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Summary

Fluoroquinolones are antimicrobials that are widely used in the treatment of urinary tract
infections (UTI). UTIs are caused mostly by Escherichia coli. Fluoroquinolones interact with
DNA gyrase and topoisomerase IV, enzymes that are involved in the replication of bacterial
genomes. The interaction leads to the disruption of the replication. Mutations that are
associated with resistance to fluoroquinolones have been found in the drug target genes gyrA,
gyrB (DNA gyrase), parC, parE (topoisomerase IV), and in drug import or efflux-associated
genes. Also a plasmid-encoded resistance, due to a protein that protects the target from the
drug, has been observed. Resistance to clinically achievable levels of fluoroquinolones
requires that bacteria accumulate multiple mutations in different resistance associated genes.

In this project I constructed a set of E. coli strains with mutations both in a target gene (gyrA)
and in efflux or import associated genes. The minimal inhibitory concentration (MIC) values
for a fluoroquinolone drug ciprofloxacin was then determined for the strains. Strains with
single mutations that have been observed in the clinical UTI isolates of the resistant E. coli
strains had been constructed in the laboratory. Three different gyrA mutations (!S83; D82G +
S83D; D87N) were introduced by P1 phage transduction into strains with mutations that
deleted porin (ompC and ompF) or efflux-associated (acrR and marR) genes. The gyrA
mutations were introduced by co-transduction with a tetracycline resistance cassette that was
later removed by site-specific recombination. The MIC for ciprofloxacin was measured for
the strains that had been confirmed to have both mutations.

Strains with only a gyrA mutation had a small increase in MIC relative to the wild-type.
Deletions of the coding sequences of ompC, ompF, acrR or acrR+marR did not increase the
MIC, neither alone nor in combination with the gyrA mutations. However, strains with a
partial deletion of acrR, called !acrR1, and !acrR1"!marR, showed a small increase in
MIC. When !acrR1 and !acrR1"!marR were combined with each of the gyrA mutations the
MIC values were further increased. Although up to three mutations in different genes were
combined in these strains the MIC values for ciprofloxacin did not reach clinical resistance
levels.
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Introduction

Urinary tract infections
The uncomplicated form of urinary tract infection (UTI) is very common and is caused by
Escherichia coli in 70-95 % of the cases. Fluoroquinolones are one important group of
antimicrobial agents used in the treatment of UTIs (8, 9). In E. coli resistance to
fluoroquinolones has not yet reached the high frequency seen for some other antimicrobial
drugs such as ampicillin and sulfamethoxazole. However, the resistance levels to
fluoroquinolones such as ciprofloxacin have been increasing in the past years (5).

Mechanisms of fluoroquinolone action
Quinolones and fluoroquinolones interact with type II topoisomerases –  DNA gyrase and
topoisomerase IV. Type II topoisomerases are essential for bacterial DNA replication. They
act by breaking both DNA strands, passing another strand through the break and resealing the
break (11, 16). DNA gyrase is able to add negative supercoils into bacterial DNA.
Topoisomerase IV is involved in the separation of the two DNA strands developed in
replication which facilitates their segregation into daughter cells (4, 7, 11). The interaction of
quinolones with the complex of DNA and DNA gyrase or topoisomerase IV results in
trapping the complex and leads to cessation of  chromosome replication and cell death (3).

Resistance associated mutations
Resistance associated mutations (RAMs) in the case of fluoroquinolones can be divided
roughly in two parts: mutations that alter the target of the drug and mutations in drug import
and efflux machinery which have an effect on the drug concentration in bacterial cytosol. In
E. coli resistance to fluoroquinolones is caused mainly by chromosomal mutations (4)
although a plasmid mediated resistance has also been reported (12, 15, 16). For a strain to
become resistant to a high level of fluoroquinolone multiple mutations are required, both in
the drug target genes and in the import/efflux-related genes (6).

Drug target mutations (gyrA, parC)
DNA gyrase consists of two subunits, GyrA and GyrB, encoded by the genes gyrA and gyrB.
DNA topoisomerase IV also consists of two subunits, ParC and ParE encoded by the genes
parC and parE. They are homologous to the subunits of DNA gyrase, with ParC homologous
to GyrA and ParE to GyrB (4). In E. coli fluoroquinolone-resistance associated mutations
usually have been found in gyrA and parC (6). They are located in a region between amino
acid positions 67 and 106, which is called the quinolone-resistance-determining region
(QRDR). The region is thought to be near the site of quinolone binding (17). Resistant E. coli
isolates most frequently carry mutations in gyrA at the amino acid positions 83 and 87,
although mutations at other positions also have been detected. Resistance associated
mutations in parC occur less often and they are usually found in strains in which gyrA
mutations are also present (6).

Drug import-associated mutations (ompC, ompF)
Drug molecules are able to pass the outer membrane of the Gram negative bacteria by
passively diffusing through porins. Two outer membrane porins of E. coli are called OmpC
and OmpF (encoded by genes ompC and ompF). The diameter of OmpF is larger than that of
OmpC (11). It has been reported that mutations at least in ompF lead to increased resistance
to fluoroquinolones (2).
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Drug efflux-associated mutations (marR, acrR)
Antibiotics have been found to be transported out of the bacterial cells by multidrug resistance
(MDR) pumps. In E. coli the efflux pump is called AcrAB-TolC pump. Mutations that
increase the activity of the pump have been found at least in two different genes – acrR and
marR. acrR encodes a repressor of the acrAB operon (structural genes for the pump) and
mutations in acrR have been reported to increase the activation of the pump (1). marR
encodes a repressor of the marRAB operon and mutations in marR can result in increased
expression of marA (encodes a positive regulator of acrAB, tolC and micF), resulting in
increased expression of the efflux pump proteins. The increase in expression of micF
decreases translation of ompF mRNA (10, 15). Thus, mutations in marR can promote a
decrease in the antibiotic concentration inside the cell both by increasing AcrAB-TolC efflux
pump activity and by decreasing the import of the drug via the OmpF porin.

Impact of the plasmid (qnr)
Resistance mediated by a plasmid has also been reported. The gene responsible for the
resistance has been named qnr. The gene product belongs to the pentapeptidic repeat family
and is involved in protein-protein interactions. A purified protein encoded by qnr has been
shown to protect DNA gyrase and topoisomerase IV from interaction with ciprofloxacin and
other fluoroquinolones. (12, 15, 16)

The aim of the study
Previously it has been shown that resistance to fluoroquinolones in clinical isolates of E. coli
is associated with multiple mutations occurring in different resistance associated genes. In this
study, as a part of a larger project, strains with different combinations of mutations, including
target and import/efflux-associated mutations, were constructed and their minimal inhibitory
concentration (MIC) values for ciprofloxacin were measured. Strains with single resistance
associated mutations had been constructed in the laboratory before. Multiply mutant strains
were constructed from these by combining two or three mutations in one strain. The purpose
was to construct strains carrying mutation combinations similar to those that have been found
in resistant clinical isolates.
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Results

P1 phage lysates were prepared on the donor strains LM525, LM528 and LM531 that
contained different mutations in gyrA gene. These phage lysates were used to transduce the
recipient strains LM200, LM201, LM203, LM221, LM351 and LM367 that had deletions in
porin- or efflux-associated genes. In the strains LM200 (!ompC), LM201 (!ompF), LM203
#!acrR ) and LM221 (!acrR +!marR) the whole genes are deleted while in the strains
LM351 (!acrR1) and LM367 (!acrR1 +!marR) the acrR gene is only partially deleted (from
nucleotide 211 to 395). Transductants were selected for tetracycline resistance (the donor
strains all carry a tetracycline resistance cassette linked to the gyrA mutations). The presence
of the gyrA mutation in the transductants was checked by measuring the MIC values in the
strains for ciprofloxacin. Strains with these gyrA mutations have increased resistance to
ciprofloxacin. MIC values of the constructed strains were compared to the MIC values of the
recipient and donor strains and those that had MIC values higher than that of the recipient
strains were picked. The tetracycline resistance cassette, which is bounded by FRT (Flp
recombinase target) sites, was subsequently removed by transforming the transductants with
the plasmid pCP20. This plasmid carries the gene flp, encoding a site specific recombinase
that promotes recombination between the FRT sites resulting in loss of the intervening
tetracycline-resistance cassette. The plasmid has a temperature-sensitive origin of replication
and is lost from the strain by incubation at 37°C. The absence of the tetracycline resistance
cassette and of the plasmid was confirmed by streaking colonies onto Luria agar (LA) plates
with kanamycin, ampicillin (checking for loss of the plasmid) and tetracycline (checking for
loss of the tetracycline resistance cassette). Finally, MIC values of the constructed strains
were measured again and the gyrA gene was sequenced to ensure that it carried the expected
mutation. Results are shown in Table 1.

Table 1. MICs for ciprofloxacin –  wild type strain, initial and constructed strains

Strain
Function in
transduction Relevant genotype

MIC
#$g/ml)

LM179
(MG1655) wild type 0.023
LM200 Recipient !ompC 0.016
LM201 !ompF 0.023
LM203 !acrR 0.016
LM221 !marR, !acrR 0.023
LM351 !acrR1 0.047
LM367 !marR, !acrR1 0.094
LM525 Donor !yfaH FRT<Tet>FRT, gyrA%!S83 0.094
LM528 !yfaH FRT<Tet>FRT, gyrA D82G+S83D 0.25
LM531 !yfaH FRT<Tet>FRT, gyrA D87N 0.25
LM200xLM525 !ompC, gyrA !S83 0.064
LM201xLM525 !ompF, gyrA !S83 0.094
LM203xLM525 !acrR, gyrA !S83 0.064
LM221xLM525 !marR, !acrR, gyrA !S83 0.094
LM351xLM525 !acrR1, gyrA !S83 0.19
LM367xLM525 !marR, !acrR1, gyrA !S83 0.25
LM200xLM528 !ompC, gyrA D82G + S83D 0.19
LM203xLM528 !acrR, gyrA D82G + S83D 0.19
LM221xLM528 !marR, !acrR, gyrA D82G + S83D 0.25
LM351xLM528 !acrR1, gyrA D82G + S83D 0.38
LM367xLM528 !marR, !acrR1, gyrA D82G + S83D 0.75
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Strain Relevant genotype
MIC
#$g/ml)

LM201xLM531 !ompF, gyrA D87N 0.25
LM203xLM531 !acrR, gyrA D87N 0.19
LM221xLM531 !marR, !acrR, gyrA D87N 0.25
LM351xLM531 !acrR1, gyrA D87N 0.38
LM367xLM531 !marR, !acrR1, gyrA D87N 0.75

The MIC value for the strain LM525 (gyrA%!S83) was 4-fold higher than for the wild type
strain LM179. For LM528 (gyrA D82G, S83D) and LM531 (gyrA D87N) the increase in MIC
was about 10-fold.

Several mutations in porin or efflux-associated genes (ΔompC, ΔompF, ΔacrR,
ΔmarR+ΔacrR) did not significantly alter the MIC values of the strains (LM200, LM201,
LM203, LM221) compared to the wild type strain MG1655. A two-fold MIC was measured
for LM351 (!acrR1). A larger 4-fold increase in MIC was measured for LM367
(!marR+!acrR1).

In the strains that have a combination of target gene mutation (gyrA) with import or efflux-
associated gene mutations (!ompC, !ompF, !acrR or !marR + !acrR) no increase in the
MIC values was observed compared to the strains LM525, LM528 and LM531 that have
mutations only in gyrA. However, strains that have gyrA mutations combined with !acrR1 or
!marR + !acrR1 showed a small increase in MIC, from 1,5- to 3 -fold, if compared to the
MIC values of the strains with only gyrA mutations (and from 8- to 32-fold if compared to the
MIC values of the wild type strain).
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Discussion

Single mutations in the import- and efflux-associated genes and in the target genes
Individual deletion mutations in genes affecting drug import (porins) or in genes whose
deletion is expected to increase the activation of an efflux pump did not seem to have any
significant effect on the MIC levels for ciprofloxacin as is expected and reported also before
(6). Single mutations in gyrA however had some effect on the MIC values, increasing them at
least four-fold above the wild-type level. A mutation that reduces the binding of
fluoroquinolones will decrease the inhibitory effect of the drug on the bacterium. (4)

Combinations of mutations in target genes and import- or efflux-associated genes
Strains with !ompC, !ompF, !acrR or !marR + !acrR (LM200, LM201, LM203 and
LM221) in combination with the three different mutations in gyrA (LM525, LM528, LM531)
did not show any higher MIC values than the donor strains LM525, LM528 and LM531. In
strains carrying !acrR1 or !marR + !acrR1 deletions (LM351 and LM367) MIC was
increased when gyrA mutations were introduced.

In the strain LM200 (!ompC) and LM201 (!ompF) the gene for one of the porins is deleted.
Therefore drug molecules are not able to pass the outer membrane of the bacterium through
one of the porins (11). If only one of the porins is inactive the other one can still be used or
there could be yet other ways to get into the cell.

In the strains LM203 there is a deletion of the whole coding sequence of the acrR gene
whereas in LM351 (acrR1) the deleted region is smaller. acrR codes for the repressor of the
acrAB (encode efflux pump proteins) and a mutation that inactivates acrR is expected to
cause an increased activation of the efflux pump, leading to more resistance to the drug (1).
Therefore a deletion of the acrR gene would be expected to increase the MIC values of those
strains. However, the !acrR deletion did not increase the MIC values whereas the partial
!acrR1 deletion did. One would expect that the two deletions would have a similar effect or
that the deletion of the whole gene would have a larger impact on the resistance. One possible
explanation for this result is that some sequences within the region of the larger deletion of
the acrR gene are required for the expression of the acrAB genes. An obvious possibility is
that these sequences form part of the binding site for the MarA activator protein required for
up-regulation acrAB (see below). According to this model the smaller deletion in acrR1
would not disturb the ability of MarA to activate the acrAB genes. This model is supported by
the MIC values from strains carrying either !acrR or !acrR1, in combination with !marR,
and mutations in gyrA.  The MIC values show that the !acrR mutation negatively interferes
with the resistance level of !marR strain.  In  contrast,  the  !acrR1 mutation has a positive
effect on MIC in combination with !marR.

As a conclusion, MIC values for ciprofloxacin were increased in the strains with each of three
different gyrA mutations, and in strains that had combinations of the gyrA mutations and
!acrR1 or !acrR1+!marR. In spite of carrying up to three different clinically relevant
resistance mutations none of the MIC values determined in these strains are above the
breakpoint defined for clinical resistance, a value above which use of that drug is no longer
likely to result in successful therapy. The breakpoint for clinical resistance in the USA is 4
$g/ml for ciprofloxacin (Sweden 1 $g/ml) and here the highest values for strains carrying
three mutations were only 0.75 $g/ml. However, it can be assumed that the strains are
probably on the way to becoming more resistant if more mutations were acquired. These data
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show that reaching MIC values of greater than 32 $g/ml often seen in resistant clinical
isolates requires the acquisition of multiple mutations.
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Materials and methods

Bacterial strains
Three E. coli strains (LM525, LM528, and LM531) (constructed by Linda Marcusson) were
used as donor cells and six strains (LM200, LM201, LM203, LM221, LM351, and LM367)
(constructed by Linda Marcusson) were used as recipient cells (Table 2). The wild type strain
MG1655 was used as a control. Donor strains contain different mutations in gyrA. 10 kb from
gyrA a yfaH gene had been deleted and replaced with a tetracycline cassette carrying FRT
(Flp recombinase target) sites at both ends. The recipient strains have deletions in one or two
porin- or efflux-associated genes. Either the whole genes had been deleted or in acrR1 the
deletion was partial including nucleotides from 211 to 395 numbered from the startof the
gene. At the junction site, at the place of the deleted region, there is one FRT site. The
deletions had been made using homologous recombination which leaves one FRT site in the
place of the deletion. (Linda Marcusson, personal communication)

E. coli strain CH206 (Diarmaid Hughes strain collection) carries a plasmid pCP20 that was
used in transformation. Plasmid pCP20 contains an flp gene and ampicillin and kanamycin
resistance genes and it has a temperature sensitive origin of replication. The flp gene codes for
flipase enzyme that causes site-specific recombination between FRT sites.

Table 2. Strains used for the construction of the new strains

Strain
Function in
transduction Relevant genotype

LM200 Recipient !ompC
LM201 !ompF
LM203 !acrR
LM221 !marR, !acrR
LM351 !acrR1
LM367 !marR, !acrR1
LM525 Donor !yfaH FRT<Tet>FRT, gyrA%!S83
LM528 !yfaH FRT<Tet>FRT, gyrA D82G+S83D
LM531 !yfaH FRT<Tet>FRT, gyrA D87N

Media and growth conditions
Luria broth (LB) was used for bacterial growth. LB contained 10 g Bacto tryptone, 5 g Bacto
yeast extract and 10 g NaCl per 1000 ml H2O.  As a solid medium either Luria agar (LA)
(1.5% agar in LB) or Mueller-Hinton medium (Becton Dickinson) was used. Bacterial strains
were grown at +37°C or +30°C (strains containing plasmid pCP20). Liquid cultures were
grown with shaking. Strains used for phage lysate preparation and transduction were grown
on LB + CaCl2 (5mM). In phage lysate preparation soft agar (0.65% agar in LB) was used.
Antibiotic concentrations used in LA plates were 15 or 30 $g/ml tetracycline (tet), 50 $g/ml,
ampicillin (amp) or 50 $g/ml kanamycin (km).

MIC determinations
The MIC for ciprofloxacin was determined by Etest (AB Biodisk, Solna, Sweden) according
to the instructions of the manufacturer. One fresh colony was suspended in 1 ml 0.9% NaCl to
get a turbidity of 0.5 on the MacFarland Equivalence Turbidity Standard scale. The
suspension was streaked on Mueller-Hinton plates using a swab and an Etest strip with
different concentrations of ciprofloxacin was set on the plate. Plates were incubated 16-18
hours at +37°C.
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PCR amplification
One fresh colony of a bacterial strain growing on an LA-plate was picked and suspended in
100 $l of sterile water. The suspension was boiled for five minutes and put on ice. This
suspension was used as a template. For PCR 1 $l of template, 1 $l of reverse primer
GyrAR1000 (10 $M/$l) (table 3), 1 $l of forward primer GyrAF21 (10 $M/$l) (table 3.) and
22 $l of water (to get a final volume of 25 $l) was used. PCR was performed using Ready-to-
go PCR Beads (Amersham, Bioscience, Uppsala) and a DNA engine PTC-200 thermocycler
(SDS-diagnostics, Falkenberg, Sweden). The following PCR program was used: 95°C for 5
min, 29 cycles of 95°C for 15 s, 53°C for 20 s and 72°C for 1 min.  The products were run
100V for approximately 1 hour on a 1 % agarose gel containing ethidium bromide (0.5 $g/ml
in the gel)  to check the sizes of the fragments. 0.5x TBE (5.4 g Tris base, 2.75 g boric acid
and 2 ml 0.5M EDTA, pH 8.0, per 1000 ml H2O) was used as running buffer.

DNA sequencing
The PCR product was purified with the Qiaquick PCR Purification Kit according to the
manufacturer's instructions. The DNA was eluted in 30 $l sterile water. The sequencing
reaction contained 2 $l sequencing primer GyrAFQ322 (10 $M/$l) (table 3.), 60-80 ng of
template DNA, and water to a final volume of 6 $l. Sequencing was performed by cycle
sequencing at a DNA sequencing facility (Rudbeck laboratory, Uppsala University, Sweden).

Table 3. Oligonucleotides used for PCR amplification and sequencing
Gene Primer name Oligonucleotide sequence (5' to 3' )

gyrA GyrAF21a GAA CTC ACCC TTC CAG ATC CA
GyrAR1000a GAC CGC GGA TAT ACA CCT T
GyrAFQ322b GAG CTC CTA TCT GGA TTA T

a PCR amplification
b Sequencing

Phage lysate preparation
1 ml fresh over night culture of donor strains was mixed with 30 $l of P1 virA phage. 4 ml
soft top agar (0.65% agar in LB) was added to the mixture and poured onto an LA-plate. The
plate was incubated for 16-18 hours. The soft agar was scraped from the plate with a spatula
and mixed with 3 ml LB. The mixture was centrifuged 5000 x g for 20 minutes at 4°C. The
supernatant (lysate) was filtered through a 45 $M filter and stored at 4°C.

Transduction
0.5 ml of fresh recipient culture (containing 5 mM CaCl2), grown 16-18 hours at 37°C, was
mixed with 50 $l  P1 phage lysate and incubated at room temperature for 30 min. 100 $l of
the mixture was plated onto LA-Tet  (15 $g/ml) plates. The plates were incubated for 16-18
hours at 37°C. Transductant colonies were restreaked onto LA-Tet plates. From these plates
single colonies were picked and screened for gyrA by measuring MIC values for ciprofloxacin
using an Etest.

Plasmid preparation
A fresh colony of the bacterial strain containing the plasmid was inoculated into 20 ml LB
with ampicillin and grown 16-18 hours at 30°C. Plasmid DNA was prepared using the
QIAprep Spin Miniprep Kit except that 10 ml of the culture was used. The plasmid DNA was
eluted in 30 $l EB buffer (10 mM Tris-HCl, pH 8.5; QIAprep Spin Miniprep Kit). The
plasmid preparation was stored at -20°C.
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Preparation of competent cells
Competent E. coli cells were prepared by the CaCl2 method. 0.25 ml of fresh bacterial culture
was inoculated in 25 ml LB and incubated with aeration at 37°C until the OD600 of the
culture was 0.5-1.0 (about 4 hours)  The cells were centrifuged for 10 min at 4000 x g and
4°C in Sorvall centrifuge. The pellet was suspended in 10 ml ice cold 0.05M CaCl2 and
incubated on ice for 30 min. The cells were pelleted again by centrifuging for 10 min 4000 x
g at 4°C. The pellet was resuspended in 2 ml ice cold 0.05M CaCl2 and kept on ice until they
were used for transformation. If the transformation was not done in few hours the cells were
stored at 4°C but not longer than 24 hours.

Transformation
Plasmid DNA (30 or 60 ng) was added to 200 $l competent bacterial cells. The mixture was
kept on ice about 10 min and transferred to 42°C for 2 min. After the heat shock 800 $l LB
was added. The cells were incubated at 30°C for 0.5-1 hour. 100 $l aliquots were plated onto
LA plates containing ampicillin. The plates were incubated at 30°C for 18-42 hours.
Transformant colonies were picked and streaked on LA plates and incubated at 37°C for 16-
18 hours. From these plates single colonies were picked and streaked on LA-Tet, LA-Amp,
LA-Km and LA plates to confirm the loss of the plasmid and the tetracycline resistance
cassette.

Determination of DNA concentration
DNA concentration was measured using a Nanodrop spectrophotometer (Nanodrop,
Wilmington, DE, USA).
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