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Abstract:
Ciprofloxacin induces the SOS response. Induction of the SOS response confers resistance to ciprofloxacin

through activation of DNA polymerase V. However, mutations in lexA, umuDC and especially recA prevent
the evolution of resistance to ciprofloxacin. Alternatively, mutations in SOS proteins that regulate RecA
activity, such as Dinl, can reduce SOS mutagenesis. The aim of this study was to investigate the effect of
Dinl inactivation on the frequency of mutagenesis and expression of the umuD and rdgC genes after
treatment with ciprofloxacin and to examine the promoter region and the 3’ end of the recA gene for possible
changes in dinl (SM1 and SM2) mutants. Ciprofloxacin-resistant clones (SM1 and SM2) derived from the
JW10481 (dinl-) strain were used in this study. Mutagenesis analysis and real-time PCR were used to
measure the frequency of mutant cells and the expression of umuD and rdgC genes in mutants, respectively.
The promoter region and recA gene sequence were examined by PCR amplification and DNA sequencing in
dinl- clones. SOS mutagenesis was significantly reduced (P<0.05) in SM1 and SM2 clones. These clones
(dinl") did not show overexpression of the umuD gene. rdgC gene was overexpressed in SM2, but not in the
M2 mutant with intact dinl gene. Furthermore, DNA sequencing did not reveal any change in the recA gene
sequence. The low frequency of mutagenesis and umuD expression in clones lacking Dinl protein activity
demonstrated the importance of this protein in SOS mutagenesis. In conclusion, Dinl may be a suitable option
in drug targeting strategies to enhance the efficacy of ciprofloxacin in combination therapy against a variety
of infections caused by Escherichia coli and other Gram-negative bacteria with homologues of this protein.
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Introduction

Ciprofloxacin (CIP) is a potent antibiotic that
targets DNA gyrase in bacteria. However,
resistance to CIP develops in Escherichia coli (E.
coli) due to mutations in target genes, mainly gyrA,
and overactivation of the AcrAB-TolC efflux
pump. The development of CIP resistance requires
overactivation of the SOS response following
exposure to CIP by interfering with gyrase activity
and inhibiting replication fork progression. The
stalled replication forks produce suitable substrates
for RecA (1-3). Upon binding of RecA protein to
single-stranded DNA (ssDNA) and formation of a
cofilament, RecA either mediates strand exchange
or promotes LexA autocleavage, leading to the
production of many SOS proteins, including RecA
and Dinl (4). In addition to ssSDNA and LexA, other
proteins including Dinl, UmuD and RecX bind to
the helical groove of RecA filaments (5-6).

Dinl, RecX, RecFOR and RdgC have regulatory
effects on RecA activity. RecX promotes filament
disassembly, whereas Dinl stabilizes RecA
filaments after their formation (7-8). The RecFOR
complex induces both association and dissociation
of the RecA filament, and RdgC interferes with
RecA activities (9). RdgC is an essential factor for
growth in priA mutants as it counteracts RecFOR-
mediated RecA loading on ssDNA (10).

Given the importance of SOS induction in
causing mutagenicity and antibiotic resistance,
finding a target to reduce SOS induction would be
very beneficial. Inactivation of the Dinl regulatory
protein would be one way to reduce RecA activity
and SOS mutagenesis following CIP treatment. To
date, many chemicals have been proposed to inhibit
RecA and LexA activities in Escherichia coli (11-
12), but the effect of Dinl inactivation on reducing
SOS mutagenesis has not been investigated. In the
previous study, we generated CIP resistant clones
(SM1 and SM2) from the strain JW10481 (dinl")
strain and measured their resistance to CIP and the
expression of the recA gene in them. The SM2
clone (dinl") overexpressed recA, but 1.6 times less
than the C17 mutant (dinl*) with the same level of
resistance to CIP (13). In the present study, we
measured the frequency of mutagenesis and the
expression of umuD and rdgC genes in SM1 and
SM2 clones and found that inactivation of Dinl
inhibits SOS mutagenesis. It has been proposed that

the C-terminal part of RecA modulates RecA
binding to different substrates, including ssDNA,
LexA, Dinl and UmuD. Therefore, the promoter
region (containing the SOS box) and the 3’ end of
the recA gene were examined for possible
alterations in the above clones. It was found that the
reduction in SOS mutagenesis was not related to
the alteration of the recA SOS box or its 3'end
sequence. These results suggest that one way to
reduce SOS mutagenesis is to inactivate the Dinl
protein.

Materials and Methods

Strains and mutants: CIP was purchased from
Sigma-Aldrich Company. MG1655 wild type strain
(carrying intact dinl gene, sensitive to CIP, 0.008
pg/ml), dinl- clones SM1 (sensitive to CIP, 0.3
pg/ml) and SM2 (moderate resistant to CIP, 1
pg/ml), both derived from JW10481 (BW25113
Adinl:Kan", Keio collection) (13-14), W49 (gyrA
mutant, sensitive to CIP, 0.6 ug/ml), C17 (moderate
resistant to CIP, 1 pg/ml) and M3 (highly resistant
to CIP, 40 pg/ml) mutants, both carrying the gyrA
marOR double mutation (15), were used in this
study.

CIP-induced  mutagenesis:  CIP-induced
rifampin  resistance testing was performed
according to a previous study (16). Fresh cultures
of MG1655, two dinl- clones and M3 in LB without
and with CIP (0.1 * MIC of each strain) were placed
in a shaking incubator at 37 °C for 4 h, then
transferred to fresh LB broth and incubated
overnight under the above conditions. Total cells
were counted on LB agar with and without rifampin
(20 pg/ml) to calculate the frequency of rifampin
resistant mutants. The experiment was performed
three times.

Quantitative reverse transcription PCR
(QRT-PCR): The @RT-PCR assay has been
described previously (15). Fresh cultures of six
strains and mutants were used to inoculate LB broth
containing CIP (0.1 MIC of each strain). The
cultures were incubated at 37 °C to reach an OD
value of 0.4. The cultures were then used to extract
total RNA using an RNA extraction kit (Qiagen,
USA). Total RNA was used to synthesize cDNA
(Reverse Transcriptase kit, Fermentas) for qRT-
PCR using a SYBR Green kit (Yektatajhiz, Iran)
and the micPCR machine (Biomolecular System,
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Australia). The primers are listed in Table 1. The
thermal cycling condition was 95 °C for 5 min
followed by 40 cycles of denaturation (95 °C, 10 s),
annealing (50 °C-55 °C for 15 s, depending on the
primer pairs used) and extension (72 °C for 20 s).
Expression data are the mean of two assays.

Statistical analysis: SPSS version 16 software
student’s t-test was used to calculate significant
differences between expression data.

Amplification and sequencing of the recA
gene: A single colony of each clone (SM1 and
SM2) on LB agar containing CIP (0.1 MIC of each
mutant) was used as a source of DNA template.

Two pairs of primers were used to amplify the recA
gene (Table 1) as previously described (15). The
thermal cycling condition was 95 °C for 3 min,
followed by 30 cycles of denaturation (95 °C for 45
s), annealing (52 °C for 30 s) and extention (72 °C
for 1 min). Final extention for 4 min. The sequence
of the amplified products was determined using
both primers. The nucleotide sequences were
compared with that of strain MG1655 (ID: 947170)
using the multiple alignment tool (Clustal W). The
sequence of the SOS box upstream of the recA gene
was obtained from previous work (17).

Table 1. Primers used for real-time PCR and colony PCR

Gene Primer sequence (5'-3") Amplicon size (bp) Refernce
dinl AGTATGCGTTTCCTGATAATGAA 157 This work
TATTCGCTGACAAACCAGTCA
GATCCAGCATTCCAGC
umubD CCGTAAACTCGCCGTC 155 Pourahmad and Pasand, 2016
ACCATTGGCAACGTGC .
rdgC CGTGCAGAAGAGATGG 182 This work
ACTTACGAGCAGATCAAAGC
gapA AGTTTCACGAAGTTGTCGTT 170 Pourahmad and Pasand, 2016
recA? CAGCGGCGACCGTGA
CAGCAGCGTGTTGGACT 734 Pourahmad and Pasand, 2016
AGCCAGGCGATGCGT
b
recA GCCGCAGATGCGACE 585 Pourahmad and Pasand, 2016

a&b primers for amplification of the SOS box and 3'end of recA gene, respectively.

Results

The amount of mutagenesis was significantly
decreased in SM1 (0.6 ratio RifR/total cell) and
SM2 (0.5 ratio Rif%/total cell) compared to the wild
type strain (6 ratio Rif%/total cell, P<0.05) in the
presence of CIP (Fig. 1). The same results were
obtained in the absence of CIP. The mutagenesis
value for SM1 and SM2 with different levels of
resistance to CIP were not significantly different
(P<0.05), but were significantly lower than the
mutagenesis value for M3 (70 ratio Rif%/total cell)
with high levels of resistance to CIP in the presence
of CIP (Fig. 1). Similar results were observed in the
absence of antibiotic. Moreover, the levels of
mutagenesis in MG1655 and M3 were significantly
higher in the presence of antibiotic than in the
absence of CIP (Fig. 1).

The quantity and quality of the RNA samples were
measured by spectrophotometry. After checking

that the RNA samples were not contaminated with
DNA, they were used to synthesize cDNAs. cDNAs
used to measure gene expression. None of the dinl-
mutants (SM1 and SM2) showed overexpression of
the umuD gene (Table 2). These results are in
agreement with the mutagenesis results. Our results
showed that the dinl* mutants (C17 and M3) were
able to overexpress dinl gene (Table 2). rdgC gene
overexpressed in the SM2 mutant but not in SM1
(dinl" mutant) and C17 and M3 (dinl™ mutants)
(Table 2).

After evaluating the quality of the RecA PCR
products by gel electrophoresis, their sequences
were determined by DNA sequencing. The
sequences were visualised using Chromas version
2.6.6 (Fig. 2). Comparison of the FASTA format of
the sequences with that of MG1655 using Clustal
W showed no change in the sequence of the recA
gene and its upstream region in SM1 and SM2.
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Fig. 1. Frequency of rifampin resistant (RifR) mutants. The proportion of RifR cells were either untreated (black bar) or
treated with CIP (grey bar). Lanes 1, 2, 3 and 4 are wild type, SM1, SM2 and M3. Values are means of three independent
experiments £SD.

Table 2. Relative expression of genes.

Strain/mutant | rdgC | dinl | umuD
MG1655 1 1 1
W49 1 0.7 -
C17 0.9 2.1 -
M3 13 3.54 -
SM1 1.8 - 0.9
SM2 2.03 - 1.82

In all cases, the standard deviation was less
than 10% of the mean.
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GTACGT GAG TTG CTG CTG AGC AAC CCG AAC TCA ACG CCG GAT TTC TCT GTA GAT GAT AGC GAA GGC GTA GCA
GAA ACT AAC GAAGAT TTT TAA
Val Arg Gluleu Leu Leu Ser Asn Pro Asn Ser Thr Pro Asp Phe Ser Val Asp Asp Ser Glu Gly Val Ala
Glu Thr Asn Glu Asp Phe*
Fig. 2. Partial upstream (A) and downstream (B) DNA sequence of the recA gene. A. The sequence of the SOS box is
underlined and bolded. B. The end of recA gene and its deduced amino acid sequence are shown.
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Discussion and Conclusion

The effect of Dinl inactivation on the expression of
umuD and rdgC genes in dinl- clones SM1 and
SM2 was investigated. Our results showed that
rdgC was overexpressed but umuD was not in these
clones. In a previous study, recA was found to be
overexpressed in mutants (with intact dinl gene and
moderate resistance to CIP) (15). It was also found
that the recA gene was overexpressed in the SM2
mutant (without intact dinl gene and intermediate
level of resistance to CIP; however, the
overexpression was less significant than that seen in
the mutant with active dinl gene (P<0.05) (13).
DNA sequencing results showed that this decrease
in recA expression was not associated with changes
in the upstream region of the recA gene containing
the SOS box.

The acquisition of high levels of resistance requires
more SOS signals through efficient cleavage of
LexA and UmuD. Our finding that umuD was not
overexpressed in dinl mutants indirectly implies
that the mutation frequency in dinl mutants is low.
This is also confirmed by our finding that the
mutation frequency in SM1 and SM2 was low in
the presence and absence of CIP. This finding also
showed that CIP can enhance SOS mutagenesis in
the presence of intact Dinl protein.

On the other hand, the RdgC protein inhibits
recombination and SOS induction (18-19). RdgC
competes with RecA for binding to duplex DNA.
Dinl enhances the ability of RecA to compete with
RdgC (19). Therefore, it was possible that in CIP
treated cells lacking Dinl, RecA cannot properly
compete with RdgC for binding to duplex DNA and
therefore cannot generate sufficient SOS signals.
This possibility was indirectly revealed by the
finding that the rdgC gene was over-activated in the
dinl- mutant (SM2), but not in the dinl* mutant
(M3). In addition, the lower expression of recA and
umuD suggests that the RecA loading activity of
RecF may be reduced in the dinl mutant following
rdgC overexpression. This possibility is consistent
with previous finding that showed RdgC interferes
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