms has not been

as well defined- It is only with the study of existing agents can we hope to better

understand their mechanisms of action and apply this knowledge to the rational design

of new and improved chemotherapeutic agents.
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Methods and Materials

l. Bacterial strains

The following methicillin susceptible strains of g.aureus were obtained from

the clinical microbiology laboratory, Health sciences centeç F651, F62g, F495,

F447, F988. The methicillin resistant $.aureus srrains Flgz, F201, and F32l were

also obtained from the clinical microbiology laboratory, Health Sciences Center.

s.aureus strains ATCC #2sgz3, #29213 (MssA), and #33592 (MRSA) were

obtained from the American Type Culture Collection, Rockville, Maryland. The

methicillin resistant-fluoroquinolone resistant S.aureus strains #603,#609, #614, and

#617 were obtained from Dr. Donald E. Low, Mount sinai Hospiral, Toronto,

Ontario. Escherichia coli DH5a was obtained from Dr. J. Neil Simonsen, Dept. of

Medical Microbiology, university of Manitoba, winnipeg, Manitoba.

2. Antimicrobials

The following antimicrobials were used throughout the course of this thesis;

Fluoroquinolones: ciprofloxacin, pefloxacin, norfloxacin, lomefloxacin, and

sparfloxacin. p'lactams: cloxacillin , cephalexin, and ampicillin. Aminoglycosides:

gentamicin. Choramphenicol was also used in the large scale plasmid preparations.

Ciprofloxacin was obtained from Miles Pharmaceuticals, Rexdale, Ontario, Canada;

pefloxacin and sparfloxacin were obtained from Rhone Poulenc Rorer, Montreal,

Quebec, Canada; norfloxacin was obtained from Merck Frosst, Rahway, N.J., uSA;
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lomefloxacin was obtained from Searle, Chicago, Illinois,USA; cloxaciltin was

obtained from Bristol-Myers, s¡nacuse, N.y., usA.; cephalexin was obtained from

Sigma chemical company, St. Louis, Mo, USA., empicillin was obtained from Sigma

chemical company, st. Louis, Mo, usA., md gentamicin was obtained from

Schering Corp- Ltd., Pointe Claire, Quebec Canada. Chloramphenicol was obtained

from Parke-Davis, Morris Plains, N.I. USA.

3. Radiolabetted antimicrobÍals

All 
toc-antimicrobials 

were obtained from their respective manufactu¡ers. 
I4C-

pefloxacin and 
toC-sparfloxacin 

were obtained from Rhone poulenc Rorer, Montreal,

Quebec; 
toc-norflo*acin 

was obtained from Merck Frosst, Rahway, N.J.; and 
toc-

lomefloxacin was obtained from Sea¡le, Chicago, Illinois. Specific activities of the

¡adiolabelled compounds were as follows: toc-p"flo*""in 
50.g¡rcilmg, toc-

sparfloxacin 3lpCt/mg, 
toc-norflo*acin 

46.5pCilmg, and 
toc-lomefloxacin 

152¡t

CV-9.

4. Susceptibility testing

Initial minimum inhibitory concentrations (MICs) were performed using a

macrotuh procedure described by the National Commitæe for Clinical Microbiology

Standards. Serial doubling dilution's of an¡microbials were prepared in lml cation

supplemented Mueller-Hinton broth (ÀítIB) @ifco Laboratories, Detroir, MI.) (final

concentration Ca*'50mg/1, tvtgÐ 25mgÃ). The bacærial i¡¡ç:¡lnm was prepared from
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an exponential phase culture and adjusted to yield a 0.5 MacFarland turbidity standard

(1 x 108 cfulml). Tubes were incubated at 37oC for 16-18 hours and the MIC

deterrnined as the lowest concentration of antimicrobial ttrat inhibited bacterial growth.

MICs determined by the above macrotube method were repeated using a more

accurate arithmetic series of antimicrobial dilution's (0.02 mgfl increments). A

microtitre method as described by the National Committee for Clinical Microbiology

Standards was employed Microtitre plates were inoculated with a MIC-2000

automatic inoculator (Dynatech Laboratories rnc., Alexand¡ia virginia, usA)

resulting in a final inoculum of approximaæly 5 x 10s cfu/ml. MICs were defined as the

lowest concentration of antimicrobial that inhibited bacterial growth afær 1g hours

incubation at37oc.

5. Selection of Fluoroquinolone resistant mutants.

Brain Heart Infusion (BHÐ (Oxoid-Unipath Ltd., Basingstoke, Hampshire) agar

plates were prepared with fluoroquinolone added to a final concentration equal to the

MIC of the organism to be sub-cultured. The organism was plated onto the BHI agar

and incubated at 37"C for 24-48 hours. After incubation colonies were picked from

each plate and sub-cultured onto fresh fluoroquinolone containing BHI agar plates and

allowed to incubate a further 24-48 hours at37"C. This process was repeated until a)

good growth was achieved and b) colony morphology resembled a single clone. Once

good growth was achieved with onty a single colony tJæe apparent, organisms were

sub-cultured on BHI agar containing nvice the concentration of fluoroquinolone as the
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original plates (Fig.6). The above process was repeated increasing the fluoroquinolone

concentration with each subsequent sub-culture until MICs could no longer be

increased. The stability of the resistant isolaæs was evaluated by sub.culturing the

organisms on drug free medinm and assessing their MCs.

6. Determination of the Postantibiotic Effect

A) preparation of bacterial culture

1-2 colonies from a24hotn old blood agar plate were used to inoculate 50ml of

MHB and the culture incubated overnight for 16-18 hours at 37oc.5ml of the

overnight culture was transferred to 45ml of fresh MHB and allowed to incubaæ at 37

oC for several hours until the optical density at À580nm approached 0.3. All optical

densities were measured with a Spectronic 1201 spectrophotometer, (Milton Roy

Company, Rochester, N.Y., USA). lml of the resulting mid-log phase culture was then

transferred to: a) a growth control containing 9ml of MHB and b) a test culture

containing 8.9rnl of MHB and 100p1 of the test antimicrobial stock solution.

Antimicrobial stock solutions were made to an initial concentration of 10ûx the test

concentration. The final concentration of organisms in both the growth control and

the test culture should be approximately 106-10t .fry'*I. A small aliquot from each

tube was immediaæty removed to veriff the inoculum by viable colony counts and the

tubes transferred to a37"C water bath for 2 hours.

B) removal of the antimicrobials

Two different methods \ilere used to remove or reduce the antimicrobial
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Figure 6. Diagramatic representation of the technique used to select for

fluoroquinolone resistant isolates. Fluoroquinolone susceptible clinical isolates

were plated on BHI agar containing a fluoroquinolone at the organisms ¡4¡C. After

repeated subculture at this concentration, the organism was subcultured on BHI agar

containing twice the previous drug concentration. This was repeated until the

organisms would no longer grow.



concentrations to levels that no longer had any effect on the bacterial cells.

1. Dilution Method:

100¡tl of both the test culnre and the growth control were transferred to 9.9mI of

fresh MHB resulting in a 1:100 dilution. The diluted cultures were incubated in a37"C

waærbath for several hours until marked turbidity was observed (Frg.7).

2. Washing Method:

The test culture and growth control were centrifr¡ged at 4000 xg for 5 minutes

and the pellet resuspended in phosphate buffered saline (PBS) (appendix A). Cultures

were recentrifuged and the pellets resuspended in 10rnt fresh MHB. The resuspended

cultures were allowed to incubate n a 37oC waterbath until marked turbidity was

observed.

C: residual antimicrobial control

A residual antimicrobial control (RAC) was developed for use in the test system

to ensure levels of diluted antimicrobials were no longer having any signifrcant effect

on the growth rate of the test organisms. The RAC is designed to contain the same

concentration of drug found in the diluted antimicrobial test tube. 100p1 of the

antimicrobial stock solution was added to 9.9m1of MHB. A further 100¡rl aliquot was

transferred from this new antimicrobial dilution to the RAC tube which consists of

9.8m1 of fresh MHB and a 100p1 aliquot from the growth conrrol. The RAC rube was

incubated and neated identically as the diluted test and growth control tubes.

D: viable colony counting

After antimicrobial dilution / removal, l00pl aliquots were removed from the test
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Figure 7. Diagrammatic representation of the ditution technique used to

determine the PAE.
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culture, growth control, and RAC tubes every 0.5 hours until ma¡ked turbidiry is

observed. The aliquots were serially diluted in PBS and plaæd on sheep blood agar

plates. Plates were incubated for 18 hours at 37oC and manually counted. All plaæs

containing less than 25 colonies or greater than 250 colonies were rejected.

E: calculation of the PAE

The following formula was used to calculate the pAE:

PAE=T-C

where T represents the time required for the organisms in the test culture to inc¡ease

one logro above the viable colony counr immediately after dilution

and

where C represents the time required for the organisms in the control culture to

increase one logro above the viable colony count immediately after dilution.

7. Fluoroquinolone accumulation in exponential phase S.aureus cells

A modified method of Diver et al, 1990, was employed for the determination of

fluoroquinolone accumulation in S.aureus. This method results in exponential phase

cultures containing approximately 10E cfiy'ml.

One to two colonies from a24how old blood agar plate were used to inoculate

50ml of Iso-Sensitest broth (Oxoid-Unipath, Basingstoke, Hampshire) and the culture

incubated overnight for 16-18 hours at3ToC.Five hundred microlitres of the overnight

culture was transferred to 50ml of fresh Iso-Sensitest broth and allowed to incubate at

37oC fot 2.5 hours in a shaking water bath. A 1ûnI atiquot was removed and
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centrifuged at 4000 x g for 10 minutes, washed with PBS and the resulting pellet

resuspended in lmt of PBS. A 50¡rl aliquot was Íemoved for deterrrination of total cell

protein and the PBS-pellet resuspended in 9ml of fresh Iso-Sensitesr broth. The

culture was allowed to equilibrate for 10 minutes at 37oC after which time a 50pl

aliquot was removed for determination of the viable cell count. The reaction was

initiaæd by ad¡rition of 
toc-flooroquinolone. 

At timed inæwals, a 0.5m1 aliquot was

removed and immediaæly diluted in 20ml PBS at 7oC. The sample was filtered

through a 0.45pm pore, 25mm diameter nylon membnane filter (Micron Separations

Inc., Westbora, M.A.) using a vacuum filtration manifold (Millipore Corp., Bedford,

M.A.). Just prior to filtration, filters were presoaked in PBS. Filærs were washed with

20ml PBS , removed from the manifold, d¡ied at 60oC for t hour and placed in lgml

cytoscint scintillation cocktail (ICN, costa Mesa, cA.) for counting in a LI(B

Rackbeta 1217 counter. C-ell associated radioactivity was deterrnined after correction

for non-specific binding of the radiolabel to fi.lters in the absence of bacterial cells.

Total cell protein was deterrnined by the method of Inwry et al (1951).

8. Treatment with metabolic inhibitors

The effect of several metabolic inhibitors on the uptake of 
toc-fluoroquinolones

was examined rhe inhibitors 2,4-dinitrophenol (Dl.Ip), carbonyl cyanide m-

chlorophenyl-hydrazine (cccp), sodium azide (Na\), and potassium cyanide (KCN)

were added to final concentrations of 2mM, 50pM, 5mM, and 2mM respectively. All

inhibitors were added 10 minutes after the addition of the radiolabeled



57

fluoroquinolone. The inhibitors were determined not to be bacæricidat over the course

of the assay as determined by viable colony counts in the absence of antibiotics.

9. Fluoroquinolone accumulation in pAE phase cells

In order to ensure sufñcient numbers of viable cells were available for uptake

experiments, the uptake assay as described above was modified. In addition, to ensure

organisms were in the PAE phase during the time frame of the uptake assays, pAE

determinations were simultaneously performed with all uptake experiments.

One to two colonies from a24hotn old blood agar plate were used to inoculate

50rnl of Iso-Sensitest broth. The culture was incubated overnight for 16-18 hours at

37oC- Five hund¡ed microlires of the overnight culture was transferred to 50ml of

fresh Iso-Sensitest broth and allowed to incubaæ at 37oC for several hours in a

shaking water bath. Ten millilitres of this culture was transferred to 90rnl Iso-Sensitest

broth containing antimictobial at a given multiple of the MIC and incubated for 2

hours at 37oc. Antimicrobials were removed by centrifugation at 4000 x g, 10

minutes, washed twice with PBS and the pellet resuspended in fresh Iso-Sensitest

broth. To determine the PAE, cultures were allowed to incubate at 37oC for several

hours until marked turbidity was observed. Aliquots were removed every 0.5 hours to

assess regrowth. The PAE was calculated as described earlier.

For uptake experiments the pellet (after washing to remove antimicrobials) was

resuspended in I ml PBS and a 50¡rl aliquot removed for determination of total cell

protein. The pellet-PBS was resuspended in gml fresh Iso-Sensitest broth and adjusted
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to approximately 10E cfu/mt. C-ell densities were adjusted with McFarland srandards

and confirmed by viable colony counts. Cultures were allowed to equitibnate l0

minutes at 37oC prior to the start of the experiment afær which a 50pl aliquot was

removed for determination of the viable cell count. After addition of the 
toc-

fluoroquinolone 0.5m1 aliquots were removed at timed inærvals and irnmediaæly

diluted in 20ml PBS at 7oc. The sample was filtered through a 0.45pm pore, 25mm

diameter nylon membrane filter Micron Separations Inc., Westbora, M.A.) using a

vacuum filtration manifold (Millipore Corp., Bedford, M.A.). Just prior ro filtrarion,

filærs were presoaked in PBS. Filters were washed with 20ml pBS , removed from the

manifold dried at 60oC for t hour and placed in 10mI Cytoscint scintillation cocktail

(ICN, costa Mesa, cA.) for counting in a LKB Rackbeta 1217 counter. c-eu

associaæd radioactivity was detennined after correction for non-specific binding of the

radiolabel to filters in the absence of bacterial cells. Total cell protein was determined

by the method of Lowry et al (1951).

L0. Protein determination using the Lowry Method.

Fifty microlitres of the S.aureus pellet-PBS was added to 150p1of l.gN NaOH

in a 5ml test tube. The tube was heated to just under boiling for 10 minures after

which lrnl of reagent D (appendix A) was added, mixed and allowed to stand for 10

minutes at room temperature. 100p1 of reagent E (appendix A) was added and mixed

very rapidly. After 30 minutes incubation at room temperature the sample was read at

ì,750nm using a Spectronic 1207 spectrophotometer. The amount of protein was
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calculated from apreviously deærmined standad curve.

11. kolation of Genomic DNA from S.aureus

One to two colonies from a 24 hour old btood agar plate were used to inoculate

250ml of BHI broth. The culture was incubated shaking overnight for l¡-24hours at

37"C- Bacteria were han¡esæd from the overnight broth culture by centrifuging for 15

minutes at 5000 x g. The pellet was resuspended in 20mt of T20E1Na100 buffer

(2oml\4 Tris-HCt pH 7.5, lmM EDTA, t00mM NacÐ to which 100-150 pg of

lysostaphin was added. The resuspended pellet was incubated for 30 minutes in a 37oC

water bath. lml of Triton X- 100 (20Vo vlv) and 20¡rg of proteinase K was then added

and the suspension allowed to incubate for 30 minutes in a 37oC water bath. After

incubation ,20g of cesium chloride (CsCl) and 0.8m1 of ethidium bromide ( lgmgml )

were added. The mixture was centrifuged to equilibrium in a fixed angle rotor (Ti70)

at 175,000 x g for 24 hours. The chromosomal band was collecæd through the side of

the centrifuge tube rvith a sterile 16 gauge needle. The chromosomal band was

transferred to a clean test tube and sterile \ilater added to bring the volume to 5ml. To

remove the EtBr the DNA solution was extracted with an equal voh,me of isoarnyl

alcohol and this procedure repeated until the solution remained clear. The isoamyl

alcohol was removed and the solution decanted into særile pre-silanized corex tubes.

The DNA was precipitaæd with two volumes cold absolute ethyl alcohol and

recovered by spooling onto a clean sterile glass rod. The spooled DNA was washed

twice n70%o cold ethyl alcohol, air dried, and resuspended gently in 500 to 1000¡rl of



60

T10E1 buffer (10mM Tris-HCl pH 8.0, lmM EDTA).

12. Quantitation of genomic DNA:

Genomic DNA was evaluated spectrophotometrically to determine both the

quantity of isolated DNA and to deærmine its purity. A 1:50 rrilution of genomic DNA

was made in T10E1 and the opticat density measured ar À260nm and À280nm. purity

was determined by the î,260nm I 7v28}nm ratio. The quantiry of genomic DNA was

determined with the following formula:

[DNAI =Ðr*x ODr* x dilution

where the dilution was 1:50 and the X260 = 50

13. Preparation of Southern blots:

1 pg of genomic DNA was incubated at 37oC overnight with several units of one

or more restriction enzymes. The digested DNA was elecnophoresed n a LVo EtBr

containing agarose gel for several hours at 100V. After electrophoresis the gel was

exposed to UV lighr(>1Kb-15 minutes, < 1Kb-5 minutes). Alternatively the gel could

be soaked in 2N HCI for 15 minutes. The treated gel was then soaked for 20 minures

(x3) in a 0.5N NaOH / l.5M NaCl solution and rinsed briefly in disrilled water. The

gel was then neutalized in a 0.5M TRIS pH 7.5 / 1.5M Nacl solution for 20 minutes

(x2) and rinsed b,riefly in distilled water. The transfer was ser up in 10x SSC (appendix

A) using the following technique. A pool of l0x SSC was poured into a glass dish and

a glass plate placed across the dish. Two strips of 3MM paper were placed across the
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plate and into the pool of SSC on each side. The strips of paper were rhen soaked with

SSC. Three pieces of 3MM paper were cut to the size of the gel, soaked with SSC and

placed on top of the plate /3MM paper. Air bubbles were removed. The treated gel

was placed bottom side up in the center of the 3MM paper. Genescreen membrane

was cut to fit gel, soaked with lox ssc and placed on top of the gel, as always

smoothing out bubbles. The membrane was suïounded with even edged pieces of

parafikn, draping over soaked 3MM paper. Th¡ee more trirnmed strips of 3MM paper

were placed on top of the membrane, soaked with SSC and a large stack of paper

towels placed on top. The paper towels were compressed with a heavy weight on top

for 16-72 hours- With memb,rane still moist from transfer, IJV crosslinking was

performed for three minutes, the membrane soaked in 2x SSC to reduce salt content,

and the membrane baked at 80oC for 2 hours in vacuum oven. The baked membnane

was sealed in a plastic bag until required

14. End labeling oligonucleotides with 132p:

All oligonucleotides used in the course of this thesis were synthesized at rhe

DNA synthesis laboratory, University of Calgary, Calgary, Albena.

Oligonucleotides were diluted to a concentration of 100ng / pl in Tl0E1 prior ro

labelling- The following reactants; oligonucleotide 1¡rl, l0x pNK buffer (appendix A)

2¡rl, særile warer ll¡rt, t'2p-ATp (tricineX-50pci) 5¡rl, and. T4 poþucleotide kinase

(10U) 1¡rl were added together and incubated for t hour at3Toc.Eighty microlirres

of T10E1 was then added and the total l(Ðpl volume placed n a G-25 Sephadex
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colurnn and centrifuged at 1500 xg for 2 minuæs. The purified oligonucleotide was

collected and stored in a 1.5 ml ependorf tube at -20oC.

15. Preparation of G-25 Sephadex column

To a tuberculin syringe add enough silanized glass wool to create a plug. Fîll

the syringe with a sephadex solution and centifuge 1500 xg for 2 minutes and

rcpeat. The sephadex should fill the syringe to the 0.gml ma¡k.

16. Southern hybridi zation:

To a previously prepared Southern blot, 10 to 15ml of hybridization buffer

(appendix A) was added in a plastic bag. All air was removed, the bag sealed with a

heat sealer and placed into a second plastic bag. Again, all air was removed and the

bag placed in a shaking waterbath at 50oC* for 0.5 hours. The old buffer was

decanted and replaced with 10 to 15ml of fresh buffer and approximately 50¡rl 1'2p.

oligonucleotide (-2x10u.p-) was introduced. All air was removed, the bag heat sealed

and double bagged as before. The membrane was incubated overnight in a shaking

waterbath at 50oC. The genescreen was careñrlly removed and placed in a plastic

container where it was washed with 2x SSC / 0.12o SDS for t hour at 50oC and

repeated. The washed genescreen was wrapped in sa¡anwrap, taped to a cardboard

support and placed with an inænsifying screen in an autoradiograph cassette. In a

darkroom, x-ray film was placed between the genescreen and the intensifying screen

and the fikn exposed overnight at -80oC. The film was developed. the next day.
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* Incubation temperature is dependent on the melting temperature of the

oligonucleotides. Melting temperature was determined according to the following

fomrula:

Tm = 69.3 + 0.41 (c + CVo) - 650 I L

where L = length of oligonucleotide

17. Polymerase chain reaction:

A: reaction protocols:

The polymerase chain reaction (pcR) was used to arylify the genes gyrA, gyrB,

norA, and the norA promoter region directly from s.au¡eus genomic DNA. The

following reaction mixture, sufficient for 6 reactions and 1 control was prepared fresh

justprior to the start of each pCR experiment.

H2o 164p1

lOx reaction buffer (appendix A) 70¡tl

1.25 mM dNTPs (dATP, dCTp, dGTp, dTTp) It2¡tl

100pM 5' oligonucleotide

100¡tM 3' oligonucleotide

Taq polymerase 3.5p1

To 50pl of the above reaction mixture, a 50pl solution of genomic DNA consisting of

lng total DNA was added and mixed- This 100¡11 volume was overlayed with 50pt

sterile mineral oil and placed in a Perkin Elrner 4800 series themrocycler @erkin-

Elmer Corporation, Norwalk, CT) A 3 temperature cycling protocol was used in all

8pl

Sttl
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experiments. Each experiment was performed for 30 complete cycles with the

following parameters:

Denaturing step g4"C 60 seconds

Annealing sæp 50oC* 60 seconds

Extension step 72"C 2- 3 minutes**

* The annealing temperature is dependent on the Tm of the oligonucleotide.

**2 minutes were chosen for arryli$ing the coding region of gyrB and norA, 3

minutes were chosen for gyrA. 45 seconds were used to arylify the norA promoter

region.

Note: The Perkin-Elmer 4800 series themrocycler was replaced with a perkin-Elmer

GeneAmp PCR 9600 system during these studies. The time frames for each of the 3

reaction steps were reduced by half due to the increased efficiency of the 9600 series

system. The addition of sterile mineral oil was not required with the 9600 series.

After completion of 30 cycles a final 10 minute extension step was performed at

72oC- 20¡tl (20vo) of the completed PCR reactions were removed and loaded onto a

17o ethidium bnomide containing agÍìrose gel to assess producrs. The remaining 80pl

was extracted with 25:24:7 phenol:chorofomr:isoamyl alcohol followed by afrnal24:L

chloroform:isoamyl alcohol extraction. The PCR products were then precipitaæd with

a l/10 volume of 3M sodium acetate and 2 volumes of cold absolute ethyl atcohol.

The precipitated products were resuspended in 100p1 TIOE5-SDS (Tris-HCl l0mM

pH 7.5, 5mM EDTA, 0.57o SDS) containing sO¡rg/ml proteinase K. The producrs

were allowed to incubate for 30 minutes n a37oC water bath followed by a 10 minute
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incubation at 68oc. The products were again extracted with 25:24:l

phenol:choroform:isoamyl alcohol and precipirated with 3M sodium acetate and cold

absolute ethyl alcohol. If the PCR products were destined to be inserted into a cloning

vector they were digested overnight with the appropriate restriction endonuclease.

B: recovery of PCR products by agarose gel purification and electroelution:

PCR products were run on a IVo ethidium bromide containing agarose gel,

visualized under UV light and the corresponding bands cut out as gel slices using a

scalpel. The electroelution device (IBI Inc., New Haven, CT.) was filled with 0.5 x

TBE buffer (appendix A). Collection tubes were filled with 80¡rl of a 3M sodium

acetate-bromophenol blue solution. Gel slices were placed in the wells and the reaction

was run at 90 volts until DNA was no longer visibte under UV lighr The sodium

acetate-bnomophenol blue-DNA solution was collected, precipitaæd wittr cold

absolute ethyl alcohol, washed with cotd 7O7o ethylalcohol and resuspended in 10- 50

¡r1 T10E1. lpl of the final product was accessed on a lVo ethidtum bromide containing

agarose gel to deærmine final quantity of producr

18. Preparation of pBluescribe ptasmid vector:

Approximately 5pg of plasmid DNA was digesæd with the desired restricrion

endonuclease overnight at 37oC. The plasmid was then extracted with 25:24:l

phenol:chloroform:isoamyl alcohol, reextracted with24:l chloroforrn:isoamyl alcohol,

and precipitaæd with a 1/10 volume of 3M sodium acetate and, 2 volumes cold

absolute ethyl alcohol. The precipitate was resuspended in 10pl Tl0E1. The 10¡rl
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volume was divided into ¡wo 5pl volumes; 5¡rl to serve as a control and 5¡rl to be

phosphatased with calf intestinal phosphatase in the following reaction: Digested

plasmid 5p1, 10x buffer 2¡ú, callintestinal phosphatase (1 unit) lpl, and l2¡tlofsrerile

water. The reaction was incubated at 37"C for 30 minutes, extracted with Z5:24:l

phenol:chlorofomr:isoamyl alcohol, reextracted with 24:1 chloroform:isoamyl alcohol,

and precipitated with a 1/10 volume of 3M sodium acetare and 2 volumes of cold

absolute ethyl alcohol. The precipitate was washed wtrh 70Vo cold ethyl alcohol and

resuspended in 10¡rl T10E1. A lpl aliquot of both cut and uncut plasmid was run on a

l7o ethidtum bnomide containing agarose gel to ensure efficient cuning of the plasmid-

19: LÍgation of PCR products into Bluescribe vector:

A: control reactions:

The following controls were performed prior to each experiment:

Cl C2 C3

plasmid

5x ligase salts

10mld ATP

Hzo

T4 DNA ligase

vector cut, not

phosphatased

50ng

4ttl

o.5p

15.5p1

vector cut and

phosphatased

50ng

4ttl

0.5p1

15.5¡r1

vector cut, not

phosphatased

50ng

4ttI

0.5p1

15¡rl

0.5p1

C4

vector cut and

phosphatased

50ng

4ttl

0.5¡rl

15pl

0.5p1
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The control reactions were incubated for 24 hours at 16oC and then precipitaæd with

5¡rg of yeast tRNA and 2 volumes cold absolute ethyl alcohol. The precipitate was

resuspended in 10pl r10E1Na100 (Tris-HCl lomrd pH 7.5, EDTA lmM, NaCl

10ûmÀ4).

B: ligation reactions:

The ligation reactions were perfonned in the same manner as the controls using

only the cut and phosphatased vector. The PCR products were added to the reaction

mixture in vector / PCR product molar ratios of 1:1 and 1:3.

I-ength 1:1 1:3

50ng

130ng

90ng

6Ong

Plasmidvector -3Kb 50ng

20. Preparation of competent DHScr E.gol¡:

One to two colonies of DH5a E.coli were inocr¡lated into 50ml of SOC broth

(appendix A) and incubated overnight for 16-18 hours n a 37"C shaking warerbath.

One millilitre of the overnight DH5s E.coU culture was added to lOOmI of SOC broth

and incubatú' 2.5 hours in a 37oC shaking waterbath until the opticat density

measured at l,600nm approached 0.46. The organisms were placed on ice for 5

minutes and centrifuged at 4000 x g for 10 minutes. The supernarant was removed

gyrA - 2.6 Kb 43ng

gyrB - 1.8 Kb 30ng

norA - 1..2Kb 20ng

The ligation reactions were incubated and precipitated as above.
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and the pellets resuspended in 33ml of FSB (appendix A). The FSB-E.coli solurion

was split tnto 2 tubes with 16.5m1 of solution per tu6g. Tubes were then incubated on

ice for 15 minutes and centrifuged 10 minutes ar 4000 x g. The supernaanr was

removed and the pellet gently resuspended in gml FSB (4ml / rube). 2g0¡rl of DMSO

was added (to 3-5Vo) and the tubes placed on ice for 5 minuæs. An additional 2g0¡r1 of

DMSO was added (to 7.07o) and the tubes placed on ice for 5 minutes. 0.6m1 aliquots

were flash frozen and stored at -80oC until required-

21. Transformation of competent DHSa E.coti:

20pl atiquots of competent cells (previously thawed on ice) were added to a

prechilled l.5ml Eppendorf tube. One microlitre of precipitated ligation (resuspended

in T10E1Na1@) was then added to prechiled cells (maximum DNA 5ng) and

incubated on ice for 30 minutes. The cells were heat shocked by placing tfrem in a

waterbath at 42oC for 45 - 60 seconds and then placed on ice. Eighty microlitres of

SOC broth was added and the cells allowed to incubate for 60 minutes at 37oC. Ten

and 90pl were plated on selective media (eg. ampicillin, tetracycline, etc.) and

incubated overnight for 16-18 hours at37oc.

22. Boiled plasmid preparations:

This is a quick screening procedure used to identify clones successfully

transformed with the cloning vector.

A putative clone was inoculated in 5ml of BHI or LB broth containing the

appropriate selection pressure and incubated at 37oC in a shaking waterbath for 16 to
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18 hours. Fifteen hundred microlitres of the overnight culture was centrifuged in an

Eppendorf tube for 1 minuæ, the supernatant removed and the pellet resuspended in

350p1 of Boiled Prep Buffer (BPB) (appendix A). Twenty five ¡rl of fresh lysozyme

solution (l0mg/ml in BPB) was added and the tube vortexed briefly. The tube was

incubated at room temperaflre for I minute and placed in a 100oC water or sand bath

for an additional 60 seconds. The sample was microfuged for 10-15 minutes at room

temperature and the resultant insoluble slimy pellet from the bottom of the tube

removed with a sterile toothpick. The sample was precipitated by adding 200p1 of a

7.5M ammonium acetate soluúon and 600p1 of isopropanol. The tube was vortexed

and incubated for 10 to15 minutes at room temperature. After incubation the tube was

microfuged for 10 to15 minutes at room temperature, the supernatant removed and

the pellet allowed to afu dry. The pellet w¿rs resuspended in 20-50p1 of a

Tl0El/RNaseA/spermidine buffer (Tris-HCl lOmM pH 7.5, RNase A lO¡rg/ml, and

2mM spermidine). and a portion digested with resriction endonucleases as necessary,

usually 5-10p1. An aliquot of the digesæd preparation was electrophoresed on a l7o

ethidium b,romide containing agarose gel with digested and undigested plasmid

controls to assess results.

23.Large scale preparation of plasmid DNA:

A. plasmid ampliflrcation:

From a single bacterial colony harboring the desi¡ed plasmid, 5rnl of LB or BHI

broth containing an appropriate selection pressure was inoculated and allowed to
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incubate for 18 to 24 hours at37oC. Q¡s nillilitre of this culture was used to inoculate

500mt of BHI b¡oth containing an appropriate selection prcssure and was incubated at

37'C with vigorous shaking until the culture achieved an oD|.¡6reading of 0.6 to 0.g.

Chloramphenicol was added to a final concentrarion of zs¡tg/rl and the culture

incubated overnight at37oc in a shaking waterbath.

B: harvesting and lysis of bacteria:

The 500ml broth culture was divided into two aliquots and centifr¡ged for 20

minutes at 4000 xg. The pellet from each tube was resuspended in 5rnl of solution I

(appendix A) containing lysoryme (smg/ml). Solutions were transferred to

polyallomer tubes and allowed to stand at room temperature for 5 minutes. Ten

millilitres of solution II (appendix A) were added ro each tube, shaken and srored on

ice for 10 minutes. Seven and one half miliiliUes of solution Itr (appendix A) was then

added to each tube, shaken and stored on ice for another 10 minutes. The tubes were

centrifuged for 30 minutes at 4000 xg, 4oC and the supernatant from each tube

transferred to another polyallomer tube. Point six volumes of isopropyl alcohol was

added and the tubes allowed to stand for 15 minutes at room temperature.The

precipitate was collecæd by centrifugation at 12,000 xg for 30 minuæs, room

temperature, and the pellet from each tube resuspended in 10ml T10E1. The contents

of each tube were combined to make 20m1.

C: isolation of plasmid DNA

To the 20ml suspension, 21.09 of CsCl, 1250p1 of EtBr, and 625p1 of Sarkosyl

(107o solution) were added. The suspension was sealed in a 3ûnl ultracentifuge tube
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and centifuged for 18 to 24 hours at 175,000 xg. The plasmid band (bottom) was

extracted with a 16 gauge needle and the collecæd DNA made to a 5ml volume with

sterile water. Isoamyl alcohol (v/v) was added, gently mixed and the organic layer

decanæd. This procedure was repeated until both phases remained clear. The plasmid

DNA was precipitated with 2 volumes of cold absolute ethyl alcohol and placed at -20

oC for 30 minutes. DNA was recovered by centrifugation ar 8000 x g for 30 minutes,

4oC and the pellet resuspended in 5ml water, 1/10 vol NaOAc (3M), and,2 volumes

cold absolute ethyl alcohol. Tubes were stored overnight at -20oC, centriñrged at g000

xg for 15 minutes, air drie4 and the penet redissolved in 1ml r10E1.

24: Double stranded dideoxy DNA sequencing (usB-sequenase method)

A: denaturing supercoited plasmid:

Note: Three to four pg of plasmid DNA should be adequate for overnight exposure of
35

S-labeled sequence. Additional plasmid rnay lead to increased background and non-

specific bands in sequencing lanes.

To 3-4¡tgof plasmid DNA, 2pl of freshly prepared 2N NaOH was added and the

volume adjusted to 20¡tl with sterile water. This was incubated for 5 minutes at room

temperature afær which 2¡tj- of 2M ammonirrm acetate, pH 4.5, and 50pl ice_cold

absolute ethyl alcohol were added and the DNA frozen on dry ice (-80oC, 20 minuæs).

The denatured DNA was microfuged for 10 minutes at 4oC, and washed wtth 70Vo

ethyl alcohol. The DNA was refrozen, microfuged, and air dried-
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B: annealing of sequencing primer and sequenase reactions:

The denatured ptasmid DNA was dissolved in a 10¡rl solution consisting of:

lpmole of sequencing primer, 2¡rl sequencing buffer (sequenase kit) and sterile water

to 10¡rl' The mixture was heated at 65oc, for 15 minutes; then room temperature for

an additional 15 minutes. while primer was annealing;,2.5¡tl of each tennination

mixture (G, A, T, c) was added to four tubes per reaction and placed on ice.

C: labeling reactions:

To the anneared DNA, 1¡rr of 0.1M DTT, 2¡tr of diluæ labeling mix, and 2pr of

dilute sequenase enzyme were added, mixed and allowed to incubate at room

temperature for 5 minutes.

D: termination reactions:

Th¡ee and one half microlitres of the labeling reaction was transferred to each of

the dNrP termination tubes and mixed- The reaction was allowed to proceed for 5

minutes at37oc.

E: stop reaction:

Four microlitres of stop solution was added.

F: preparation of samples prior to loading sequencing gel:

Samples were heat denatured for 3 minutes at 95oC and immediaæly placed on

ice' Two and one half miøolitres of each sarnple was loaded onto a 4vo or gvo

polyacrylamide sequencing gel.

G: polyacrylamide sequencing gels:

Each sequencing reaction was run on a 4vo double loaded (acrylamide:bis-
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acrylarnide 19:1) polyacrylamide gel and an 87o (acryìamide:bis-acrylamide 19:1)

polyacrylamide wedge gel. The gel was fixed in a solution containing 7.5vo $aciet

acetic acid and 7'5vo methanol for 30 minutes. The gel was rinsed with distilled warer,

dried on whaunan filterpaper using a Biorad gel drier for one hour and exposed to x-

ray film for a period of up to seven days and the filn developed.

25. Exo- Pfu sequencing (Stratagene).

Th¡ee pl of ttre appropriate ddNTP were added to each of four termination tubes

and placed on ice' For each DNA template, the following reaction components were

added, gently mixed and placed on ice; DNA æmplate 200 frnol, sequencing primer I

pmol, 10x sequencing buffer 4¡rl, radioactive label 10¡rci 13ss¡, Exo- pfu DNA

polymerase 1¡rl, særile water to 26pr, and DMSO 4pr. The final volume shourd be

30¡rl.

Note: It is essentiat to add DMso last ûo avoid precipitation and to thoroughly mix all the

components of the reaction mixture.

seven pl of the reaction mixture were transferred into each of the four termination

tubes and mixed thoroughly. The reactions were overlayed with mineral oil and the

reactions cycled through an appropriate temperature profile.

Initial denaturation 95oC 5 minutes

Link to 30 cycles of:

Denaturation 95oC seconds

Annealing 60oC* seconds

Exænsion TZ'C seconds

Annealing temperafure is dependent on the Tm of the oligonucreotide
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Five pl of stop dye solution was added and mixed- Prior to loading samples on

sequencing gel, the sa:nples were heat denatured for 2-5 minutes at >BsoC. Two to

four pl of the samples were loaded onro sequencing gels previously described.

26. RNA Isolation from S.aureus.

Note: All water and solutions used in this procedure were first treated with

diethylpyrocarbonaæ (DEPC) to inhibit RNase activity.

A 10ml BHI broth culture of S.aureus was grown at37"Cto mid-log phase. The

cells were han¡esæd by centrifugation at 12,000 xg for 10 minutes and the pellet

resuspended in 0-5ml lysis buffer (Appendix A). The resuspended cells were then

transferred to microcentrifuge tubes and frozen on dry ice. The samples were thawed

and sonicated three times for 10 seconds with a microtip sonicator. The cell

suspension should clear indicating cell lysis. After sonification, the lysed cells were

incubated for 60 minutes in a 37oC water bath. The samples were extracted ¡wice with

an equal volume oî 25:24:l phenol:chloroform:isoamyl alcohol and once with an equal

volume of 24:7 chloroform:isoamyl a-lcohol. To 400p1 of the aqueous phase, 15pl of a

5M NaCl solution was added and the microcentrifuge tube filled with ice-cold absolute

ethanol. The tube was mixed and incubated overnight at -20oC. The precipitated RNA

was microfuged for 15 minutes at 4oC, the pellet rinsed with 500p1 of ice-cold.7y7o

ethanol and air dried. The pellet was redissolved in 95pl of DNase digestion buffer

(Appendix A), 4pl of a 2.5mg/nrl solution of RNase-free DNase I added and the

solution incubated for 60 minutes at 37oC. The redissolved pellet was then re-
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extracted with an equal volume of 25:24:lphenol:chloroform:isoamyl alcohol. The

aqueous layer was removed and 100p1 of T10E1 buffer was added to the remaining

organic layer and mixe¿ This was microfuged for 5 minutes ar room temperature and

the ¡vo aqueous layers pooled. A 24:1 chloroform:isoamyl alcohol extraction was

performed afær which 10pl of 5M Nacl and 600p1 of absolure ethanol was added and

mixed The tube was incubated overnight at -20oC and the precipitate collected þ
microfuging 15 to 30 minutes at 4oC. The pellet was rinsed tytth 70Vo ethanol, air

dried, and redissolved in 100¡rl of DEPC treated water. puriry and quantity of RNA

was detennined specnophotometrically.

27. Northern blot analysis of RNA:

A: AgaroselFormaldehyde gel electrophoresis:

Twenty pg of total cellular RNA (measured spectrophotometrically) was loaded

onto a 2'2M forrraldehyde containing lvo agarcse gel and electrophoresed in lx
MOPS buffer. Duplicate samples were loaded on one side of the gel and were

visualizsd with EtBr after electrophoresis. samples on the other side of the gel were

transferred to a nylon filter.

B: Transfer of RNA to membrane:

The unstained portion of the gel was rinsed several times in sterile DEpc treated

distilled water to remove the formaldehyde. The gel was soaked in l0 volumes of

0'05M NaoH/ 1'5M NaCl for 30 minutes and then replaced with l0 volumes of 0.5M

Tris-HCl (pH 7 'Ð / LsM Nacl. After soaking for 20 minutes rhe solurion was
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replaced with 10 volumes of 10x SSC and allowed to soak for 45 minuæs. The

remaining transfer procedure was previousry described in section L3; southern

blotting.

C: Hybridization analysis:

The nylon memb,rane was soaked in 6x ssc, placed in a hybrirrization tube and

10mI of RNA hybridization solution added (appendix A). The membnane was

incubated at42oc for 45 minutes. A 100 bp ssp I DNA fragment, inærnal to the norA

coding region was used to probe the membrane. Prior to use the DNA fragment was

labeled with 32P using a random primer kit from Gibco. The probe was denatured at

100oc for 10 minutes and introduced into the hybridization tube. The membnane was

allowed to incubate overnight at 42"c. The hybridization solution was removed a_fter

incubation and replaced with an equal volume of 2x ssc / 0.17o sDS. This solution

was incubated at room temperature for 5 minutes, fresh solution added and the

membrane incubated an additional 5 minutes. Two additional 5 minute incubations

were performed with 0.2x SSC / 0.12o SDS. The membrane was then removed from

the tube, placed in an autoradiograph cassette and exposed to x-ray film at -70o for

several days before developing.



Results

1. Antimicrobial Susceptibility:

Minimum inhibitory concentrations (MICs) of all clinical isolaæs and ATCC

strains used throughout ttris study a¡e listed in table 8. With the exception of strains

#ffi3, #6A9, #614, and #617, all isolaæs were susceptible to all fluoroquinolones

tested, (fluoroquinolone resistant b,rreakpoint: 2.Opg/ml). MICs of cloxacillin,

cephalexin, and gentamicin were only determined for those strains used in the serum

PAE experiments. In addition MICs to lomefloxacin and sparfloxacin were detemrined

late in the study and only selected strains were tested. MICs of ciprofloxacin in strains

#603, #609,#614, and#617 were deærmined using only a doubling dilution æchnique.

2. Generation and stability of resistant mutants:

Selection of fluoroquinolone resistant S.aureus mutants was done to provide

resistant isogenic mutants for PAE experiments. Our goal was to compare the pAE in

these and their parental strains to determine if any difference in the pAE exisæd

berween resistant and susceptible isolates. The rnaximum MICs attained by serial

passage of susceptible strains on antimicrobial containing BHI agar are listed in tables

9 and 10. All strains acquired low levels of resistance very rapidly, but deveþment of

high level resistance slowed as the MIC approached high levels. On the first serial

passage at any new antimiclobial concentration, all strains exhibiæd a pleotrophic

colony morphology. Upon repeated sub-culture a single colony tJæe was evident

Morphologically, resistant mutants appeared similar. to their susceptible parental

77
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Table 8. Minimum inhibitory concentrations of clinical isolates and ATCC

strains.

MICs (pg I ml)

Methicillin resistant strain

ocfx = ciprofloxacin, pfx = pefloxacin, nfx = norfloxacin, lome = lomefloxacin,

spx = sparfloxacin, clox = cloxacillin, ceph = cephalexin, gent = gentarnicin

Strain Ckr Pfx Nfx Lome Spx Clox Ceph Gent

F447

F495

F629

F651

F988

ATCC 25923

ATCC 29213

Ftgz*

F201*

F321.*

#603*

#609*

#6t4*

#617*

ATCC 33592*

0.36 0.30 1.0

0.34 0.30 0.76

0.32 0.46 0.66

0.34 0.25 0.68 0.40 0.12 0.25

0.25 0.32 0.45 0.32 0.12 o.zs

0.36 0.46 0.72 0.40 0.12

0.32 0.50 0.82

0.36 0.40 1.0 0.38 0.2s 0.2s

0.50 0.M 0.88

0.50 0.48 1.0

t024

1024

512

256

0.s0 0.50 1.0

2.0 0.50

2.0 0.50

2.0 0.s0

78
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strains, however a reduced generation time was observed in many of the strains.

Most of the resistant mutants appeared to be quite stable as few reversions to wild

type MICs were observed afterrepeated subculture on antimicrobiat free agar.

Table 9. Maximum Mrcs of laboratory derived resistant mutants.

MICs (trg ¡ ml)

* wt = wild type, res = resistant mutant

3. Postantibiotic Effect:

a) Comparison of PAEs in Methicillin susceptible (MSSA) and Methicillin

resistant (MRSA) S.aureus.

The PAEs in several MSSA and MRSA strains were evaluated using

ciprofloxacin, ¡refloxacin, and norfloxacin to deterrnine if any significant difference in

Strain ck Pfx Nft

wt* res wt res wt res

F651

F495

F629

F988

Ft92

ATCC 25923

0.34

0.34

0.32

0.25

0.36

0.44

44.0

44.0

4.0

44.0

44.0

36.0

0.40

0.30

0.46

0.34

0.40

0.s0

51.0

51.0

51.0

51.0

51.0

4.0

0.62

0.76

0.66

0.78

1.0

0.88

128

128

t28

1.28

t28

128

79
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the duration of the PAE could be detected be¡veen MS and MR S.aureus strains.

Three MS and three MR S.aureus strains 1vs¡s e¡emined. PAEs were evaluated at lx,

Table 10. strain numbers of resistant S.aurer¡s isotates F65l and Fl92

4x and 10x MIC using a two hour exposure (fig.8). Results of this initial study are

found in table 11 and att data presented are the resultant means of three independent

experiments. No significant difference in the duration of the PAE was observed

between any of the MS or MR S.aureus strains evaluated (p>0.05). This obsenration

was true at all levels of the MIC tested.

Strain MIC(pglml) Strain nrIIC(pg/ml)

F651-wt

R1

R2

R3

R4

R5

R6

R7

0.3s

0.7

r.4

2.8

5.6

11

22

44

F792-wt

R8

R9

R10

R11

R12

R13

R14

0.3s

0.7

t.4

2.8

5.6

11

22

M

80
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Table ll. The PAEs in MSSa and MRSA of three fluoroquinolones.

PAEs (minutes)

Ciprofloxacin Pefloxacin Norfloxacin

* Methicillin resisunt srrain

b) Reproducibility of the Postantibiotic Effect:

Two S.aureus strains (F495 and F192) were chosen for all experiments to

determine the reproducibility of the PAE. Both strains were exposed for 2 hours at

three concentrations of each fluoroquinolone, Lx, 4x, and l0x MIC. Ciprofloxacin,

norfloxacin, and pefloxacin were chosen as the test quinolones: All experiments were

repeated 7 times. The individual results as well as the mean and standard

deviation of these experiments a¡e found in table 12. At lx MIC, no signiñcant

difference was observed benveen any of the fluoroquinolones tested (p>0.05). At both

4x and lOx MIC, the PAE of ciprofloxacin was significantly longer than that of

norfloxacin or pefloxacin (p<0.05).

Strain lx 4x lûx lx 4x lÛx lx 4x l0x

MIC MIC MIC MIC MIC MIC MIC MIC MIC

Fq+7 4.8 55

F629 5.2 66

F988 4.4 72

92 4.9 54

108 4.8 @

88 s.2 68

88 s.4 49 81

92 4.2 51 87

86 5.1 43 79

Ftgz* 6.7 76 Lr4 4.3 69 94 6.3 57 86

F201* 4.0 6t 93 s.8 56 86 4.0 50 81

Fi27* 5.1 60 gt 5.0 51 88 4.9 48 82

81
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Figure 8. A graphical time counse representation of the PAE in methicillin

susceptible (MssA) and methiciltin resistant (MRSA) S.aureus. A MSSA (F651)

and a MRSA (F192) were exposed to ciprofloxacin at IOxMIC for 2 hours. The

antimicrobial was removed with a 1:100 dilution. MS growth connol o, MR growth

control a, MS test cultrue r, MR test culture S

83



u

Table 12. Reproducibility of the PAE w¡th fluoroquinolones in S.aureus

Ciprofloxacin

PAE (minutes)

Pefloxacin Norfloxacin

Triat # 1x

MIC

4x

MIC

10x

MIC

1x

MIC

4x

MIC

10x

MIC

1x

MIC

4x 10x

MIC MIC

1

2

3

4

5

6

7

Mean

SD

5.5 93 5.0 36

40.5

36.5

4

37.5

35

27

86.s

84

87

88

81

90.5

85.5

6.0 78

-8.8 92 2.0 46

8.0

13.0

6.5

5.0

4.0

4.8

6.4

59 95 8.0 9.0 30

42.5

45

45

40

41.8

5.6

77

6t 85 -7.0 -8.5 75

51 93 6.0 7.0 77

59

48

55.4

5.0

9l t6 7.5 78

76

76.1

2.1

92

9t.6

3.2

2.0 5.0

4.9 36.6 86.1 4.0

6.9 5.3 3.0 5.9

u
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c) The effect of fluoroquinolone hydrophobicity on the pAE in S.aureus

Four fluoroquinolones, sparfloxacin, pefloxacin, norfloxacin, and lomefloxacin

were selected to examine the effect of hydrophobicity on the pAE. All pAE

determinations \ryere performed by exposing a logarithmic phase culture to the test

agent for two hours at 4x and 1ù( MIC. The relative hydrophobicity of the

fluoroquinolones was determined by their partition coefficients in n-octanol - 0.1M

phosphate buffer (table 13). Of the agents examined, sparfloxacin was the most

hydrophobic followed by pefloxacin

AIl PAE calculations were based on three independent experiments. pAE results a¡e

displayed in table 13. A direct relationship benveen the duration of the pAE and the

hydrophobicity of the fluoroquinolones was observed (p<0.05). Sparfloxacin produced

the longest PAE followed by pefloxacin, lomefloxacin, and norfloxacin. A simitar

relationship was observed with respect to the agents MICs. As the hydrophobicity of

the tested agent increased, the MIC decreased.

d) PAE in Human Serum:

While the PAE has been demonstrated in vivo using animal models, practical

considerations limit the majority of investigations to more conventional in vitro

laboratory models. In an attempt to b,ridge the gap benveen in vivo studies and bench

level experiments, we examined the PAE in vitro using human semm as a replacement

for MHB- Human serum was obtained from healthy adult volunreers with no history of

antimicrobial therapy in the previous two months and from the Manitoba Red Cross.
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Table 13. The hydrophobicity profiles and pAEs (minutes) of sparfloxacin,

Pefl oxacin, Lomefloxacin, and Norfl oxacin.

Fluoroquinolone Partition

coefficient*

Sparfloxacin

Pefloxacin

Iomefloxacin

Norfloxacin

0.97

0.36

0.12

0.07

MIC

ttglml

* partition coefficient in n-ocranol - 0.1M phosphate buffer, pH7.Z

F988

PAE PAE

4x MIC 10x MIC

0.12

0.32

0.32

0.45

75

70

60

55

MIC

tugr¡,l

115

100

90

85

F651

PAE PAE

4x MIC 10x MIC

0.12 70

0.2s 60

0.40 60

0.68 s5

120

100

90

80
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Table 14 displays results of MICs determined in MHB or hrman serum. Note that

while MICs of the fluoroquinolones were determined using arithmetic dilutions, ¡4JCs

of gentarricin, cloxacillin, and cephalexin were calculated from a series of doubling

dilutions. MICs of ciprofloxacin and norfloxacin increased less than nvo fold in serum

whereas a four fold increase was noted for pefloxacin. Serum had little effect on the

MIC of cephalexin, however, a sixteen fold increase in the MIC was noted for

cloxacillin due to its high protein bittding. A slight decrease in the MIC of gentamicin

in serum was observed

Table 14: The Mrcs of Antimicrobiar Agents in MHB and Human serum

MIC (trdml)

Growth kinetics of organisms in MHB and human serum were remarkably

similar. In the initiat two hour incubation period, growth controls in both MHB or

serum grew at the same rate and achieved the same finat cetl densities. In adrtition,

both growth controls were repeaædly observed to increase one log cñ/ml g0-90

minutes after dilution (fig.9).

Strain Cipro Norflox Peflox Gent Clox Ceph

F651

F988

#29213

MS

0.34 0.50

0.25 0.45

0.32 0.70

0.62 0.85

0.4s 0.80

0.82 1.1

SM MS

0.40 1.3

0.38 1.6

0.50 3.6

0.50 0.12

0.50 0.25

sM

0.25 4.0

0.25 4.0

SM MS

2.0 3.0

2.0 3.0
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Human serum was found to have a profound effect on the du¡ation of the pAE. In

the majority of experiments the PAE in serum was double (p<0.05) that of the

corresponding experiments in MIIB. (figs.lO and 11).Of interest is the obsen¡ation

that while the PAE appeared to be enhanced in hnman serum the bacæricidal activity

was reduced approximately 1 log (fig.9). Alæring the pH of serum from 7.g-7.9 to

7.0-7 -l to reflect the pH of MHB had no effect on the PAE. Heat treating the serum at

56oC for 30 minutes significantly lowered the PAE of cells exposed to lgx MIC

ciprofloxacin (2 hours) from 3.zto 2.4 hours, a25vo decrease (p<0.05).

To confirm that this effect was not limited to the fluoroquinolones, similar.

experiments were repeated with gentamicin, and two BJactam antimic¡obiats;

cloxacillin and cephalexin. Both gentamicin and cephalexin had significantly longer

PAEs in serum than in MHB with increases of 2 and 2.5 fold, respectively. The

cloxacillin PAE in serum was reduced from 1.2 hours in MHB to 0.35 hours. When

the high protein binding of cloxacillin was corrected for and the bacteria exposed to a

higher concentration of antimicrobial, the PAE in serum was increased to 2.3 hours.

e) PAE in Fluoroquinolone Resistant S.aureus.

All previous PAE experimens had been conducted using fluoroquinolone

susceptible S.aureus. In fact to the best of our knowledge, "susceptible strains" have

been exclusively examined by other investigators. We therefore devised a series of

experiments that would compare the PAE in fluoroquinolone resistant mutants and
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Figure 9. a time course representation of the pAE in MHB and human serum.

S.aureus (F651) \pas exposed to ciprofloxacin at 4xMIC for 2 hours in MFIB or

human serum. Antimicrobial was removed by a 1:100 dilution into fresh MHB or

serum. Serum growth control o, MHB gowth control O, serum test culture r, MI¡B

test culture t

90
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Figure 10. Results of PAE experiments performed in MHB or human serum at

4x MIC. S.aureus (F651) was exposed to ciprofloxacin, norfloxacin, or pefloxacin'at

4x MIC for 2 hours. Experiments were performed in either MHB ffi ot human serum

W.
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Figure 11. Results of PAE experiments performed in MHB or human serum at

l(}x MIC. S.aureus (F651) was exposed to ciprofloxacin, norfloxacin, or pefloxacin at

1ù( MIC for 2 hours. Experiments were performed in either MIIB @ or human

ssrûnW.
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their parental wild tlpe $.aureus strains. Resistant mutants chosen for study are

described in section 2 and,their MICs detailed in t¿bles 9 and 10.

hitial experiments compared the PAEs in five fluoroquinolone resistant mutants

and their isogenic wild type counterparts. Resist¿nt mutants had ciprofloxacin I\4JCs

of 22 ¡tglrnlcompared with 0.25-0 .36 ¡tylmlfor the wild t¡,pe (susceptible) strains. We

had h¡pothesized that the PAE in the resistant mutants would be similar to the pAE

seen in wild type strains ¿55uming each was exposed to the same multiple of the MIC.

The resistant organisms would be exposed to a higher concentration of antimicrobial

owing to their elevated MICs.

Table 15 details the results of our initial experiments. Witd t¡'pe strains, when

exposed to ciprofloxacin or pefloxacin at 4x or lOx MIC, produced a pAE of

approximately 50 to 60 and 90 to 100 minuæs, res¡rectively. Two of the resistant

strains when exposed to ciprofloxacin or pefloxacin at 4x or 1o;( MIC had little or no

PAE- A time course graph of the initial experiments is illustrated in figure 12. Unlike

the wild type strains, resistant snains exposed to ciprofloxacin or pefloxacin resumed

logarithmic gfowth simil¿¡ to or parallel with ttreir growttr conÍols.

To determine if loss or abrogation of the PAE could be detected in other

unrelaæd fluoroquinolone resistant S.aureus we examined the PAE of ciprofloxacin in

high level fluoroquinolone resistant S.aureus (fig.13) obtained from Toronto. These

strains were clinical isolates and had ciprofloxacin MICs ranging from 256 to I0V4

t¿gml- As we had originally predicted these strains had PAEs of approximately 50 to

70 minutes at 4x MIC andPAEs of approximately 130 to 150 minutes ar 10x MIC.
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Table 15. The PAE of ciprofloxacin in isogenic fluoroquinolone susceptible and

resistant $.aureus.

PAE (minutes)

S.aureus strain MIC (pelml) PAE ofMIC (pg/mt) PAE of PAE of

ciplofloxacin ciprofloxacin pefloxacin

4x 10x 4x l0x

MIC MIC MIC MIC

Ft92

F192 R-17

F495

F495-R

F629

F629-R

F651

F651 R-6

F988

F988-R

0.36

22.0

0.34

22.0

0.32

22.0

0.34

22.0

0.25

22.O

60 100 s0 90

0-15 0-15 0-15 0-15

60 100 60 90

60 90 50 90

70 110 60 95

70 100 s5 90

60 100 60 90

0-15 0-15 0-15 0-15

75 90 70 90

6s 90 60 95
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Figure 12. A time course representation of PAE experiments in isogenic witd

type and resisúant S.aureus. Isogenic S.aureus strains (F651 MIC = 0.35pg/ml) and

(F651 R-6 MIC = 22.Oþúml) were exposed to l0x MIC ciprofloxacin for 2 hours.

Antimicrobials were removed wittr a 1:100 dilution. F651 growth control l, F65l test

culture S, F651 R-6 growth control o, F651 R-6 test cultu¡e l.
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Given these results we repeated the PAE experiments with our resistant mutants.

It should be noted that as resistant mutarits were selected in the laboratory they were

stocked at each level of resistance. We therefore had a collection of isogenic strains

with a wide spectrum of MIC phenotlpes rangmg from wild r)¡pe ro highly resistant. A

series of PAE experiments were perforrned with wild t¡pe strains and repeated with

their isogenic resistant counterparts at each level of ciprofloxacin resist¿nce. Results of

these experiments are detailed in figure 14. Wild tlpe strains F65l and F192, when

exposed to ciprofloxacin at l0x MIC, had PAEs of approximately 90 to 100 minutes.

When repeated with isogenic strains having ciprofloxacin MICs double that of the wild

t¡pe strains the duration of the PAEs tvere not significantly reduced (p>0.05).

Similarly with isogenic strains having ciprofloxacin MICs of 1.4 pglml,(R2 and R9),

only a slight reducúon in the duration of the PAE was observed but was not found to

be statistically significant (p>0.05). When experiments were conducted with isogenic

strains having MICs or 2.8 pgrnl, (R3 and R10), a significant difference in the

duration of the PAEs was observed. Strain F192 R-10 only produced a pAE of

approximately 15 minutes. The duration of the PAE in strain F651 R-3 was nor

significantly different than its wild type strain (p>0.05), however, the 15 minute pAE

observed in strain F192 R-10 was significantly different from both its wild type

parental strain as well as F651 R-3 (p<0.05). Experiments perfonned with stains

having ciprofloxacin MICs of 5.6 and 11.0 pglml, (R4/5 and Rl l/lÌ), had similar

results. Ciprofloxacin continued to produce a PAE of only l0 to 15 minures in strain

F192-R whereas the PAE in snain F651-R was still prolonged. Although the pAE in
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Figure 13. Resutts of PAE experiments performed in high level fluoroquinolone

resistant clinical isolates of S.aureus. Four clinical isolaæs of S.aureus with MICs to

ciprofloxacin ranging from 256 to I\Vl þglmlwere exposed to ciprofloxacin at 4x and

10x MIC for 2 hours. Antimicrobials were removed by a 1:100 dilution. 4x MIC, @

t6" ¡a¡g i:tiiiil.
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Figure 14. Abrogation of the PAE with isogenic high level fluoroquinolone

resistant $.aureus. Wild type, low level and high level fluoroquinolone resistant

isogenic snains of S.aureus were exposed to ciprofloxacin at lOx MIC for 2 hours.

Antimicrobials were removed with a 1:100 dilution. F651, F65l-R ffi; F192, Fl92-R

w
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strain F651-R was still quite apparent, the 20 minute reduction in the duration of the

PAE at these levels was considered to be statistically different from its wild type

parental strain(p<0.05). when srrains, (F651 Fi6n and Fl92 R-L3/r4), having

ciprofloxacin MICs of 22.O and 44.0 þgml were exposed to l0x MIC for 2 hours,

both strains displayed little or no PAE.

Ð Loss of PAE

From the results of the above experiments it appeared that development of

fluoroquinolone resistance was necessary, but not suffrcient to cause abrogation of the

PAE. Given the apparent link or association be¡ween fluoroquinolone resistance and

the loss of PAE, we examined the three known genetic loci known to confer

fluoroquinolone resistance; gyrA, gyrB, and norA.

Genomic DNA from susceptible and resist¿nt (Res PAE* and Res PAE) srains

was digesæd with several restriction enz5¡mes, electrophoresed, and transferred to

nitrocellulose filters. The filters were subsequently probed with oligonucleotides

inærnal to the open reading frame (oRF) of gyrA, gyrB, and norA. The resulting

restriction fragment length polymorphism @FLP) patterns did not indicate any change

on gross examination between wild t¡'pe and resistant PAE* or PAE- strains (fig.15

and 16). gyrA amplified from high level fluoroquinolone resistant mutants and

incubated with the restriction enzyme Hinf I did however exhibit the loss of a Hinf I

site (fig. 17).

As the RFLP data was inconclusive we undertook the task of DNA sequencing

1ût



105

the enti¡e ORF of gyrA, gyrB, and norA from our three types of S.aureus strains (wt

PAE*, Res PAE*, Res PAE'). 1|¡s amplified gene products were sequenced directly via

cycle sequencing and using a sequenase protocol afær sub-cloning into bluescribe

vectors. Both DNA strands from each gene were sequenced and any observed base

change confirmed by sequencing several clones. Tables L6, 17, and 18 detail the DNA

sequence from norA, g¡rr8, and gyrA, respectively.

No sequence changes were detected in the oRF of norA or gyrB. DNA

sequences in both wild type and resistant strains were identical. In addition our DNA

sequences from both norA and gyrB matched previously published DNA sequences

from s.aureus @rockbank,1993; Margerrison,lggz; ubukata,1989; yoshida et

41,1990). We did uncover two base changes in SyrA (table 19). The first base change

was in fact a discrepancy benveen our DNA sequence and published sequences. Of

interest is the fact that this change was only detected in S.aureus isolates (wt and

resistant) collecæd from the clinical laboratory at the Health Sciences Centre,

Winnipeg. This discrepancy was not detected in isolates collecæd from other sources.

The base change occurred at nucleotide position 75 where a thymine residue was

replaced with a cytosine residue. This results in an amino acid change from tyrosine to

cysteine.

The second substitution, a cytosine to thyrnine transition was detected only in

those strains exhibiting high level fluoroquinolone resistance (table 19). The transition

resulted in an amino acid change from serine to leucine. The mutation was detected in

both high level fluoroquinolone resistant isolates as well as laboratory murants having
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Figure 15. Southern hybridization analysis of chromosomal DNA isolated from

fluoroquinolone susceptible and resistant S.aureus mutants. The blot was

hybridized to a20 mer "P-oligonucleotide internal to the gyrA ORF.
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Figure 16. Southern hybridization analysis of chromosomal DNA isolated from

fluoroquinolone susceptible and resistant $.aureus mutants. The blot was

hybridized to a20 mer t'P-oligonucleotide internal to the norA ORF.
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Figure 17. Southern hybridization analysis of a 2.4 Kb gyrA pCR fragment

ampliflred from fluoroquinolone susceptible and resistant $.aureus. The PCR

fragments were digested overnight with Hinf I. The blot was hybridized to a 20

mer "P-oligonicleotide internal to the gyrA ORF.
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Table 16. The DNA sequence of a 1170 bp DNA fragment corresponding to the

coding region of the nora gene. The ATG staft codon is in botdtype.
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Straln

F651

Ft92

F651 cip 2.8

Fl92cip2.8

F192 cip I1.0

F65l cip 22.0

Fl92 cip22.0

#609

480 490 500 510 520 530 540 550 560 570 580
CATATGAATAAACAGATTTTTGTCTTÀTATTTTAATATTMCTTGATTTTTTTAGGTATCGGTTTAGTAATACCAGTCTTGCCTGTÏTATTTAAAAGATTTGGGATTAACT

Strsln

F65l

Ft92

F651 cip 2.8

Fl92 cip 2.8

F192 cip 11.0

F65l cip 22.0

Fl92 cip22.0

#609

590 600 610 620 630 640 650 660 670 680 690
GGTAGTGATTTAGGATTACTAGTTGCTGCTTT'TGCGTTATCrcAAATGATTATATCC,cCGTTTGGTGGTACGCTAGCTGACAAAÏTAGGGAAGAAAîTAAÏTATATGTATA

Straln

F65r

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92cip22.0

#609

700 7to 72n no 740 750 760 770 780 7go 800
GGATTAATTTTGTTTTCACTGTCAGAATÎTATGTTTGCAGTTGGCCACAATTTMCGGTATTGATGTTATCGAGAGTGATTGGTGGTATGAGTGC"TGGTATGGTAATGCCT

110
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Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92 cip22.O

#609

810 8?ß 830 840 850 860 870 880 E90 900 910

:.:.::::ÏÏ:T1Ï*GACATTTCACCAAGCCATCAAAAAGCAAAAAACTTTGGCTACATGTCAGCGAT'TATCAATTCTGGATTCATTT'TAGGACCAGGGAîTGGT

Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip 11.0

F65l cip22.0

Fl92 cip22.0

#609

920 930 g4o 950 960 g70 980 990 1000 t0l0 1020 1030

:.:i:T::::.iTAGT'TTCACATCGTATGCCATTTTACTTTGCAGGAGCATTAGGTATTCTACCATÏTATAATGTCAATTGTATTGATTCACGATCCGAAAAAGrcTACG

Strsln

F651

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cipL2.O

Fl92cip22.0

#609

1040 1050 1060 1070 t0B0 1090 t00 l l l0 
'20 

,30 l l40
l-i1-"]::Ï::1.11.T-^"AGCCACAATTCCTAACGAAAAîTAACTGGAAAGTGTTTAîTACACCAGTTATTTTAACACîTGTATTATCGTTTCGTTTATCTGCATÏT

lll

lll



Straln

F65t

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I t.0

F65l cip22.0

Fl92 cip22.0

#609

Straln

F65l

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92cip22.0

#609

ll50 1160 1170 1180 
'90 

1200 1210 r22o r23o 1240 1250

:Ï1-:illy:-1-ilrAcAcAGcrcACAAGGrAAArrArrcACcrAAAcArArrrccÂîrc,crArrAccccrcccccrArArrrcccccAcrrrrccAAArcrArrrc

1',2ß0 rno 1280 r2go 1300 l3l0 r32o 1330 1340 1350 1360

:.1]11.1Ï1]:11GTATTTCTCAGAGTTAACATTTATAGCTîGGTCATTATTATATrcAGÏTGTTGTCTTAATATTATTAGTTITTGC-TAATGGCTATTGGTCAATAATG

Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cipL2.O

Fl92cip22.0

#609

1370 1380 1390 1400 1410 1420 r43o r44o 1450 1460 1470

ÏT1TÏrcJTCATAGGTTTTGATATGATACGACCAGCCAîTACAAATTATÏTTTCTAATATTGCTGGAGAAAGGCAAGGCTTTGCAGGCGGATTGAACTCG

tt2

tt2



Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92cip22.O

#609

1480 1490 1500 l5l0 ts2o 1530 1540 1550 1560 rsTo 1580 1590

1-".1Ï.i1-"]i::-:G'TAATTTCATAGGTCCTTTAATCGCAGGTGCGTTATÏTGATGTACACAî'TGAAGCACCAATTTATATGGC"TATAGGTGTTrcAÏTAGCAGGTGÏT

Strsln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip2L.O

Fl92 cip22.0

#609

1600 1610 rc?n 1630 1640 1650
ATTGTTTTAATTGAAAAGCAACATAGAGCAAAATTGAAAGAACAAAATATGTAGCATAAG

ll3

il3
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Table 17. The DNA sequence of a 1920 bp DNA fragment corresponding to the

coding region of the gyrB gene. The ATG start codon is in boldtype.

tt4



Straln

F65l

Fl92

F65l cip 2.8

F192 cip 2.8

Fl92 cip 11.0

F65l cip22.0

Fl92cip22.0

#609

l0 20 30 40 50 60 7O 80 90 100 110ATGGTGACTGCATTGrcAGATGTAAACAACACGGATAÄTTATGGTGCTCIGGCAAATACAAGTATTAGAAC,GTÏTAGAAccAGTAccTAAAAGAcCAGGTATGTATATAGGA

Straln

F65l

Fl92

F651 cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92 cip22.0

#609

r20 130 140 150 160 r7o 180 r90 200 zro 220TCCACrcAGAGAGAGTTGCACATTAGTGTGGAAATTGTCGATAATAGTATCGATGAAGCATTAGCTGCTTATGCAAATAAAAÏTGAAGTTGTTATTGÄAAAAGATAACTGC

Straln

F65l

Ft92

F65l cip 2.8

Fl92 cip 2.8

Fl92 cip I1.0

F65l cip22.0

Fl92cip22.0

#609

230 u0 250 260 no 280 2g0 300 310 320 330
ATTAAAGTAACGGATAACGGACGTCGTATCCCAGTTGATATTCAAGAAAAAATGGGACGTCCAGCTGrcGAACTTATTÏTAAc:TGTTTTACATCCTC,GTC,CTAAATÏcCCC

115

115



Straln

F65t

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip 11.0

F65l cip 22.0

Fl92 cip22.0

#609

340 350 360 370 380 390 400 410 420 430 440
GGTCGCGGATACAAAGTATCTC,CTC,CTTTACATGGTGT'TGGTTCATCACTTGTAAACGCATTGTCACAAGACÏTAGAAGTATATGTACACAGAAATGAGACTATATArcAT

Sfraln

F65l

Ft92

F651 cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92cip22.0

#609

450 460 470 480 490 500 510 520 530 540 550
CAAGCATATAAAAAAGGTGTACCrcAATTTGACTTAAAAGAAGTTGGCACAACTGATAAGACAGGTACTGTCATTCGTTTTAAAGCAGATGGAGAÀ{TCTrcACAGAGACA

Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92 cip22.O

#609

560 570 5S0 590 600 610 620 630 640 650 660

1T:1T"^äiTlAAcArrAcAGcAGcGrArrÂGAcAGcrrccrrrcrrAAACAAAccAArrcAAArcAcArrAAcAcArcAAccrGArcAAcAAAAccrrÄcAcAA

116
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Straln

F65t

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F651 cip 22.0

Fl92 cip?2.O

#609

Straln

F65t

Ft92

F65l cip 2.8

Fl92cip2.8

F192 cip 11.0

F65l cip22.0

Fl92cip22.0

#609

670 680 690 7OO .no 7n ßo 740 750 760 noGACTCCTATCACTATGAGGGCGGTATTÀAATCGTACGTTGAGTTATTGAACGAAAATAAAGAACCTATTCATGATGAGCCAATTTATATTCAÏCAArcTAAAGATGATATT

780 790 800 810 820 830 840 850 860 870 880GAAGTAGAAATTGCGATrcAATÂT,AACrcAGGATATGCCACAAATCTTTTAACÏTACGCAAATAACATTCATACGTACGAAGGTGGTAC:cCATGAAGACGGATTCAAACGT

Strsln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92cip22.0

#609

890 900 910 g2o 930 g40 950 960 g7o 980 990

::-1ÏÏ:-::i:Ï1Ï1ÏllGrrrAAGTAccAGArArGAAGAAcAAAAcArAccrïcrccrcAAcArAcAccAcAAcGrArcAcAGcAArrArArcrÂrcAAA

n7

n7



Straln

F651

F192

F65l cip 2.8

Fl92cip2.8

F192 cip I1.0

F65l cip22.0

Fl92cip22.O

#609

Straln

F65l

Fl92

F651 cip 2.8

Fl92cip2.8

Fl92 cip 11.0

F65l cip 22.0

Fl92cip22.0

#609

Straln

F65t

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cipL2.O

Fl92 cip22.0

#609

1000 t0l0 1020 1030 lo40 1050 1060 rû70 1080 1090 ll00 l'0
:1Ï::"-iT--"TAArrc€AAc'crcAAAcGAAGAcAAAArrAGGrAArrcrcAAcrcccrcAAcrrcrAcArAAArrÂlTcrcAcÄccAcrrrcAAccArrïTrArArcAA

|20 il30 l l40 l t50 1160 ttTo ll80 ll90 t2o0 t2t0 l22O

ÏT:ji1"T:-:iccrAcAGrGGrrGAAAAAccrArrArccccccAccrccAccrcrrc,crcccAAAAAAcccccîcAAcrAAcAccrccrAAArcAcccîrAcArcrA

1230 1240 1250 1260 tz'o r2B0 rzgo 1300 r3l0 r3zo 1330

3iT:-1il'1Ï_T::1_lÏ_**GrcAAAGrccrcAAGAArGrGAGArrrrcrrAcrccAAccccAcrcrcccccAcccrcrAcAAAArcrccrccrcAc

118
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Stratn

F65l

Ft92

F65l cip 2.8

Fl92 cip 2.8

F192 cip ll.0
F65l cipLL.O

Fl92 cip22.0

#609

1340 1350 1360 1370 1380 1390 1400 l4l0 t42o t430 t440
TCTAGAACGCAGC,CGATTTTACCATTACGAGGTAAGATATTAAATGTTGAAAAAGCACCATTAGATAGAATTTTGAATAACAATGAAATTCGrcAAATGATCACAGCATTT

Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92cip22.0

#609

1450 1460 l47o 1480 1490 1500 l5r0 rs2o 1530 1540 1550

:_:1:Ï_TT:::_::"ACrrrGArcrAGcGAAAGcAAGArArcAcAAAArccrcArrArcAcïcArccccArcrccÂrc¡cAccccArArrAcAAcArrcïrAïrAArA

Shaln

F65t

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92 cip ll.0
F65l cip22.0

Fl92 cip22.0

#609

1560 1570 1580 1590 1600 1610 rcvn 1630 1640 1650 1660

Ïi*-:1T:tryGAcccTTAATTGAAGCAGGcrATGTGTATArrccAcAcccAcccrrcIATAAAcrcAcAcAAccrAAAcAAAAc1AïTATçTATAcAATcAT

il9

r19



Straln

F65l

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip2L.O

Fl92cip22.O

#609

Straln

F651

Ft92

F65l cip 2.8

Fl92cip2.8

F192 cip 11.0

F65l cip 22.0

Fl92cip22.O

#609

1670 1680 1690 1700 rTro r72o rßo r74o 1750 t76o r77o

1"iT-:T:iTAcrrAAATcrGAATrGAArccAAcAccAAAArCGTcrATrcccc'rATAcAAAccrcïTc¡cAcAAArcAArccAGAreAAïTÂrcccAAAcAAcAArc

1780 1790 1800 r8l0 r82o 1830 1840 ls50 1860 1870 1880

1-T:i:Ï-"-::::T*"AAGrAAAAcrrcAAGArGcGArrcAAGcccAccAAAcArïrcAAArcrrAArcccrcAccrrcrAcAAAAcccrAcAcAArrrArA

Straln

F65l

Fl92

F65l cip 2.8

Fl92cip2.E

Fl92 cip I1.0

F65l cipZZ.O

F192 cip22.O

#609

1890 1900 1910 lg2o
GA AGATA ATGCAGTTTATGCAAACÎTAGACTTCTAAGCGC

t20
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Table 18. The DNA sequence of a 2672 bp DNA fragment corresponding to the

coding region of the gyrA gene. The ATG start codon is in boldtype.

tzt



Straln

F65r

Ft92

F651 cip 2.8

Fl92cip2.E

Fl92 cip 11.0

F65l cip22.0

Fl92cip22.0

#609

Straln

F65t

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip2Z.O

Fl92cip22.0

#609

Straln

F651

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92 cip 11.0

F65l cip22.0

Fl92cip22.0

#609

0 10 zo 30 40 50 60 7A 75 80 90 100 ll0
ATGGCTGAAT.TACCTCAATCAAGAATAAATGAACGAAATATTACCAGTGAAATGCGTGAATCATTTTTAGAÏTACGCGATGAGTGÏTATCGTTGCrcGTGCATTGCCAG,4T

120 r30 140 150 160 r70 180 190 2W ,to 220
GTTCGTGACCGTTTAAAACCAGTACATCGTCGTATACTATATGGATTAAATGAACAAGGTATGACACCGGATAAArcATATAAAAAATCAGCACGTATCGTTGGTCACGTA

230 u0 250 ?Á0 no 280 2go 300 310 320 330
ATGGGTAAATArcACCCrcATGGTGACTCATCTATTTATGAAGCAATGGTACGTATGCErcAAGATTTCAGÏTATCCTTArcCGCTTGTTGATGGCCAAGGTAACTTTGGÏT

----------c-----

-----c-------_-.

------------c---
--c-

-c------------------

722

122



Straln

F65t

Ft92

F651 cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip 22.0

Fl92cip22.O

#609

Straln

F65l

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.O

Fl92cip22.O

#609

Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip 22.0

Fl92cip22.0

#609

340 350 360 370 380 390 400 410 420 430 M0
CAATGGATGGAGATGGCGCAGCAGCAATGCGT.TATACTGAAGCGCGTATGACTAAAATCACACÏTGAACTGTTACGTGATAÏTAATAAAGATACAATAGATTTTATCGA

450 460 470 480 4go 500 5r0 520 530 540 550
TAACTATGATGGTAATCAAAGAGAGCCGTCAGrcTTACCTGCTCGATTCCCTAACÎTGTTAGCCAATGGTGCATCAGGTATCGCGGTAGGTATGCCAACGAATATTCCACC

560 570 580 590 600 610 621 630 640 650 660
ACATAACTTAACAG^A,ATTAArcAATGGTGTÂCTTACCTTAAGTAAGAACCCTGATATTTCAATTGCTGAGTTAATGGAGGATATTGAAGGTCCTGATTTCCCAACTGCTCIG

r23
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Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip 11.0

F651 cip22.0

Fl92cip22.0

#609

670 680 690 700 7ro 720 730 740 .r5o 760 770
ACTTATTTTAGGTAÄ'GAGTGGTAT.TAGACGTGCATATGAAACAGGTCGTGCTTCAATTCAAATGCGÏTCTCGTGCAGTTATTGAAGAACGTGGAGGCGGACGTCAACGTAT

Straln

F65l

Fl92

F651 cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92 cip22.0

#609

Straln

F65l

Fl92

F65l cip 2.8

Fl92 cip 2.8

Fl92 cip I1.0

F65l cip22.0

Fl92 cìp22.0

#609

780 790 800 8r0 820 830 840 850 860 870 880
TGÏTGTCACTCAAATTCCTTrcCAAGTGAATAAGGCrcGTATGATTGAAAAAATTGCAGAGCTCGTrcGTGACAAGAAAATTGACGGTATCACTCATTTACGTGATGAA.AC

890 900 910 920 930 g4o 950 960 g7o 980 990
AAGTTTACCTACTGGTGTGCGTGTCGTTATTGATGTGCGTAAGGATGCAAATGCTAGTGTCATTTT,AAATA.ACITATACAAACAAACACCrcTTCA,AACATCATTTGGTGT

t24
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Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.O

Fl92 cip22.0

#609

Straln

F65l

Ft92

F651 cip 2.8

F192 cip 2,8

Fl92 cip 11.0

F65l cip22.0

Fl92cip22.0

#609

Straln

F65l

Fl92

F651 cip 2.8

Fl92cip2.8

Fl92 cip 11.0

F65l crp?2.O

Fl92 cip22.O

#609

1000 l0l0 to2o 1030 1040 1050 1060 tuto 1080 1090 1100 ll10
GAATATGATTGCACTTGTAAATGCTAGACCGAAGCTTATTAATTTAAAAGAAGCGT'TC'GTACATTATTTAGAGCATCAAAAGACAGTTGTTAGAAGAcGTAcccAATAcAA

tl20 ll30 1140 1150 1160 ll70 ll80 1190 lnl. ;j¿to 1220
CTTACGTAAAGCTAAAGATCGTGCCCACATTTTAGAAGCATTACGTATCGCACTTGACCATATCGATGAAAÏTATITCAÀCGATTCCTGAGTCAGATACAGATAA]q,GTTGC

1230 1240 l25o 1260 lno :rl80 l2go 1300 l3l0 1320 1330
AATGGAAACCTTGCAACAACGCTrcAAACTTTCTTGAAAAACAAc,crcAAGCTATTÏTAGACATGCGTTTAAGACGîCTAACAGCTîTAGAGAGAGACAAA,AîTGAACCTG

t25
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Strain

F65l

F192

F65l cip 2.8

Fl92cip2.8

F192 cip 11.0

F65l cip22.O

Fl92cip22.O

#609

Straln

F65t

Ft92

F651 cip 2.8

Fl92cip2.8

Fl92 cip 11.0

F65l cip22.0

Fl92 cip22.0

#609

1340 1350 1360 1370 1380 1390 1400 l4l0 l42o r43o 1440AATATAATGAGTTATTAAATTATATTAGTGAATTAGAAGCAATCTTAGCTGATGAACAAGTGÏTATTACAGî-TAGTTAGAGATGAATTGACTGAAAÏTAGAGArcGTTTCG

1450 1460 l47o 1480 1490 1500 l5l0 rszo 1530 1540 1550GTGATCATCGTCCTACTGAAATCCAATTAGGTGGATTTGAAGATTTAGAAGATGAAGATCrcATTCCAGAAGAACAAATAGTAATTACTÏTGACCCATAATAACTACAîTA

Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.O

Fl92 cip2}.O

#609

1560 t57o 1580 1590 1600 1610 t62O 1630 1640 1650 1660

1::ÏÏ":ÏCATATCGTCCTCAAAACCGTGGTGGTCGTGGTGTrcAAGGTATGAACACAÏTGGAAGAAGATTÏTGTCAGTCAATTGGTAACÎTTAAGTACAC

126

126



Straln

F65r

Fl92

F65l cip 2.8

F192cip2.8

Fl92 cip I1.0

F65l cip22.O

Fl92 cip22.O

#609

1670 1680 1690 1700 1710 l72o t73o r74o t75o 1760 tiio
ATGACCATGTATTGTTCTTTACTAACAAAGGTCGTGTATACAAACTTAAAGGTTATGAÂGTGCCTGAGÏ:TATCAAGACAGTCTAAAGGTATTCCTGTAGTGAATGCTATTG

Straln

F651

Ft92

F65l cip 2.8

Fl92 cip 2.8

Fl92 cip I1.0

F65l cip22.0

Fl92cip22.O

#609

1780 1790 1800 l8l0 1820 1830 1840 1850 1860 1870 1880
AACTTGAAAATCATCAACTCATTAGTACAATGATTGCTGTTÄAAGACCTTCAAAGTGAAGACAACTrcTTAGTGTTTGCAACTAAACGTGGTGTCGÏTAAACGîTCAGCAT

Sfraln

F65t

Fl92

F65l cip 2.8

Fl92 cip 2.8

F192 cip I1.0

F65l cip2Z.O

Fl92cip22.0

#609

1890 1900 l9l0 tgzo 1930 1940 1950 1960 tgTo 1980 1990
TAAGTAACTrcrcAAGAATAAATAGAAATGGTAAGATTGCGATTTCGTTCAGAGAAGATCATGAGTTAAîTGCAGTTCGC'I-TAÁ,CAAGTGGTCAAGAAGATATgTTGATTG

127
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Straln

F65l

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.O

Fl92 cip22.O

#609

Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cipZ?.O

Fl92cip22.O

#609

Straln

F651

Fl92

F65l cip 2.8

Fl92cip2.8

Fl92cip 11.0

F65l cip22.0

Fl92cip22.O

#609

2000 æ10 2o2n zcßO 2o4o ?ß50 zMO 2A7o 2080 2W0 2100
GTACATCACATGCATCATTAATTCGATTCCCTGAATCAACATTACGTCCTTTAGGCCGTACAGCAACAGGTGTGÂAAGGTATTACACÏTCGTGAAGGCGATGAAGÎTGTAG

2lto 2120 2r3o 2l4o 2l5o 2160 2t7o 2ls0 ztgo 22oO 22tO 2220
GGCTTGATGTTGCTCACGAAAATAGTGTACATCAAGTTÎTAGTTGTTACTGAAAATGGTTATCGTAAACGTACGCCAGTTAATGACTATCGCTTATCAAACCGTGGTGGTA

2230 2240 2250 2260 2270 2280 22gO 2300 23tO 2320 2330
AACGTATTAAGACTGCAACGATTACTGAACGTAATGGTAATGTTGTTTGTATTACAACTGTTACTGGTGAAGAAGATTTAATGATTGTTACGAATCCAGGTCTCAÏTATTC

128
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Strsln

F65l

Fl92

F65l cip 2.8

Fl92 cip 2.8

F192 cip 11.0

F65l cip22.O

Fl92cíp22.0

#609

2340 2350 2360 2370 2380 23gO 24cÐ 2410 2420 2430 uso
GACTAGATGTTGCAGATÀTTTCTCAAAATGGTCGTGCAGCACAAGGTGTTCGCTTAATTCGCTTAC,GCGATGATCAATîTCTTTCAACGGTTGCTAA.AGTAAAAGAAGATG

Straln

F65l

Ft92

F651 cip 2.8

Fl92 cip 2.8

Fl92 cip I1.0

F65l cipZ2.O

Fl92cip22.0

#609

2450 2460 2470 2480 24gO 2500 2510 2520 2530 2s4o ?jj50
CAGAACATGAAACGAATGAAGATGAGCAATCTACTTCAACTGTATCTGAAGATGGTACAGAGCAACAÂCGTGAAGCGGTTGTAAATGATGAAACACCAC,GAAATGCA.ATTC

Straln

F65l

Ft92

F65l cip 2.8

Fl92cip2.8

Fl92 cip I1.0

F65l cip22.0

Fl92cip22.0

#609

25Ñ 2570 2580 25gO 26û 26tO 2620 2630 2640 2650 2660 2670
ATACTGAACTGATTGAATCAGAAGAAACTGATGACGATGCACGTATTGAAGTAAGACAAGATTTCATGGATCGTGTTGAAGAAGATATACAACAATCAÏTAGATGAAGATGAAGAATAA

129

129



Table 19. DNA sequence changes in gyrA

A') r to C substitution. Discrepancy between published sequence and sequence from isolated strains.
Sequence source

published sequence*

Amino acid position

HSC sequence

* Margerrison et al,I992

B') c to T substitution. Change in DNA sequence between wild type (susceptible) and Flq resistant strains.

Strain

Ser

TCA

wild type (susceptible)

Amino acid position

F651 cip 11.0

F192 cip 11.0

# 603

# 609

Phe

TTT

22

Pht

TTT

2t

Ser

TCA

DNA and amino acid sequence

Leu Asp Tyr Ala

TTA GAT TAT GCG

23 24 25 26

Iæu Asp Cys Ala

TTA GAT TAC GCG

His

CAT

Gly Asp Ser

GGT GAC TCA

81

His

CAT

DNA and amino acid sequence

Met

ATG

82 83 84

Gly Asp Leu

GGT GAC TTA

Ser

AGT

27

Met

ATG

28

Ser

TCT

85

S*
TCT

Ser

AGT

Ile

ATT

Tyr Glu

TAT GAA

86

Ile

ATT

87 88

Tyr Glu

TAT GAA

r30
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a ciprofloxacin MIC of 11.0 llgml or higher. The appearance of the T to C transition

coincides with the loss of a Hinf I restriction enz¡¡me siæ in gyrA.

4. Uptake Studies

Experimental conditions were first determined in a series of pretiminary

experiments. Initial experiments were designed to detemrine the optimal concentration

of radiolabeled fluoroquinolone to use in our uptake assays. Due to the relatively low

qpecific activity of our labeled compounds we detennined that 16 pglrnt was the

lowest concentration of antimicrobial that consistently yielded reproducible results.

Thus this concentration was used for the majority of uptake experimens. The optimal

cell density for uptake experiments was determined to be 10E cfu/ml. This cell

concentration appeared to be the mÐdmum concentration that still allowed rapid flow

through the nylon filters. Pre-soaking filters in solutions of non-radiolabeled

fluoroquinolones only served to increase non qpecific binding of the radiolabeled

compounds to the filters and therefore filters were pre-soaked in sterile pBS.

The antibacterial effects of the fluoroquinolone agents were evaluated over the

course of the uptake assays by plating small aliquots onto blood agar plates and

incubating overnight. Over the 30 to 40 minute time frame of the assays, all the

fluoroquinolones produced a kill of approximately 1 log. It was felt that this level of

kill would not adversely inærfere with the accumuration assay.

A number of experiments were designed to study the uptake of fluoroquinolones

in S.aureus. Initial experiments were performed to determine how fluoroquinolones

13r
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accrrmulate in the staphylococcal cell; was uptake passive or was an active transpon

system involved? Secondly, the role of fluoroquinolone accumulation "or lack of

accumulation" in resistant cells was examined at both the gross and molecular levels.

Finally, studies were performed to ascertain what relationship, f -y, existed between

uptake of fluoroquinolone antimicrobials and the PAE.

a) accumulation of fluoroquinolones in rogarithmic phase S.aureus.

Fluoroquinolone accumulation in logarithmic phase S.aureus was studied using

different concentrations of fluoroquinolones, varying temperatue, competition studies,

and metabolic inhibitors.

i) Effect of temperature, concentration, and competition studies:

Figure 18 illusnates the tpical uptake kinetics of pefloxacin and norfloxacin in

logarithmic phase S.aureus. In logarithmic phase cells, a biphasic pattern of

accumulation was t¡'pically observed with an initial rapid phase of accumulation seen

within the first ten seconds. The rapid phase of accumulation was followed by a slow

steady increase over the next 50-60 minutes. At the end of this plateau mÐdmal

accumulation began to decrease.

The effect of antimicrobial concentration was examined by varying the

concentration of radiolabeled fluoroquinolones in the uptake assays. A number of

experiments were performed using antimicrobial concentrations between 4 pg/ml and

256 ¡tg/rnl (Frg.19). We observed a linear increase in fluoroquinolone accumulation

corresponding with increasing concentrations of radiolabeled antimicrobials. This

t32
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uoroquinolone (ng/mg)
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Time (minutes)
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Figure 18. The uptake kinetics of laC-pefloxacin and raC-norfloxacin in

logarithmic phase S.aureus F988.I-ogarithmic phase culrures of S.aureus F988 were

exposed to 16 pg/ml rac-pefloxacin 0 and 16 pglml rac-norfloxacin r. toc-

fluoroquinolone accumulation is expressed as ng fluoroquinolone / mg total cell

protein.
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Figure 19. The Effect of fluoroquinolone concentration on the uptake kinetics of

taC-pefloxacin in $.aureus F651. The uptake of 4 ¡tg/mlto 256 pglml raC-pefloxacin

was examined. Results are expressed as ng laC-pefloxacn I mgtotal cell protein.
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effectwas seen with all fluoroquinolones evaluated. Experiments perforrred with high

concentrations of radiolabeled fluoroquinolones (256 pglml) did not demonstrate any

saturation of the uptake system (Frg.20). To further explore this a number of

competition experiments were performed to detemrine if unlabelled ciprofloxacin

could compete for the uptake system with radiolabeled pefloxacin. Unlabelled

ciprofloxacin : toc-pefloxacin ratios of 1:1, 2:1, 3:L, and 4:l were used in the

çsmpetition studies. Pefloxacin accumulation \ilas not modified at any ciprofloxacin :

pefloxacin ratio evaluated (Table 20).

Experiments were also designed to determine the effect of temperature on

fluoroquinolone accumulation (Frg.21). S.aureus cells were pre-incubated at the test

temperature for 10 minutes prior to addition of the radiolabeled fluoroquinolone.

Accumulation experiments were performed at temperatures ranging f¡om 4oC to 42oC.

We observed a linear increase in fluoroquinolone accumulation with increasing

temperature over the entire range tested (p<0.05). Again, this effect was observed for

all fluoroquinolones evaluated

ii) Effect of metabolic inhibitors:

Accumulation experiments were performed in the presence of the metabolic

inhibitors CCCP, 2,4-DNP, KCN, and NaI\g to determine if fluoroquinolone uptake in

S.aureus was an energy dependent or independent process. The inhibitors CCCp and

2,4-DNP are known to destroy the proton-motive force @MF) across the cytoplasmic

membrane, while KCN and NaN¡ are known to inhibit electron transport (Cohen et

a1.1988; Dver et 4I,1990). All inhibitors were fi¡st evaluated for their bactericidal
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Figure 20. Lineweaver-Burk plot for the accumulation of raC-pefloxacin in

$.aureus F65l over a concentration range of 4 to 256 ¡tglml.
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Table 20. Effect of unlabelled Ciprofloxacin on the uptake of l4c-pefloxacin.

Mean Fluoroquinolone Accumulation (ng/mg)'

Quinolone

Pefloxacin

Cip : Pfx ratio

10 minutes 20 minutes 30 minutes

5.1 5.7 7.5

2

J

4

5.25

4.9

5.1

5.3

5.6

5.7

s.8

5.8

7.4

7.4

7.7

7.5

* Accumulation expressed as ng /mg total cell proæin

activity. Concentrations used in experiments throughout our studies were shown not

to be bactericidal over the course of the accumulation assays. Inhibiton were added l0

minutes after introduction of the radiolabeled fluoroquinolone.

Figure 22 illustrates the effect of CCCP and 2,4-DNP on the accumulation of
raC-pefloxacin 

and laC-lomefloxacin in S.aureus. After addition of these inhibitors a

significant increase in the accumulation of both pefloxacin and lomefloxacin was

observed (p<0.05). The effect of the inhibitors was rapid with increased accumulation

appüent soon after addition. At 35 minutes the accumulation of both antimicrobials in

treated cells was approximately two fold over the untreated controls. This same trend

was seen in all S.aureus stxains tested.
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Figure 21. The effect of temperature on the uptake kinetics of raC-pefloxacin in

S.aureus F447. The uptake of raC-pefloxacin over a temperature range of 4oC to

42oC was examined. Results are expressed as ng laC-pefloxacn / mgtotal cell protein.
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Similar accumulation kinetics were observ* t S.au¡eus treated with the

inhibitors KCN or NaNg (Frg. 23). A significant increase in both pefloxacin and

lomefloxacin accumulation was observed afær addition of both metabotic inhibitors

(p<0.05). Although both KCN and NaNs increased drug accumulation, KCN appeared

to be the more effective of the two inhibitors. Accumulation kineúcs in the presence of

KCN or CCCP, and 2,4-DNP were almost indistinguishable. Again, the same trends in

fluoroquinols¡e ¿ssrmulation in the presence of KCN or NaN3 were observed with alt

S.aureus strains examined-

iii) Fluoroquinolone hydrophobicity:

The hydrophobicity profiles of the modern fluoroquinolones agents are known to

span the spectrum from relatively hydrophilic molecules to reliatively hydrophobic

molecules. Given this, and the fact that these agents must sross a biological membrane

to reach their target, it is logical to assume that the hydrophobicity of the agenr could

play a role in its ability to reach the cell interior. We therefore choose to compare the

accumulation of four fluoroquinolones of differing hydrophobicity (table 21).

Table 21: The Relative Hydrophobicities of Four Fluoroquinolones

Fluoroquinolone Pa¡tition Coeffîcient

Sparfloxacin 0.97 +/- 0.2t

Pefloxacin 0.36 +/- 0.11

Norfloxacin 0.12 +l- 0.04

Lomefloxacin 0.O7 +/- 0.04

* partition coefficient in n-octanol - 0.lM phosphate bumer p]F.7.2
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Figure 22. The effect of metabolic inhibitors on the accumulation of

fluoroquinolones in S.aureus F651. Iogarithmic phase cultures of S.aureus I were

exposed to A. 16 ¡tg/ml lomefloxacin or B. L6 ¡tg/mt pefloxacin. 10 minutes after

introduction of the tac-fluoroquinolone, cccp (50 pM) l, or 2,4-DNp (2mM) o

were added Results are expressed as ng fluoroquinolone / mg total cell protein.

145



146

rb-bmef,oxacln 
(ng/mg)

A10

t
INHIBITOR

0 5 10

raG-peffoxacin (ng/mg)

15 20 25

Time (minutes)

12

B
10

I

6

4

2

0
10 15 20 25

Time (minutes)

146



147

Figure 23. The effect of metabolic inhibitors on the accumulation of

fluoroquinolones in S.aureus F651. I-ogarithmic phase cultures of S.aureus r were

exposed to A. 16 ¡tg/mt lomefloxacin or B. 16 ¡rg/ml pefloxacin. 10 minutes after

introduction of the toc-fluoroquinolone, KcN (2 mM) 0, or NaNs (5mM) o were

added. Results are expressed as ng fluoroquinolone / mg total cell protein.
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A definite trend was observed be¡veen the degree of fluoroquinolone hydrophobicity

and the amount of antimic¡obial accumulation þ<0.05). Accumulation of sparfloxacin,

the most hydrophobic quinolone tested, was greater than the other three comFarator

quinolones. I-omefloxacin, having the least hydrophobic profile was accumulated to a

lesser extent than the other more hydrophobic agents. These results were seen in all

strains tested (Fig. 2Ð. In the majority of strains, accumulation of pefloxacin was

significantly greater (p<0.05) than norfloxacin, however a significant difference could

not be seen in some strains. The relative amounts of norfloxacin and lomefloxacin

uptake in most strains were similat, however significantly greater amounts of

norfloxacin were seen in some strains.

Of interest is the fact that the MICs of the four fluoroquinolone agents correlate

with their relative hydrophobicity and extent of accumulation. Others have reported

that no correlation was found benveen quinolone accumulation and extent of

antibacterial activity, however our results indicate otherwise @iddock et al). It should

be noted, however, that due to the small numbers of strains examined in our studies

the possibility of coincidence exists. The effect of CCCP was compared with each of

the four fluoroquinolones. Figure 25 illustrates the effect of CCCP on sparfloxacin and

lomefloxacin. Addition of the metabolic inhibitor significantly increased (p<0.05) the

accumulation of lomefloxacin but did not significantty increase the accumulation of

sparfloxacin (P>0.05). A significant increase in the accumulation of pefloxacin and

norfloxacin were also seen upon addition of CCCP (p<0.05). This trend was observed

in all strains examined
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Figure 24. The effect of fluoroquinolone hydrophobicity on accumulation in

S.aureus F651. Logarithmic phase cultures of S.aureus F651 were exposed to 16

pglml sparfloxacin o, ¡refloxacin 0, norfloxacin o, or lomefloxacin r. Results are

expressed as ng fluoroquinolone / mg totat cell protein.
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Figure 25. The effect of CCCP on the accumulation of raC-sparfloxacin and raC-

lomefloxacin in $.aureus F651. Iogarithmic phase culnues of S.aureus F65l were

exposed to 16 pg/ml sparfloxacin o, + CCCp (50 pM) 0, or lomefloxacin r, + CCCp

(50pM) O. Results are expressed as ng fluoroquinolone/mg toal cell protein.
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b) Fluoroquinolone uptake during the PAE:

We examined the accumulation of fluoroquinolones during the PAE to deærrrine

what effect the PAE might have on antimicrobial accumr¡lation. We believed that

fluoroquinolone accumulation would be increased during the effect. Our hypothesis

was based on the purported existence of an energy dependent efflux system in

S.aureus responsible for the removal of fluoroquinolones from the bacærial cell. Given

the growth characteristics of bacærial cells during the PAE we believed that cells

would be incapable of generating sufficient energy during this period to drive energy

dependent systems at optimal levels. Thus intracellular levels of fluoroquinolone

agents would accumulate to greater levels in these cells.

Preliminary experiments had shown that the number of viable cells remaining

after induction of the PAE and drug removal by dilution were insufficient to accurarely

determine fluoroquinolone accumulation. A larger test volume (100ml) was therefore

used and removal of antimicrobials changed from dilution to centrifugation and

washing. These modifications did not result in any change to ttre duration of the pAE.

PAE determinations were performed simuluneously to ensure cells were in the pAE

phase during the accumulation assays.

i) Accumulation kinetics during the pAE:

The accumulation of four fluoroquinolones (sparfloxacin, pefloxacin, norfloxacin,

and lomefloxacin) were examined during the PAE and compared to accumulation

kinetics in actively growing cells (Fig. 26 and,27). Accumulation of pefloxacin,

norfloxacin, and lomefloxacin was significantly increased (p<0.05) dr:ring the pAE
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Figure 26. Accumulation kinetics of raC-sparfloxacin and raC-norfloxacin in

logarithmic phase and PAE phase S.aureus F651. Iogarithmic phase and pAE

phase cultures of S.aureus F651 were exposed to 16 pglml of raC-sparfloxacin 
and

taC-norfloxacin. Log phase culores: sparfloxacin r, norfloxacin 0 pAE phase

cultures: sparfloxacin O, norfloxacin O The pAE was induced by exposure to 10x

MIC of ciprofloxacin. Results expressed as ng fluoroquinolone / mg total cell protein
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Figure 27. Accumulation kinetics of laC-pefloxacin and raC-lomefloxacin in

Iogarithmic phase and PAE phase S.aureus F651. Iogarithmic phase and pAE

phase cultures of S.aureus F651 were exposed to 16 ltg/mt of laClomefloxacin 
and

lac-pefloxacin. Log phase cultures: pefloxacin t, lomefloxacin 0. pAE phase

cultures: pefloxacin o, lomefloxacin o. The pAE was induced by exposure to 10x

MIC of ciprofloxacin. Results expressed as ng fluoroquinolone /mg total cell protein.

157



158

compared to accumulaúon in logarithmic phase cells. Sparfloxacin, however, did not

show a significant increase in accumulation during the PAE (p>0.05). This trend was

observed regardless of the fluoroquinolone used to induce the PAE and was seen in

cells exposed to both 4x or lûx MIC. C-ells exposed to l0x MIC did, however,

accumulate somewhat higher levels of drug than those cells exposed to 4x I\41C. These

experiments were repeated in several S.aureus strains with the sarne result occurring in

each strain.

ii) The effect of inhibitors on accumulation of fluoroquinolones during the pAE:

When fluoroquinolone accumulation was examined during the PAE, the relative

amount of drug accumulation appeared to be similar to that seen in actively growing

cells exposed to CCCP. We therefore examined the uptake of fluoroquinolones during

the PAE and in the presence of CCCP (Fig. 28 and, 29). The already elevued

fluoroquinolone levels found in cells during the PAE phase were not significantly

increased (p{.05) in the presence of CCCP. This result was observed in all

antimicrobials examined (sparfloxacin, pefloxacin, norfloxacin, iltd lomefloxacin).

Similal results were obtained when fluoroquinolone accumulation was examined in

the presence of 2,4-DNP. As well, similar results were obtained in all S.aureus strains

examined-

iii) Accumulation of fluoroquinolones post - pAE:

Our original hypothesis stated that fluoroquinolone accumulation would be

insreased during the PAE. This was based on the growth cha¡acteristics of cells during

this phase. Using the same model we felt that cells leaving the pAE phase and
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Figure 28. The effect of CCCP on the accumulation of raC-norfloxacin 
and raC-

pefloxacin during the PAE. I-ogarithmic phase and PAE phase cultures of S.aureus

F988 were exposed to 16 pgmlof raC-norfloxacin 
and lac-pefloxacin in the presence

and absence of 50 pM CCCP. A. Norfloxacin B. Pefloxacin. Log phase cultures 0, +

CCCP r. PAE phase cultures O, + CCCP o. The pAE was induced by exposure to

lOx MIC of ciprofloxacin. Results expressed as ng fluoroquinolone /mg total cell

protein.
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Figure 29.The effect of CCCP on the accumulation of raC-sparfloxacin 
and raC-

lomefloxacin during the PAE. Logarithmic phase and PAE phase cultures of

S.aureus F988 were exposed to 16 ILE/mlof 
laC-sparfloxacin 

and lac-lomefloxacin 
in

the presence and absence of 50 pM CCCP. A. Sparfloxacin B. Lomefloxacin. Log

phase cultures l, + CCCP f. PAE phase cultures O, + CCCp a. The pAE was

induced by exposure to lti( MIC of ciprofloxacin. Results expressed as ng

fluoroquinolone / mgtotal cell protein.
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resuming logarithmic growth, would have accumulation kinetics similar to pre-

exposure or untreated cells. We therefore examined fluoroquinolone accumulation in

S.aureus at 7, 4, and 6 hours afær resumption of logarithmic growth and compared

these results with accumulation in unneated logarithmic phase cultu¡es. Just prior to

the start of each uptake assay bacærial cells in both the controls and the post-pAp cell

cultures *"¡s adjusted to approximately 10E cñ¡/rnl.

At one hour post-PAE, accumulation kinetics of rac-pefloxacin 
were surprisingly

similar to those seen during the PAE (Fig.30). Four hours afær resumption of

logarithmic phase growth, accumulation of rac-pefloxacin 
was significantly lower than

seen at t hour post-PAE, however levels were still sifficantly higher than seen in

untreated cells (p<0.05). Accumulation kinetics at 6 hours posr-PAE had returned to

"control levels" and accumulation was not significantly different than levels seen in

control cells (p<0.05). This pattern of accumulation was consistent regardless of the

fluoroquinolone used to induce the PAE.

c) Accumulation of fluoroquinolones in resistant S.aureus:

Bacteria use a plethora of techniques to acquire resistance to antimicrobial

agents. Limiting access of the antimicrobial agent to its siæ of action by restricting

passage of the agent into the cell or immediately removing it from the cell has been

demonstrated previously using several classes of antimicrobials. Studies on the

accumulation of fluoroquinolones in gram negative bacteria have demonstrated the

imFortanc€ of Omp F in fluoroquinolone passage through the outer membrane

(Chapman and Georgopapadakou,lgSS). These same stud.ies have also shown that low
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Figure 30. The accumulation of laC-pefloxacin in S.aureus after leaving the pAE

phase. The accumulation of 16 pgrnl laC-pefloxacin 
was determined in logarithmic

phase cells 0, PAE phase cells o, and afær cells had resumed logarittrmic growth 1

hour post-PAE l, 4 hours post-PAE V, and 6 hours post-pAE O of S.aureus F651.

The PAE was induced by exposure to lOx MIC of ciprofloxacin. Results are expressed

as ng fluoroquinolone / mg total cell protein.
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level fluoroquinolone resistance can be acquired in E.coli by the loss or reduced

e4pression of Ornp F. Little data exist however for the role of perrneability in the

acquisition of fluoroquinolone resistance in S.aureus. We therefore studied the

accumulation of raC-fluoroquinolones in our low and high level fluoroquinolone

resistant laboratory mutants and high level resistant clinical isolates. The accumulation

of rac-pefloxacin, laC-sparfloxacin, and laC-norfloxacin in wild tlpe susceptible

S.aureus strains were compared with the accumulation of these agents in low level

ciprofloxacin resistant mutants (I\flC 2.8 ¡rg/ml), mid level resistant mutants (MIC

5.6pg/ml), and hieh level resistant murants (l!flc ll-22 pglml). High level

ciprofloxacin resistant clinical isolaæs (N{IC 25Gl024pglmt) were also examined-

Accumulation of laC-pefloxacin 
and raC-norfloxacin 

in wild type strains F651 and

F792 were similar to accumulation kinetics in low level resistant strains F651 R-3 and

F192 R-10 (MfC 2.8 ttglml) (Fig.31). The mean results over several experiments did

not show any significant difference (p>0.05). When experiments were repeated using

mid level and high level resistant mutants we found reduced accumulation in strains

F651 R4-7 at both mid and high levels of ciprofloxacin resistance. Strain FlgZ¡¡lI/Iz

did not exhibit any difference in uptake kinetics with t4C-pefloxacin or raC-norfloxacin

until its MIC approached 22 ¡tglmt, (R13). High level fluoroquinolone resistant

isolates all showed reduced accumulation of rac-pefloxacin and laC-norfloxacin.

Accumulation kinetics of laC-sparfloxacin in resistant strains were not significantly

different than accumulation observed in wild type strains, even in those strains that had

reduced accumulation with rac-pefloxacin and rac-norfloxacin (Frg.32).
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Figure 31. Accumulation of laC-pefloxacin in fluoroquinolone resistant mutants

of $.aureus. The uptake of 16 ttgml 
raC-pefloxacin 

was compared in wild type and

ciprofloxacin resistant S.aureus murants. A: F651 (wt) r, F192 (wt) V, F65l R-3 (cip

2.8) O, F192 R-10 (cip 2.8) o, F651 R-4 (cip 5.6) l, F192 R-l1 (cip 5.6) *. B: F651

(wt) l, F192 (wÐ Y, F651 R-5 (cip 11) o, FL9?R-IZ (cip 11) O, F192 R-6 (cip22)

l, #609 (cip 1024) *. All results expressed as ng toc-pefloxacin 
/ mg total cell protein.
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Figure 32. Accumulation of laC-sparfloxacin in fluoroquinolone resistant

mutants of S.aureus. The uptake of 16 pg,/ml raC-sparfloxacin was compared in wild

t¡1pe and ciprofloxacin resistant s.aureus mutanrs. F651 (wt) 0, F65l R-3 (cip 2.8) r,

F651 R-4 (cip 5.6) O, F651 R-5 (cip 11) o. All results expressed as ng toc-

sparfloxacin /mg total cell protein.
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In an attempt to explain our above findings we examined the DNA sequence in

the open reading frame of the norA gene amplified from both susceptible and resistant

mutants (Table 16). lü/e were unable to find any DNA sequence changes in the open

reading frame between susceptible and resisunt isolates. Ohshita et al had reported

that a substitution from A to C, resulting in an amino acid change from Asp to Ala

near the 3' end of the norA open reading frame, was responsible for quinolone

resist¿nce in isolaæs of S.aureus (Ohshita et a1,1990). Our results indicate that an

alanine residue resides at this position in all our strains; susceptible and resist¿nt.

Given that we could not find any DNA sequence changes in the coding region of the

norA gene we considered the possibility that increased expression of the norA was

responsible for the reduced uptake seen in our mutant strains. To answer this question,

total cellular RNA was isolated from both susceptible and resistant S.aureus stains

and a Northern analysis performed (Fig. 33). Our results suggested that several of the

strains did have higher expression of norA than others. Results of the Northern

analysis correlated well with the uptake data suggesting a strong connection between

fluoroquinolone accumulation and expression of norA. Only those strains that had

demonstrated reduced uptake of radiolabeled fluoroquinolones were shown to have

increased expression of norA by Northern blot.

This data prompted us to sequence the DNA region upstream of the norA start

codon and sea¡ch for sequence changes in the norA promoter region. A 500 bp

fragment of DNA was amplified spanning a region 480 bp upsrream of the norA start

codon and including the first 18 bp of the norA coding region. Results of the DNA

t7t
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Figure 33. Northern blot of total cellular RNA isolated from susceptible and

fluoroquinolone resistant S.aureus. The btot was probed with a t'P-labeled DNA

fragment internal to the norA gene coding region. Labels indicate strain and

ciprofloxacin MIC.
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sequencing analysis a¡e found in tables 22 and 23. We found nvo base substitutions

present in all our resistant strains exhibiting reduced fluoroquinolone uptake and

increased expression of norA. The first substitution appeared at position 352 where a

T was replaced with an A. Position 352 is found v/ithin the putative -35 consensus

sequence of the norA promoter. The second substitution occurred at position 390

where a T was replaced with a C. Position 390 is located 89 bp upstream from the

ATG start codon and is found in a region benveen the start codon and the -10 and -35

consensus sequences.
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Table 22. DNA sequence of a 5ü) bp fragment spanning a region 4g0 bp

upstream of the norA ATG start codon and including the first 1S bp of the norA

coding region. Nucleotide substitutions and the ATG start codon are in

boldface. The -10 and -35 sequences are double underlined.
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Straln

F651

Ft92

F651 cip 2.8

Fl92cip2.8

F65l cip 5.6

F192 cip 5.6

F651 cip I I

Fl92 cip I I
Fl92cip22

# 609

l0 20 30 40 50 60 70 80 90 100 ll0
GCATGCAAATCTGCAAAATGACCATTGTCTAGACGAGAAATATTACCTAATAAGCrcGTCAATTCCAGTGGClCAGTAATATGTTTTTCTTCGTATTGTTTCCTTGTTAAA

Straln

F65t

Ft92

F65l cip 2.8

Fl92 cip 2.8

F65l cip 5.6

Fl92 cip 5.6

F65l cip ll
Fl92 cip l l
Fl92cip22

# 609

r20 130 140 150 160 r70 l8o 190 200 2ro 220
TTCAAAAATTTTAATACAACGrcATCACATGCACCAATGCCGCTGACAGATGTAAATGTTAAGTCTTGGTCATCTGCAAAGGTTGTTATACATTCA,ACGATATCTrcTCCT
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Straln

F651

Ft92

F65l cip 2.8

Fl92cip2.8

F651 cip 5.6

Fl92 cip 5.6

F651 cip ll
Fl92 cip I I

Fl92cip22

# 609

230 240 250 260 no 280 2go 300 310 320 330
TTTTCCAACACTAGTAGTATAGTATGATTACTTTTTTGCAATTTCATATGATCAArcCCCTTTATTTTAATATGrcATTAATTATATAATTAAATCGAAAATAGTGATAAT

Straln

F65l

Fl92

F65l cip 2.8

Fl92 cip 2.8

F65l cip 5.6

Fl92 cip 5.6

F65l cip I I

Fl92 cip I I

Fl92 cip22

# 609

340 350 
-35 

360 370 
-10 

380 390 400 410 4n 430 44o
TACAÁAG¡u{fuqUfu{TAT-I"GTCÄ.AATGTAGCAATGTTGTAATACAÀT,4TAGAAACTTTTTACCAATATTTAGCATGAATTGCAATCTGTCGTC,GAAA.AGAAGAATAACAGCÏT

Â__-__-.

-----c-_-------

___---__c_--_
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Straln

F65r

Fl92

F65l cip 2.8

Fl92 cip 2.8

F65l cip 5.6

Fl92 cip 5.6

F65l cip ll
F192 cip I I

Fl92cip22

# 609

450 460 470 480 490 500

TAAGCATGACATGGAGAA AA A AGAC'GTGAGCATATGA ATA AACAGÄTTTTTGTCTT
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Table 23. (A and B): Nucleotide changes in the promoter region of norA.The -35

and -10 sequences are underlined.

a: The nucleotide change at position 352 from T to A is in boldface.

t78

(3s2) -3s -10

F651 TATTGTCAAATGTAGCAATGTTGTAATACAATATA

Ft92

F6s1 R-3 (cip 2.8)

F192 R-10 (cip 2.8)

F651 R-4 (cip 5.6) ----------A-

F192 R-11 (cip 5.6)

F651 R-5 (cip 11) ----------A-

Ft92R-12 (cip 11)

F192 R-13 (cip22) ----------A-

#609 ----------A-
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B: The nucleotide change at position 390 from T to C is in boldface.

Snain -10 390

F651 AATACAATATAGAAACTTTTTACGAATATTT

F192

F651 R-3 (cip 2.8)

F192 R-10 (cip 2.8)

F6sl R-4 (cip 5.6) -----------C

F192 R-l1 (cip 5.6)

F651 R-5 (cip 11) -----------C

Ft92R-12 (cip 11)

F192 R-13 (cip 22) -----------C

#609 ___________c
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Discussion:

1: Postantibiotic Effect

a) Fluoroquinolone PAE in MSSA and MRSA:

Initial studies on the PAE of fluoroquinolones in g.aureus examinsd the effect

of antimicrobial concentration on the duration of the PAE in both methicillin

susceptible (MSSA) and methicillin resistant (MRSA) g.aureus. As expected, a

concenEation dependent PAE was observed in both MS and MR S.aureus strains. At

lx MIC, a PAE of only 5 minutes duration was observed in most strains. Given that

our observations suggest that most PAE experiments probably have a standard error

of +/- 5 minutes, the observed values at lx MIC may in fact be artifactual. At 4x and

10x MIC we observed PAEs of approximately I hour and L-I.25 hours respectively

(tables 10 and 11). Although our results generally concur with values previously

reported by others, the maximal PAE determinations we observed a¡e considered

somewhat low @undøen et a1,1981; chin and Neu, 19g7; craig and vogelman,

1987). Our slightly lower values may be due in part to the method we used to

determine the MICs of our test agents. Most investigators deterrrine MICs using

serial two fold dilutions of antimicrobials (Chin and Neu,1987; Hessen g¡ al,l989;

Odenholt g! a1,1989; Rescott et a1,1988). Our MICs were deterrrined using a more

accurate method. Thus an antimicrobial having a perceived MIC of 1.0 pg/ml might

in reality have an MIC of only 0.58 pglmt. Using MICs determined with serial nvo

fold dilutions, PAE experiments performed at l0x MIC would result in the organism

being exposed to 10 pglml and not 5.8 pglml. The organism would in fact be exposed
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to >17x MIC and not l0x MIC. Experiments using drug concentrations above 1Ox

MIC were not used in any of our studies as we felt that using fluoroquinolone

concentrations higher than l0x MIC might result in organisms being exposed to drug

levels ¡s1 rearlily achievable in a clinical setting. Typically, peak serum levels of

quinolones approach 0.35-0.4 pgml and trough levels approach 0.2 ¡tg/rnl.

Based on differences in the mechanisms of action and mechanisms of resistance

benveen fluoroquinolones and methicillin, a p-lactam, we felt that no significant

difference would exist berween the quinolone PAE in fluoroquinolone susceptible

MS and MR S.aureus. Fluoroquinolones are directed against an intracellular target,

DNA gyrase. p-lactam antimicrobials exert their effect by inhibiting penicillin

binding proteins (PBP) found in the membrane of the bacterial cell. Methicillin

resistance is based on the production of a unique PBP (PBP 2a), a 78 Kda protein

with low affinity for p-lactam antimicrobials (Hackbarth and Chambers,l9g9;

Tomasz 91 aI,1991). The results supported our hypothesis. When the quinolone pAEs

of MSSA and MRSA strains were directly compared, no significant differences were

observed @avidson et a1,1990).

b) Reproducibility of the fluoroquinolone pAE in S.aureus:

Present dosing regimens have been designed to maintain serum concentrations

above the MIC of cornmon organisms, within the an¡microbials spectrum of activity,

for the majority of the dosing interval (Craig and Vogelman,1987). Although these

empiric dosing schemes work fairly well in practice, they may not be optimal in

terms of efficacy, toxiciry, or cost. The pAE in combination with other
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pharmacodynamic parameters provides a more accurate description of the duration of

antimicrobial acúviry than does the MIC alone (Z.tanel g a1,1990). However, if we

¿ne to design antimicrobial dosing regimens based on ín-vítro and ín-vivo PAE data

reproducibility of the effect must f,rst be demonstrated.

Fluoroquinolone PAEs were evaluated at three concennadons; lx, 4x, and lQx

MIC. Each experiment was repeated a minimum of seven times with the mean and

standard deviation calculated after each set of experiments. Our results indicate that

the PAE is a reproducible phenomenon. In addition, the reproducibility of the pAE

increases with increasing concentration of antimicrobial as evidenced by the

decreasing standard deviation at higher drug concentrations @avidson g ¿1,1990;

Z.tanel ct 41,1990). The greater variability of the PAE at or near the MIC may be the

result of "population effects". In any dense bacterial populaúon, a minority of

organisms will have MICs several fold higher than the experimentally determined

MIC. These organisms, able to grow in the presence of low concentrations of drug,

could adversely effect the PAE.

c) Fluoroquinolone hydrophobicity:

The newer fluoroquinolones, while significantly less hydrophobic than their

progenitor compound nalidixic acid, vary considerably in their degree of

hydrophobicity. Methods used in the calculation of fluoroquinolone hydrophobicity

vary widely and thus the relative values assigned to each compound also greatly

differ in the literature (Mccaffrey ç! al, 1992; Banle g 4[,1992; Asuquo and

Piddock,1993; Denis and Moreau,1993). The four fluoroquinolones we choose for
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study, ranked from most to least hydrophobic, were sparfloxacin, pefloxacin,

lomefloxacin, and norfloxacin respectively. The relative ranking of these four agenæ

is well agreed upon in the literature (Mccaffrey Et d, 1992; B¡anle il al,l99z;

Asuquo and Piddock,1993; Denis and Moreau,l993).

Sparfloxacin, the most hydrophobic quinolone examined produced pAEs of

greater duration (p<0.05) in all snains than did the other agents. A general trend was

observed indicating that the duration of the PAE was related to the hydrophobicity of

the quinolone agents with the more hydrophobic agents producing the longest pAEs

@avidson et aI ,1994). While this trend was quite readily apparent, statistically

significant differences in the PAE of pefloxacin and lomefloxacin or lomefloxacin

and norfloxacin were not always established. The reader will note that the

fluoroquinolone ciprofloxacin was not included in this çsmparison. As we were

unable to obtain a supply of 'oC-ciprofloxacin for use in accumulation experiments it

was omitted from these experiments. We can, however, predict that ciprofloxacin

would not h accumulated by the Staphytococal cell to the same degree as the more

hydrophobic agents. In addition, we know that ciprofloxacin, a relatively hydrophilic

quinolone, does produce a PAE in our S.aureus strains similar to that of sparfloxacin.

This apparent discrepancy in the duration of the ciprofloxacin pAE and its degree of

accumulation would appear to contridict our findings. Thus while hydrophobicity and

the amount of fluoroquinolone accumulation may play a role in regulating the

duration of the PAE, it is likely that other factors such as the agents affrnity for its

target play a much larger and more important role.
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d) The PAE of fluoroquinolones in serum:

In-vitro experiments involving the PAE are generally performed using standard

bacteriological media. Some investigators, in an attempt to bridge the gap benveen

ín-vitro and in-vivo experiments have examined the in-vítro PAE in biological

fluids such as serum, urine and cereb'rospinal fluid @undøen gl a1,1981; Chin and

Neu,1987; Davidson Et a1,1991; Karlowsþ g ![,1993; van der Auwera and

Klastersþ,7987: Ztanel ç! 41,1991,1992). Bundtzen reported that broth containing

90Vo heat inactivated htman serum abolished the PAE of rifampin and reduced the

PAE of tetracycline from 3.7 to 1.7 hours in E.coli. When MICs were determined in

serum and PAE experiments repeated, based on the new MICs, the pAE was re-

established. Chin and Neu reported that ciprofloxacin produced a 4 hour pAE in both

MHB and MHB:serum (50:50).Van der Auwera and Klastersþ measured the pAE

with S.aureus, Listeria monoc]rtogenes, and Mycobacterium fortuitum in serum

samples drawn from patients 1 and 6 hours post-treatment with high dose amikacin.

Prolonged PAEs were demonstrated with s.aureus and L.monoc),togenes.

Our study was designed to determine and compare the pAEs of three

fluoroquinolones in MHB and 1t07o nonnal human serum. MJCs of the three

fluoroquinolones determined in serum were not significantly increased over ¡41Cs

determined in MHB. This is consistent with the low sen¡m protein binding of these

fluoroquinolones agents (Drusano,1989). Growth kinetics of g.aureus were similar in

both MHB and serum, however the PAE was significantly increased in serum at both

4x and 10x MIC. Gram stains of cells during the PAE were made in both MHB and
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serum to exclude the possibility that serum promoted clumping of the cells thereby

artificially lowering the ntrmber of CFU and increasing the duration of the PAE. No

apparent increase in clumping was observed. Heat treating the senrm reduced the

PAE of ciprofloxacin from 3.2 hours to Z.Ahours, still a significant inc¡ease over the

PAE observed in MHB. However, this f,rnding suggesrs that some heat labile

component of serum acts in concert with the antimicrobials to extend the PAE. Other

classes of drugs were examined to determine if this effect could be reproduced with

other agents. Both the PAEs of gentamicin and cephalexin were increased in serum.

The PAE of cloxacillin (a highty protein bound p-lactarn) was significantly reduced.

The MIC of cloxacillin was also found to be significantly increased in serum. A

prolonged PAE of cloxacillin in serum was re-established when experiments were

performed with drug concentrations designed to correct for the high protein binding.

e) PAE in fluoroquinolone resistant S.aureus.

A series of experiments were perforrred to determine and compare the pAEs in

fluoroquinolone susceptible "wt" $.aureus and their isogenic fluoroquinolone

resistant mutants. We hypothesized that quinolone induced PAEs in these related

strains would be similar assuming they were exposed to the same multiple of their

respective MICs. In our initial studies we exa¡nined the PAE in five susceptible

clinical isolates of S.aureus and their corresponding isogenic fluoroquinolone

resistant mutants. Ciprofloxacin had MICs of 22 pg/n1 in all the resistant mutants.

Two of the five mutants (F651 R-6 and F192 R-13) tailed to enrer a prolonged pAE

phase. The other three mutants entered a PAE phase of similar duration to their
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susceptible parental strains. The MICs of the two ahrrant strains were repeated to

ensure that underexposure of drug was not responsible for the apparent loss of pAE.

The ciprofloxacin MICs were subsequently confirrred to be 22 llg/rrll and additional

PAE experiments demonstrated the reproducibility of the effect. Other highly

resistant S.aureus strains were examined, but all produced a prolonged pAE.

A series of PAE experiments were then performed using F651-R and Fl92-R

mutant strains with ciprofloxacin MICs of 0.7, L.4, 2.9,5.6, 11, and 22 ¡tg/ml.

Mutant strains with these MICs had been previously stocked during the process used

to select for high level fluoroquinolone resistant mutants. We discovered that strain

F651-R entered a PAE phase of similar duration to its parental strain until its l\41C

approached 22 ¡tg/n-l. Strain F192-R failed to produce a significant PAE when its

MIC was determined to be 2.8 pglml. These results suggested that fluoroquinolone

resistance was necessary but not sufficient to cause loss or ab'rogation of the pAE.

Given the apparent association benveen loss of PAE and development of resistance,

the genes gyrA, gyrB, and norA were selected for examination. Muøtions in gyrA

are known to confer fluoroquinolone resistance in both gram negative and gram

positive bacteria and the norA gene is thought to be responsible for encoding an

active efflux pump capable of removing fluoroquinolones from the bacterial cell

(cohen et a1,1988; Fasching et a1,1991; Goseitz et al,lgg2 Kaarz g ¿!,1993;

Nakamura et a1,1989; ohshita et a1,1990; piddock q¡ al,l991; sreedharan Et

a1.1.990,1991; ubukata et a1,1.989). Mutations in the gyrB gene were not until

recently considered to confer high level fluoroquinolone resisrance (tleisig,1993; Ito
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et al,lgg4). however it was included for study because of its integral association with

gyrA.

Examination of RFLP patterns were used as an initial screen in an attempt to

first target one of the three genes, however no discernible difference in the RFLp

pattern was observed in Southern blots probed for gyrB or norA. Different RFLp

patterns were observed benveen susceptible S.aureus and high level fluoroquinolone

resist¿nt S.aureus strains when gyrA PCR fragments were digested with Hinf I. The

difference in these patterns was due to the loss of a Hinf I site consistent with a

nucleotide substitution at Ser 84. As we were unable to find gross changes benveen

quinolone resistant PAE. and quinolone resistant PAE strains using RFLP analysis,

all th¡ee genes were isolated and sequenced.

DNA sequence analysis in the coding regions of the gyrB and norA genes failed

to reveal nucleotide changes between any of the strains examined. DNA sequences

between susceptible wild type strains, quinolone resistant PAE. and quinolone

resistant PAE- strains were all identical. Ohshita et al (1990), had previously reporred

that a nucleotide substitution in the 3' end of the norA coding region from A to C

was responsible for fluoroquinolone resistance in isolates of $.aureus. All our

isolates, both susceptible and quinolone resistant strains had a C residue in this

position. Other investigators have also shown that a C residue exists at this position in

quinolone susceptible isolates of S.aureus (NS g! ù,1994). We therefore felt that

norA mediated fluoroquinolone resistance is not the result of this nucleotide

substitution. DNA sequence analysis of gyrA revealed L) a sequence change between
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susceptible and high level fluoloquinolone resistant isolates and 2) a discrepancy

between the DNA sequence of our isolates and the sequence of isolates we obtained

from Toronto. The first nucleotide change, predicted by RFLP analysis was the

substitution of C for T at nucleotide position 252. This substitution results in an

ami¡s acid change from Ser to Leu and has been well documented as one of the

primary gyrA mutations responsible for fluoroquinolone resistance in $.aureus (Ito ct

al,1'994; Peterson g¡ ¿!,1993). DNA sequence analysis also revealed that isolates

collected from the clinical microbiology laboratory in Winnipeg had a T at position

75 in the gyrA coding region. The high level resistant isolates obtained from Toronto

were found to have a C in this position. DNA sequences of gyrA published by

Brockbank and Barth and Margerrison g! g! describe a C in this same position. The

nucleotide substitution in our isolates results in an amino acid change from Tyr to

Cys, one polar amino acid for another. Given that all g.aureus isolates obtained from

the clinical microbiology laboratory in Winnipeg contain this substirurion, the

biological significance is unclear. It is apparent, however, that this nucleotide

substitution alone could not be responsible fo¡ the loss of PAE. This substitution may

have no biological relevance and simply be a reflection of the relatedness of our

isolates. Nevertheless the question remains; does this substitution play a role in loss

of PAE? If it does, it appears that this substitution (mutation) would have to act in

concert with another yet undescribed mutation. Our DNA sequence analysis has

excluded the coding regions of gyrA, gyrB, and norA.

The mechanisms of action and cellular effects of the fluoroquinolones a¡e
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complex and as yet are not fully understood. Studies have shown that cellular killing

by fluoroquinolones a¡e inhibited by chloramphenicol, rifampin, or amino acid

starvation (Crump1in e! 41,1984; Z,eiler,l985). These studies suggesr that killing may

require the new synthesis of protein(s). It should be noted that the inhibition of

protein synthesis only stops the bactericidat effect of quinolones; DNA synthesis

remains inhibited.

One of the more interesting observations is the induction of the SOS system in

bacteria after exposure to fluoroquinolones (Piddock et a1,1987,1990). It is well

lnown that the SOS response includes a variety of changes; the increased

transcription of some genes, repression of others, as well as post transcriptional

modifications. One role of the SOS system is to inhibit cell division. Presumably this

is to prevent the fonnaúon of new daughter cells containing damaged DNA. piddock

has speculated that this inhibition of cell division may, in part, be responsible for cell

death. Although some investigators have stated that the fluoroquinolone pAE may

represent the time required for the drugs to diffuse from the DNA:DNA gyrase

complex (Fuursted, 1987), involvement of the SOS system seems plausible. The

duration of the PAE may also reflect, in part, the time required for the decay of SOS

functions and a return to normal cell metabolism. If the laner hypothesis is true, the

observed loss of PAE in our mutants strains may be a result of impaired SOS

functions. That is, the SOS system fails to inhibit cell division and therefore the

exposed cells resume logarithmic growth shortly afterremoval of the fluoroquinolone

agent. Although this hypothesis was not explored during the course of this thesis, I
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2: Fluoroquinolone accumulation in S.ægg:

a) Effect of temperature, concentration:

Our initial studies examined the effects sf lsmperanlre and concentration on the

accumulation of fluoroquinolones in $.aureus. V/e found uptake of these agents was

increased in a linear fashion both with increasing concentration and temFerature.

These results were similar to previous reports investigating fluoroquinolone

accumulation in gram negative organisms @edard g ¿l,l987; Diver cl a1,1990) and

more recent reports on the accumulation of these agents in gram positive organisms

(Yoshida et a1,1991). Accumulation experiments performed with high concentrations

of tnC-quinolone failed to show any saturation of 1þs ¿ççnmulation system. In

addition, the accumulation kinetics of toC-pefloxacin 
were not altered in the presence

of unlabeled ciprofloxacin. These results are consisrent with the hypothesis that

accumulation of fluoroquinolones proceeds via an energy independent passive

diffusion process @avidson el d, 199 1).

b) Effect of metabolic inhibitors:

To provide further evidence for the passive diffusion of fluoroquinolone agenrs

into the bacterial cell, accumulation of toC-quinolones 
were determined in the

presence of the metabolic inhibitors cccp, 2,4-DNp, NaN3, and KCN. CCCp and

2,4-DNP are known to destroy the proton motive force (PMF) across the cytoplasmic

membrane, while KCN and NaN, are known to inhibit electron transport. All

metabolic inhibitors failed to impede accumulation supporting the conclusion of a
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p¿ùssive uptake prccess. However, all intracellular toc-quinolones 
concentrations,

were significantly inc¡eased in the presence of these inhibitors. White our results

confir¡ned that quinolones enter the cell via an energy independent process, the

observed increase in fluoroquinolone accumulation suggested the presence of an

energy dependent efflux system. This observation has also been noted by other

investigators in the field (okuda g al,l99l;yoshida çI al,l991; Mccaffrey ç¡

al,7992;Denis and Moreau,1993; Piddock,lgg4). Such a sysrem was first described

by Cohen et al (1988) when he reported the presence of an endogenous active efflux

system in E.coli. The gene responsible for coding the purported efflux protein, norA,

has now been identified and cloned in S.aureus (Ubukata et a1,1989; yoshida et

al'1990)- The open reading frame of the norA gene encodes a protein of 388 amino

acids with an estimated molecular weight of 42,265 daltons. The deduced

polypeptide appears to contain 12 hydrophobic membrane-spanning regions (yoshida

et a1,1990). The gene has been found in both fluoroquinolone susceptible and

resistant strains of S.aureus. Of interest is the fact that this efflux system is the first

described for a fully synthetic antimicrobial.

c) Effect of fluoroquinolone hydrophobicity:

The newer fluoroquinolones, while significantly less hydrophobic than their

progenitor compound nalidixic acid, vary considerably in their degree of

hydrophobicity. This study selected four fluoroquinolones and attempted to correlate

the duration of the PAE and the level of fluoroquinolone uptake in $.aureus with the

degree of hydrophobicity of each agent. Sparfloxacin, the mosr hydrophobic
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fluoroquinolone we examinsd induced the longest pAE and achieved higher
l

intracellular levels than did the other more hydrophilic agents. Other investigators

had also observed high accumulation levels of sparfloxacin in g.aureus (Okuda eI

a1,1991;Yoshida et al,l99l;piddock and Zrtu,l99l; Denis and Moreau,l993),

however, none have attempted to correlate this with the PAE. We propose two

explanations for the observed higher levels of sparfloxacin accumulation. Firstly, the

lipophilicity of the more hydrophobic agent should allow easier penenation of the

gram positive membrane. Secondly it has been suggested that the norA efflux system

is only effective in pumping hydrophilic fluoroquinolones out of the bacterial cell.

Our results would support both these ideas. The addition of CCCP resulted in a

significant increase in ttre uptake of the hydrophilic fluoroquinolones but failed to

significantly increase the accumulation of sparfloxacin. Denis and Moreau, 1993, also

made this observation. Failure of CCCP to significantly increase the accumulation of

sparfloxacin was ¡s¡ lstally unexpected given the hypothesis that norA efflux favors

hydrophilic agenrs.

We had previously shown that hydrophobic fluoroquinolones tend to induce

PAEs of longer duration than do hydrophilic agents. These results alone might

suggest that the duration of the PAE could be related to the hydrophobicity of the

agent and its ability to achieve and maintain high intracellular levels of drug.

However, if the uptake of ciprofloxacin were examined in S.aureus one would

predict, based on its relative hydrophilicity, that its accumulation would be

significantly lower that that of sparfloxacin. The PAE of ciprofloxacin induced in our
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strains is similar to sparfloxacin. Ciprofloxacin's affinity for the gyrase complex may

be greater than that of sparfloxacin, hence its effect may be as pronounced as

sparfloxacin even with lower intracellular levels of drug accumulation.

Our results also indicated that a relationship did exist between the

hydrophobicity of the agents and the degree of accumulation. Yoshida c! al 1991,

McCaffrey et al 'l'992, Ba'ile gù 1992, and Denis and Moreau Lgg3, all come to the

s¿üre conclusion. Asuquo and Piddock 1993, were not, however, able to arrive at this

conclusion. This may be in part due to the high correlation coefficient limits they set

to identify a positive relationship.

We were also able to show a relationship benveen the MIC and relative amount

of fluoroquinolone accumulation. This relationship was not perfect, however, and

was based only on a limited number of strains. While Yoshida et al (1991) also

reported a positive relationship, Banle et al 1992, Asuquo and Piddock 1993, and

Piddock 1993, observed no relationship between the amount of accumulation and

antibacterial activity of fluoroquinolones.

d) Fluoroquinolone uptake during the pAE:

During the PAE, organisms are not actively dividing and may in fact be

undergoing self repair. V/e felt that these cells may be metabolically depressed and

therefore unable to generate sufficient energy to drive an energy dependent efflux

system at optimal levels. Based on this we hypothesized that S.aureus would

accumulate higher levels of fluoroquinolones during the PAE due to the organisms

inability to effectively remove the intracellula¡ accumulation of drug.
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T1¡¡ee of the four quinolones exemined; pefloxacin, norfloxacin, and lomefloxacin,

were found to acctrmulate significantly higher ¿rmounts of toc-quinolone in cells

during the PAE than in actively growing cells. These observations were consistent

with our hypothesis that the efflux system is depressed during the pAE. The upake

of sparfloxacin was not significantly increased during the PAE. This was an expected

result given our previous results suggesting that hydrophobic quinolones are not

effectively removed by the norA efflux system. To further test our hypothesis we

examined the uptake of radiolabeled quinolones in the presence of CCCp. The

addition of the metabolic inhibitor failed to significantly increase the accumulation of

the toC-quinolone 
agents suggesting that the norA efflux system was already

depressed @avidson $ a1,1991).

We have previously speculated as to the mechanism of the fluoroquinolone

PAE; 1) time required for the quinolone agent to disassociate from the gyrase

complex and 2) the time required for the decay of SOS functions. Data collected

from our uptake experiments suggest a third possibility. While induction of the pAE

is unlikely to be the result of any transport mechanism, the continuation of the pAE

may in part be due to the temporary inactivation or suppression of the norA efflux

system. The suppression of such a system would allow a relatively high level of

fluoroquinolones to remain inside the cell thus providing a pool of drug available for

continued binding to the target site. The levels of intracellular drug would slowly

dissipate through the membrane by passive diffusion.

Our data appears to support our original hypothesis that the norA efflux sysrem
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is depressed during the PAE. Based on this hypothesis, it would be reasonable to

assume that organisms leaving the PAE phase and resuming exponential growth

would accumulate fluoroquinolones in a simila¡ manner to "normal" untreated cell

populations. Our finding that accumulation kinetics were still affected 1 and 4 hours

post-PAE was quite unexpected. In fact, cells required an average of 6 hours to

resume normal steady state kinetics. Although this finding raises many questions, it

clearly demonstrates that effects of antimicrobial exposure last significantly longer

than the duration of the PAE @avidson Et aI,1994). More importanrly it makes us

aware that other more subtle cellular changes not taken into consideration in the

cturent definition of the PAE, can occur as a result of antimicrobial exposure.

e) Uptake in fluoroquinolone resistant S.aureus.

Fluoroquinolone accumulation in quinolone resistant S.aureus was examined to

determine if the norA efflux system had a role in the development of our resistant

mutarnts. DNA sequence analysis of the gyrA gene in our mutants had revealed a

single nucleotide change at position 252 resulting in an amino acid change from Ser

to Leu. However, this change did not occur until the ciprofloxacin MICs were

determined to be 11 pdrnt. Thus we were interested in exploring the possibility of

altered quinolone transport in the development of our lower level quinolone resistant

mutants.

The kinetics of 'oC-pefloxacin uptake between susceptible wild type strains and

low level resistant mutants (cip. MIC 2.8 pglml) were found to be similar.

Accumulation of toC-pefloxacin in strains F651-R with ciprofloxacin MICs of 5.6,



196

11, and 22 ¡rg/ml were significantly reduced (p>0.05). Uptake kinetics in strains

F192-R were similar to susceptible strains until the ciprofloxacin MIC approached,22

F¿Yml. The highly fluoroquinolone resistant g.aureus srrains obtained from Toronto

also exhibited reduced uptake kineúcs.

Ohshita et al (1990) had previously reported the existence of a single nucleotide

change in the open reading frame of norA attributed to fluoroquinolone resistance in

S.aureus. However, DNA sequence analysis of the norA gene coding region faited to

reveal any nucleotide changes between our susceptible and resistant mutants. Given

these results we explored the possibility that reduced accumulation of

fluoroquinolones in our resistant strains was the result of increased expression of

norA. Isolation of total cellula¡ RNA and subsequent Northern analysis revealed an

apparent increase in steady state norA mRNA levels. Kaatz e! d, lgg3, has also

shown that increased expression of norA correlates with increased fluoroquinolone

MCs. This observation prompted us to amplify a region of DNA upstreÍür from the

norA coding region containing the promoter sequences of the norA gene.

Comparisons of the DNA sequences between strains having normal and reduced

uptake kinetics revealed two nucleotide substitutions in the DNA of all strains having

reduced accumulation of fluoroquinolones. The two nucleotide substitutions were

detected at position #352 and position #390. At position #352 we detected the

replacement of a T residue with an A and at position #390 we detected the

replacement of another T residue with a C. The T to A transversion at position #352

resides in the -35 consensus sequence of the promoter whereas the T to C transition
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occlured at a position 89 nucleotides upstream from the norA ATG start codon.

Recently, Ng c¡ ù Q994) also reported a base change at position #390 associated

with increased norA expression, however they observed a T to G transversion.

The bacterial RNA polymerass çsmFlex is known to bind to ttre -35 and -10

consensus sequences of the promoter. Mutations in the consensus regions have

previously been shown to increase or decrease the efficiency of transcription. A

mutation in the -35 consensus sequence of the promoter as described could serve to

increase aff,rnity of the bacterial promoter for the RNA polymerase complex thereby

increasing the efficiency of transcription. As well, the appearance of the second

nucleotide substitution just downstreâm from the -10 sequence could have simila¡

effects. In addition, other factors such as consensus binding sites for other regulatory

proteins can significantly change the efficiency of RNA transcription. The possibility

exists that the described mutations affect the binding of another regulatory protein.

3. Future work:

DNA sequence analysis of the gyrA, gyrB, and norA coding regions failed to

detect any mutation which might explain the observed loss of fluoroquinolone pAE

in the quinolone resistant S.aureus mutants. The hypothesis that the pAE of

fluoroquinolones may be due in part to the time required for the decay of SOS

functions is worth exploring. Initial work might concentrate on examination of SOS

functions in the mutant S.aureus strains to determine if loss of pAE is due to

impaired SOS functions. Specifically, studies should concenrrate on the genes or gene

products responsible for inhibition of cell division. In addition, depression of the
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norA efflux systern during the PAE appears to be a plausible explanation for

sustaining the fluoroquinolone PAE. Binding studies examining the relative affinities

of different fluoroquinolones for the gyrase complex would however strengthen this

hypothesis. Given that the exact mechanism of the fluoroquinolone pAE and

subsequent cell recovery has not been elucidated, it is likely to be a multi-factorial

process and considerable more work will undoubtedly be required to fully

understand the mechanism of the fluoroquinolone pAE.

The finding of two nucleotide substitutions in the promoter region of the norA

gene that correlate with reduced accumulation of fluoroquinolones in resistant

organisms strongly suggest that increased expression of norA is responsible, in part,

for fluoroquinolone resistance. Future studies might include comparing the wild type

and mutant promoters in a reporter system or the use of a complementation system in

norA- organisms and subsequent examination of fluoroquinolone accumulation.

Finally, while the results are snongly suggestive of increased synthesis or stability of

norA transcripts, the possibility of other post-transcriptional events occurring should

not be ignored.
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APPENDX A

1. Determination of the postantibiotic effect:

Phosphate buffered saline

a) Stock solution

NazHPO¿ 2.749

NaFIzPO¿ 7.879

IJ20 QS to 1000m1

b) V/orking solution

NaCl 8.5e

stock solution 40ml

H20 QS to 1000ml

2. Protein determination by the method of Lowry:

Lowry protein reagents

reagent A: 2Vo NarCQ in 0.1N NaOH

reagentB: 0.5Vo CuSQ-SH,OinIVo tartaric acid

reagent C: 50ml reagent A with lml reagent B (discard each day)

reagent D: same as reagent C but omit NaOH

reagent E: Diluted folin reagent

3. Preparation of Southern blots:

2(h SSC

NaCl 175.39

Sodium cirate 88.29

H"O QS to 1000ml

pH 7.0
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4. End tabeling oligonucleotides with t'2P:

l(}x PNK buffer

Tris-HCl 7.95

MgCl" 0.959

Dithiothreiol 0.789

Spermidine 0.0259

EDTA 0.0379

H"O

pIJ7.6

QS to 100ml

5. Southern hybridization:

Hybridization buffer

STRINGENCY

HIGH MODERATE LOW

BSA 0.1g 0.1g 0.1g

I12O 3ml 1.5m1

1M NaP* zrnl 5ml 5ml

Formamide 1.5m1 1.5m1

O.SMEDTA 20¡tI 20¡tl 20¡tl

207o SDS 3.5m1 3.5m1 3.5m1

lM NaP*

Na"HPQ-7H"O 1.349

[LPO, 4ml

H"O QS to 1000ml

pH7.2, autoclave
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6. Polymerase chain reaction:

l(}x PCR reaction buffer

NaCl 200mM

Tris-HCl pH 8.9 100mM

MgCl, 25mM

gelatin O.05Vo

Triton X-100 0.5Vo

5x TBE buffer

Tris base L2l.lg

Boric acid 61.89

EDTA 7.4e

HZO QS to 1000ml

pH 8.3

7. Preparation of competent DHSc¡ E.co!!:

SOB broth

Tryptone 209

Yeast extract 59

NaCl 0.5g

HZO 100tml

KCI (0.2M, pH7) lûd
Autoclave and add 5ml2M MgCl2

SOC broth

To SOB broth, add glucose to a f,rnal concentation of 20mlvf.
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FSB buffer

KOAc

Rbct

hínCL-rLo

HaCoCl"

CaCl"-ILO

Solution I
Glucose

Tris-HCl (pH 8.0)

EDTA

Solution II
NaOH

SDS

Solution III
KOAc

Glacial acetic acid

HrO

0.49g

6.05g

4.459

0.40g

0.749

Glycerol 50ml

pH to 6.4 with dilute HCI

H20 QS to 500ml

8. Boiled plasmid preparations:

BPB buffer
Sucrose 8Vo

Triton X-100 0.5Vo

EDTA pH 8.0 5ûrM

Tris-HCl pH 8.0 1ûrM

9. Large scale preparation of plasmid DNA:

5OmM

25mM

1OmM

0.2N

l7o

60ml

11.5m1

28.5m1
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10. RNA isolation:

Lysis buffer

Tris-HCl pH7.4

NaCl

EDTA

SDS

Proteinase K

3OmM

100mM

5mM

l7o

1OOpgÁnl

DNase digestion buffer

Tris-HCl pH 8.0 20mM

1OmM

11. Northen analysis:

RNA hybridization buffer

1M KPO4 (pH 7.a)

20x SSC

100x Denha¡dts solution

Formamide

HrO

Denhardts solution

Ficoll4O0

polyvinylpyrrolidone

BSA

II2O

12.5rnl

125m1

25ml

250m1

82.5rnl

log

1og

log

QS to 500ml


