J. Microbiol. Biotechnol. (2010), 20(1), 30-38
doi: 10.4014/jmb.0907.07005
First published online 12 October 2009

JOURNAL
MICROANBDIOLOGY
BloTECHNOLOGY

(© The Korean Society for Microbiclogy and Biotechnology

Unbalanced Restriction Impairs SOS-induced DNA Repair Effects

Katna, Anna, Robert Boratynski, Beata Furmanek-Blaszk, Natalia Zolcinska, and Marian Sektas™

Department of Microbiology, University of Gdansk, 80-822 Gdansk, Kladki 24, Poland

Received: July 3, 2009 / Accepted: August 5, 2009

The contribution of a type Il restriction—modification
system (R-M system) to genome integrity and cell viability
was investigated. We established experimental conditions
that enabled the achievement of hemimethylated and
unmethylated states for the specific bases of the recognition
sequences of the host’s DNA. To achieve this, we constructed
the Mboll R-M system containing only one (i.e., M2.Mboll)
out of two functional Mboll methyltransferases found in
Moraxella bovis. Using the incomplete R-M system, we
were able to perturb the balance between methylation and
restriction in an inducible manner. We demonstrate that
upon the SOS-induced DNA repair in mitomycin C
treated cells, restriction significantly reduces cell viability.
Similar results for the well-studied wild-type EcoRI R-M
system, expressed constitutively in Escherichia coli, were
obtained. Our data provide further insights into the
benefits and disadvantages of maintaining of a type II R-
M system, highlighting its impact on host cell fitness.
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Restriction-modification (R-M) systems have been widely
recognized as the major defense force in the bacterial
protection system directed against foreign DNA invasion
[49]. They are present in almost all bacterial species [42].
There is no doubt that the balance between cellular levels
of R and M activities ought to be precisely regulated so as
not to affect the viability of the bacterial cell [3, 23, 24,
45-47). Interestingly, there are many examples of bacteria
abundant in various R-M gene complexes in their own
genomes [42]. Therefore, very reliable regulatory mechanisms
for gene expression ensuring their stable maintenance are
required [36]. Such functional balance is supported by very
efficient recombinational and repair mechanisms [3, 13, 19,
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23, 24]. It is perhaps reasonable to believe that the death of
a particular cell is more likely to happen in the case of
overproduction of the endonuclease in many artificially
constructed systems. Interestingly, similar lethal effects can
be observed after a decrease in an R-M enzyme’s activities
as a result of the loss of its genetic determinants. Apart
from the last case, which has been well described [28], the
impact of all other kinds of R-M-mediated molecular
events, which could participate in genome organization
and stability, remain poorly characterized and still obscure.
It seems reasonable to suggest that there are several
circumstances when restriction endonucleases (REase) may
act on the host genome: (1) in the case of the loss of R-M
genes, when gradually decreased modification activity leads
to autorestriction cleavage of the chromosome, which is
generally lethal for the majority of cells, although some of
them might be rescued by repair mechanisms [19, 20, 37];
(2) during the period of self-establishment of various R-M
systems into a new host [35, 38], which would also include
their different adaptation times [39]; and (3) in the case of
the regaining of full functionality by a formerly defective
R-M system, by acquisition of the cognate REase gene to
pair with the resident methyltransferase (MTase) specificity
[1, 2, 30, 39]. To date, the last two cases have been poorly
investigated because of difficulties in assaying them
biochemically and genetically. This might prove interesting,
especially in the context of those R-M systems that consist
of a restriction REase in tandem with two MTases genes
coding for two independent specificities [42]. It has been
shown that the level of activity, and even specificity, for
two existing MTases can be strikingly different, one from
the other [8, 16, 25, 33]. The Mboll R-M system from
Moraxella bovis represents one of the most interesting
systems from the functional point of view. In contrast to
common type II R-M systems, it consists of three genes
coding the R.Mboll restriction endonuclease, and two
separate DNA MTases, M1.Mboll (recognizing the 5'-
GAAGA-3' sequence [32]) and M2.Mboll (specific to 5'-
TCTTC-3' [16], a strand complement of the canonical site).



In the present paper, we describe another aspect arising
from the maintenance of the R-M systems, which adds to
our understanding of the molecular basis of bacterial
genetic stability. Apparently, there are several critical
moments when some regions of the chromosome may
become vulnerable to residual REase activity. It includes,
for instance, appearances of hemi- or nonmethylated
recognition sites during the propagation of replication
forks or the repair processes of the damaged regions of
DNA [3]. We applied the Mboll R-M system to examine
our hypothesis of interference of restriction to DNA repair
by means of excision repair and/or homologous recombination.
An intrinsic feature of the unbalanced Mboll R-M system
used here is the inducible disturbance in equilibrium
between protective methylation and restriction. Specifically,
owing to the properties of M2.Mboll [16], it is not possible
for one complimentary strand of each canonical sequence
to be methylated (hemimethylation), giving rise to the
temporary occurrence of completely unprotected sites on
the newly repaired genome regions triggered by mitomycin
C (MMC) damage.

Table 1. Plasmids.
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MATERIALS AND METHODS

Bacterial Strains and Plasmids

Escherichia coli (E. coli) HB101 F~ A (gpt-proA) 62 leuB6 supE44
ara-14 galK?2 lacY1 A (merC-hsdRMS-mrr) rpsL20 (St) xyl-5 mil-
1 recAl3 [7] was used as the cloning host. The SOS reporter strain
E. coli ER1992 [F~ A (argF-lac) U169 supE44 el4 dinDI::Mu
dll734 (Km®, LacZ") rfbD1? relAl? endAl spoTl? thi-1 A (mcrC-
mrr) 114:1810] [15] and MG1655 [4] were used in most experiments.
E. coli cells were grown in Luria—Bertani (LB) broth or agar [34]
with antibiotics (Sigma) at the following concentrations: ampicillin
(Amp), 100 ug/ml; chloramphenicol (Cam), 25 pg/ml; kanamycin
{Kan), 15 ng/ml; and tetracycline (Tet) 15 pg/ml. L-Arabinose (Sigma)
was used at 0.2%, and IPTG (Sigma) and mitomycin C (MMC,
Sigma) were as indicated in the experiments. The plasmids used in
this work (Table 1) were introduced into the cells by a standard
chemical transformation procedure [43].

Construction of Bacterial Strains

To construct the E. coli strain expressing mbolIM2 and mbolIM1
genes from the arabinose-dependent P, promoter, the mbolIM1
gene was cut out from pMboM.1 [5] by Pstl digestion and put into
the Pstl site of the pBAD24 vector [17]. Next, the EcoRI-Sall

Plasmid Description Source or reference

pACYC184 Cloning vector with P15A ori, Cam®, Tet® 191

pACYCeco 3.6-kb Hincll DNA fragment carrying EcoRI R-M system from pSCC2 plasmid This work
inserted into BsaBI site of pACYC184, Cam®, Tet

pACYCphoA 1.5-kb PCR-amplified promoterless phod gene lnserted between HindIIl and This work
BamHI fused to a P,,,, promoter of pACYC184, Cam®, Tet"

pANTS pBR%ZZ replicon, integrative vector with A attP site and Notl-excisable ori region, [40]
Amp

pANTSeco 6.0-kb Scal-Xbal fragment carrying tetd-ecoRIR-ecoRIM from pACYCeco in This work
PANTS, Amp", Tet*

pANTSeco-R pANTSeco with frameshift mutation in ecoRIR gene This work

PANTSmboBAra 3.6-kb Clal-HindIII fragment containing araC-P,, . :mbolIM.2 mbolIM. 1 This work
cassette from pBADmboBA in pANTS, Amp"

PANTSphoA 1.9-kb Sall-Xbal fragment containing phoA4 gene from pACYCphoA in pANTS This work

pBAD24 Arabinose-inducible expression vector with araC-P,,, 5, 17

pBADmboBA 1.1-kb EcoRI-Sall fragment containing mbolIM.2 and 1.1-kb Pstl fragment This work
carrying mbolIM.] gene under L-arabinose control in pBAD24

pBR322 Cloning vector, Amp Tet® [6]

pBRmbolIMB.20 1.1-kb Fusion gene P,,,,::P, .0t :mbolIM2 in pBR322, Amp® [16]

pINTtsCm A Int-delivery pSClOlTs replicon containing thermoinducible expression cassette [21]
cI857-Py:iint, Cam®

pMboMI.1 1.1-kb Fragment DNA containing the mbolIM. ! gene in pUCS, AmpR [5]

pMboR3.0 pACYC184 rephcon with 1.3-kb fragment DNA containing P,,.::mbolIR under [5]
lacI® control, Tet®

pMboRMB.7 1.4-kb Pvull P,_::P, 00t bolIM?2 cassette from pUCMB.3 inserted in ScaI site of This work
pMboR3.0, upstream of the mbolIR gene in antlparallel orientation, Tet®. In this
work, the plasmid constitutes the Mboll r'm.2” system.

pSC101 pSC101 replicon, Tet* [11]

pSCC2 pSC101 plasmid carrying EcoRI R-M system, Amp® [10]

pUC138 Cloning vector, Amp" [50]

pUCMB.3 1.1-kb BamHI mbollM2 cassette from pBRmbolIMB.20 in pUC18 (16}
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fragment carrying the mbolIM2 gene from pUCMB.3 [16] was
inserted into the freshly constructed pBAD24mboA. Then, a Clal-
HindllI cassefte containing araC-P, pp-mbollM2-mbollM1 was
subcloned into the pANTS integration plasmid, containing a A-
phage antP sequence [40]. To insert the DNA casselte into the E.
coli ER1992 chromosome [15], suicide plasmid pANTSmboBAra
was ‘constructed by removal of ori; by Notl digestion, followed by
agarose-gel purification and religation (2h incubation at room
temperature with T4 DNA ligase; Epicenter). Next, Int/atf recombination
was employed, using Int-delivery temperature-sensitive plasmid
pINTtsCm [21), to introduce the Aori suicide vector into the antB
insertion site of the chromosome. The resulting recombinant strain was
named ER1992mboBAra [AaB::bla (Amp®) araC-P,,z.p-mbollM2-
mbolIM1].

To construct an E. coli ER1992 host with a chromosomally
encoded EcoRI R-M system, EcoRI R-M genes were cut out with
Hincll from the pSCC2 plasmid [10], subcloned into the BsaBI site
of pACYC184, and named pACYCeco. Next, the Scal-Xbal
blunted-DNA fragment coding for tetracycline resistance (ferA*) and
EcoRI R-M genes were subcloned into the Smal site of a pANTS
integrative vector [40). An Int/art-mediated integration method was
employed [21] to insert Aori pANTSeco into the a#B locus in the
ER1992 chromosome. The resulting strain was named ER1992E. As a
restriction-deficient control, an isogenic ecoRIR™ strain (ER1992EAR)
was constructed. The endonuclease gene was inactivated by Bglll
digestion of the pANTSeco, followed by the filling-in of the DNA
ends by the Klenow polymerase I DNA and religation. As a result
of this, the pANTSeco-R vector experienced a shift in the ecoRIR
reading frame after the 65th codon, generating a premature stop
codon (TAG) after the 77th codon. pANTSeco-R was integrated
with the ER1992 chromosome. To compare the viability of the
ER1992 host with its derivatives carrying R-M systems under MMC
exposure, the relative viabilities of particular cultures grown at 37°C
for 16 h with or without MMC treatment (0.75 uM) were calculated
as a proportion between c.fu. values measured in treated and untreated
cultures (¢.fu.q/c.f0.) at the same points of growth time,

Plasmid Constructions

To construct a plasmid carrying a functionally unbalanced Mboll
R-M system composed of an endonuclease gene and only one
methyltransferase gene (hereafer designated as the Mboll r'm.2"
system), the Pvull/Pvull fragment from the pUCMB.3 plasmid bearing
the mbolIM2 methyltransferase gene in transcriptional fusion with
the P,,. promoter was subcloned into the Scal site of the pMboR3.0
plasmid containing the mbolIR gene under P, control [5]. In the
resultant plasmid (pMboRMB.7), the mbolIM2 and mbolIR genes
are in opposite orientation and their expression depends on IPTG
induction.

To construct plasmids with the P,,—phoA transcriptional fusion
providing a measurable and reliable level of basal PhoA activity, a
system for the constitutive expression of the phoA gene was constructed,
combining the P, promoter of pACYC184 [9] with a promoterless
E. coli ER1992 phoA gene. A DNA fragment of approximately 1.5 kb
containing the phoA gene was amplified by PCR using primers PhoS
(5-CCAAGCTTTAATGCGGTAGTTTCATGGAGAAAATAAAGTG
AAACAA-3Y, containing the ~10 site of P,,, (in bold) and part of the
phoA gene (in italics, start codon in bold), and Pho3 (5“GCGGATCC
TTATTTCAGCCCCAGAGCG-3"). Then, the PCR-generated product
was double digested with HindIll and BamHI (underlined in primers,

respectively) and ligated into the corresponding restriction sites of
the vector pACYC184, resulting in pACYCphoA. The phoA fusion
gene was then subcloned in the pANTS vector, creating pANTSphoA.
Positive blue-color recombinants were selected on LB agar supplemented
with appropriate antibiotic and 25 pg/ml of S-bromo-4-chloro-3-indoiyt
phosphate, p-toluidine sait (Fermentas).

Mitemycin C-induced DNA Damage, and RF and IF Measurerments
E. coli ER1992 bacteria bearing pMboRMB.7 were grown at 37°C
in LB medium to an early-log phase, to an optical density at 600 nm
(ODgy) of 0.12~0.15. Then, the culture (20 ml) was split and their
growth was continued for 1 h with or without MMC at 0.5 ug/ml
(1.5 uM) of the final concentration. Both cultures were split again
into two subcultures, (i) one of them growing in preexisting conditions,
and (ii) the second IPTG-treated (0.1 mM) to induce expression of
the Mboll +'m.2" system for the next hour. To determine viable cell
counts, the samples were taken every hour to measure c.fu/ml by
means of serial dilutions of cultures, and then 0.1-ml aliquots of the
different dilutions were plated on LB-agar supplemented with Tet
and/or Kan. c.fu. were scored after overnight incubation at 37°C.
Next, a so-called reduction factor (RF) was calculated at each time
point; that is, the ratio of the mean value of the c.fu./mi of the
untreated sample to the mean value of the c.fu/ml of the treated
sample (with MMC and/or IPTG).

In order to measure the induction of the promoters by MMC,
followed by its removal from the growth medium, the SOS-
chromotest method was used (41]. For this purpose, one control
(growth without MMC) and three testing cultures of ER1992
bearing both pMboRMB.7 and pANTSphoA plasmids were grown
for 1h in the presence of MMC (1.5 uM), and were then gently
pelleted by centrifugation and rinsed twice with fresh LB broth
medium in order to remove the MMC. All the bacterial pellets were
resuspended in the starting volumes of an LB medium and allowed
to grow at 37°C for 30, 60, or 90 min, respectively. The SOS induction
factor (IF) for these cultures was determined. The level of activity
of the reporters B-galactosidase (from dinDI::lacZ transcriptional
fusion) and alkaline phosphatase (phoA) were estimated by employing
ONPG or p-nitrophenyl phosphate as substrates, respectively. One
IF is the ratio of P-galactosidase units to alkaline phosphatase units
in the treated bacteria divided by the same ratio of the two enzymes
units in the untreated control bacteria.

In a separate experiment, the bacteria ER1992 harboring pMboRMB.7,
after 30, 60, or 90 min of recovery time, undetwent 1h IPTG
induction (0.1 mM), and then RF values for all the tested cultures
were determined using an IPTG-untreated culture as a control. For
analysis of the chromosomal DNA degradation, 3-ml samples were
taken for isolation of the whole cellular DNA. [20]. DNA samples
(20 ul) were electrophoresed overnight at § Viem, in 0.65% SeaKem
GTG agarose gel (FMC) in 0.5xTris-borate-EDTA buffer. The DNA
was observed and photographed after ethidium bromide staining.

B-Galactosidase and Alkaline Phosphatase Assays

Cells were grown at 37°C in LB with aeration. The media were
supplemented with appropriate antibiotics, and with MMC or IPTG
as indicated. The cells (0.1-ml culture aliquots) were permeabolized
with 25 pl of 0.1% sodium dodecy! sulfate and 50 pl of chloroform
and assayed for the level of P-galactosidase produced from the
fusion gene dinDI::lacZ', by using 0.2 ml of ONPG (4 mg/ml) as
previously described {34], To determine the alkaline phosphatase



activity level, 0.1-m! samples were mixed with 0.6 ml of buffer T
(1M Tris pH8), and then the cells were disrupted as described
above. Samples were equilibrated at 37°C and the reaction was
started by addition of 0.3 ml of p-nitrophenyl phosphate (4 mg/ml in
buffer T) until a yellow color developed, and then was stopped by
the addition of 0.5 ml of 1 M Na,HPO, [44].

Fluorescence Microscopy

The chromosomal DNA of E. coli ER1992 harboring pMboRMB.7,
grown in the presence or absence of MMC or IPTG, was stained
with 4',6-diamidino-2-phenylindole (DAPI, Sigma) at a concentration
of 1 pg/ml. For visualization by fluorescence microscopy, 5 pl of
cells was harvested at various time points and immobilized on a
poly-L-lysine-treated slide coverslip. The cells were observed under
1,000x magnification using a BX51 fluorescence microscope (Olympus)
and photographed with an F-View-II CCD camera (Olympus).
Measurements and image analysis were conducted with AnalySIS
software.

RESULTS AND DISCUSSION

Rationale for the Application of a Functionally Unbalanced
Mboll R-M System

In order to investigate the imbalance incidents in normally
functioning R-M systems and their impact on bacterial
genome integrity and cell survival, we established an
experimental system that provides cellular conditions for
the transient excess of restriction activity over protective
methylation of the recognition sites. Such a molecular tool
was created to perturb the equilibrium between restriction
and modification by employing the Mboll R-M system
from Moraxella bovis ATCC 10900 [5]. An initial study of
the mbolIM?2 gene expression in E. coli cells revealed that
M2.Mboll MTase, whose gene was present on the medium-
copy pBR322 derivative vector, was not able to protect all the
contained Mboll recognition sites [16]. Thus, the Mboll R-
M system that is devoid of the mbolIMI gene was used in
this work as an inducible unbalanced R-M system, named
Mboll r'm.2". Since M2.Mboll-mediated methylation causes
SOS induction in £. coli wild-type strains [16], all experiments
were carried out in E. coli deficient for McrBC and Mrr.
We have constructed plasmid pMboRMB.7, which carries
divergently oriented mbolIM2 and mbollIR genes, both
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under control of the lacZ promoter/Lacl repressor. We have
assayed the functional relationship between expression
of these two genes and their influence on a host cell’s
viability, either under non-inducing or inducing conditions.
The representative data of the post-expression of the Mboll
rm.2" phenotype in the ER1992 SOS reporter strain are
shown in Table 2. The SOS response, manifested both
by the dinD1::lacZ expression and cell filamentation in
this particular host, was caused by mbolIR and mbolIM2
overexpression but not by expression of mbolIM?2 alone.
The two features of SOS, mentioned above, suggested the
appearance of DNA breaks in the chromosome structure.
Under the uninduced conditions, the Mboll r'm.2" system
only slightly elevated the basal level of SOS induction in
comparison with the restriction-deficient ER1992 strain
(Table 2). This was also confirmed by microscopic analysis
of cell shape in preparations of bacteria representing both
phenotypes, as well as in bacterial growth rates. Bacteria
harboring the pMboRMB.7 plasmid displayed a slightly
slower rate of cell mass production under non-inducing
conditions (Table 2), whereas very few filamentous cells were
also observed (data not shown). A significant reduction in the
0Dy, value was observed after 2 h incubation with IPTG,
which induced Mboll r'm.2” expression. Depending on
IPTG concentration, the SOS-induced [-galactosidase
production was several times greater than the background
level (Table 2). Thus, the Mboll r'm.2" system met our
requirements to be unbalanced in an inducible manner.

Unbalanced Restriction Diminishes SOS-induced DNA
Repair Efforts

We investigated the survival of mitomycin-C-treated
bacterial cells carrying the Mboll r'm.2” system, following
IPTG induction to trigger an imbalance in cellular R-M
activities. We focused on the interference of restriction on
the DNA repair process. Single-strand nicks and double-
strand breaks may lead to unmethylated target sequences
by means of recombinational repair [3]. Indeed, as it has
been reported recently, the RecA/BCD- and RecFOR-
mediated DNA repair pathways are required for restriction-
mediated breakage of the genome [18, 19, 22]. The DNA-
modification agent MMC forms a broad spectrum of
products, all of which provoke an SOS response and

Table 2. Influence of the unbalanced Mboll rm.2" system on culture growth monitored by an SOS-induced expression of the

dinDI::lacZ gene.

E. coli ER1992* 0Dy, after 2 h induction B-Galactosidase activity (Mu)®
pBRmbolIMB.20 (M2.Mboll") 1.09£0.04 46+15
PMboRMB.7 (Mboll r'm.2") 0.97+0.14 90+11
PMboRMB.7 with 0.1 mM IPTG 0.75+0.20 551192

*The E. coli ER1992 culture with the Mboll rm.2” system residing on plasmid pMboRMB.7 was split at approximately ODyy, of 0.1-0.15, and then

propagated further for 2 h, with or without IPTG inducer.

*Data given are the means of at least four experiments with+SD calculated in Miller units (Mu).
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inducible DNA repair. These include a small percentage of
interstrand cross-links between guanosines [29]. According
to many reports, interstrand cross-links are repaired by the
sequential efforts of combined nucleotide excision repair
machinery and two subpathways of homologous recombination
[14]. We assumed that this yielded, in effect, many regions
of DNA with unprotected recognition sites. Computer
analysis of the chromosome sequence data concerning
MG1655 (parent of ER1992) revealed the presence of
nearly 3,000 “extended” Mboll sites 5'-CGAAGA-3'/5'-
TCTTCG-3', which could be potentially interstrand cross-
linked by MMC action directly, and in a favorable manner
[29]. Obviously, far more numerous Mboll sites that are
situated in close vicinity to the cross-linked nucleotides
could be displaced by excision repair and/or homologous
recombination mechanisms [14].

In our experiment, the cultures of the ER1992 bacteria
carrying the pMboRMB.7 plasmid were treated with
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Fig. 1. Restriction interference with mitomycin-C-induced repair
of the DNA.

A. Influence of mitomycin C treatment and/or Mboll r'm.2" system
expression on E. coli ER1992/pMboRMB.7 cell survival. The initial
culture was split at ODyg,, of 0.12 on two, and then, after 1 h of growth, into
four independent culture lines. Time-points of MMC (1.5 uM) or IPTG
(0.1 mM) addition are marked by arrows and specified as a plus or minus
within a circle (black or white) or a rectangle (black or white), respectively.
Error bars represent the standard deviations of three independent
experiments. Reduction factor (RF) values for the cultures treated with
MMC after 1 and 2 h exposure or/and after 1 h mbolIR expression induced
by IPTG were determined. B. Fluorescence microscopy of cells. The
ER1992/pMboRMB.7 cells, harvested after 1 h exposure either to MMC
(1.5 uM) or IPTG (0.1 mM), or mock-treated (C) were fixed and stained
with DAPI for visualization of cell morphology (upper row) and nucleoids
(bottom row). The scale bar indicates 5 pm.

MMC (1.5 uM of final concentration) for 1h and then
underwent IPTG induction (0.1 mM for 1h) to express
the mbolIM2 and mbolIR genes (Fig. 1A). We evaluated
the influence of MMC and/or R.Mboll on cell growth
inhibition and bacterial viability either as individual or
combined effects. Both agents, being harmful to DNA
structure, were able to induce an SOS response and cause
most of the cells to become filamentous (Fig. 1B). Besides
this, very long nondivided forms of the chromosome were
observed, something which was not found in the case of
control cells. Inhibitions of growth effected by the MMC
agent alone, calculated as a reduction factor (RF) after
1 and 2 h of cultivation, were 5.6 and 10.6, respectively.
Survivals of the bacteria grown under the mbolIR expression
conditions in the control or MMC-treated culture were 4.5
and 14, respectively (Fig. 1A). Taking into account that the
growth inhibition effect by the MMC agent alone by 2 h
was at 10.6, the combined effect obtained for MMC and
R.Mboll (RF=148) is not simply additive but has all the
hallmarks of a synergistic effect. It should be noted that
these results were obtained from conditions in which the
bacterial cells were permanently subjected to DNA damage
by MMC, and therefore the DNA repair is persistently
continued throughout the experiment. Hence, we decided
to look at the efficiency of the repair process after the
removal of the MMC agent, and further affected only by
unbalanced restriction. In this case, the combined effect of
the two DNA-damaging agents varied significantly upon
removal of the MMC agent, depending on the time
allowed for DNA repair prior to the 1 h IPTG induction of
the Mboll r'm.2" system (Fig. 2A). The survival of
bacteria strongly correlated with the duration of the
“regenerative” growth of cells. The shorter recovery times
after MMC-treatment of the R.Mboll-caused restriction
was more effective (RF of 16.1+6.4 versus 8.2+1.2 and
2.8+0.6 for growth by 30, 60, and 90 min, respectively). No
restriction effect (RF=1.8+0.4) was observed in host cells
protected by pre-expression of both MTases (M1.Mboll",
M2.MbolI’), even if the shortest time of cell recovery was
applied (Fig. 2A). Cells after 1.5 h of repair time displayed
an “autorestriction plateau” (RF=2.8) similar to the MMC-
free control strain with mbollR expression alone (RF=4.5,
see Fig. 1A). These results suggested that the SOS-repair
generated unmethylated DNA regions that could be the
targets for unbalanced restriction activity, and that the level
of DNA degradation was dependent on the accessible
number of the newly created unmethylated sites. In all the
subcultures studied, the process of SOS-induced repair of
the DNA started at the same time. However, the protective
M2.Mboll methylation of newly repaired DNA regions,
possible under repression conditions as a result of a leaky
transcription from the P,,, promoter of mbollM2, was most
insufficient in cells allowed only 30 min for the recovery
after the MMC treatment. Therefore, the accumulation of
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Fig. 2. Time-dependent sensitivity of SOS-repaired DNA to restriction.
A. Relationship between duration of cell recovery after MMC removal and
susceptibility of genomic DNA to autorestriction. Exponentially growing
cells (37°C) were treated with MMC for 1 h, and upon MMC removal were
allowed to grow for 30, 60, or 90 min, prior to 1h IPTG (0.1 mM)
induction to express the Mboll r'm.2" system. RF values were determined
for each culture at the end of the IPTG induction time. The black color
refers to E. coli ER1992/pMboRMB.7, and white refets to ER1992mboBAra/
pMboRM.7 grown in the presence of 0.2% L-arabinose (induction of Mboll
MTases gene expression). Shown are the mean values and standard deviations
of three independent experiments. B. Dependence of the degree of R.Mboll-
mediated DNA fragmentation on the duration of recovery after MMC
removal. Chromosomal DNA was isolated from the 3-ml cultures of ER1992/
pMboRMB.7 (lanes 1—4) or ER1992mboBAara/pMboRMB.7 (lanes 5 and 6),
grown as described above, and their aliquots (20 pl) were resolved on
0.65% agarose gel electrophoresis with 0.5x Tris-borate-EDTA buffer, run
overnight, followed by staining with ethidium bromide. The color of the
picture is inverted for better visualization of the smear of DNA fragments.
C. SOS-chromotest: determination of the SOS induction factor (IF) for
cultures during the DNA repair process. ER1992 bacteria carrying both
pMboRMB.7 and pANTSphoA plasmids were treated with MMC (1 h,
1.5 pM), and allowed further growth for 30, 60, or 90 min without MMC. Then,
the levels of activity for f-galactosidase and alkaline phosphatase were
estimated for treated and untreated bacteria and used to determine IFs.
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unprotected Mboll sites within the newly repaired DNA
regions was highest in such cells. Comparative analysis of
whole cellular DNA isolated from cultures after expression
of the mbolIR gene revealed a smear of DNA fragments,
indicative of its degradation in vivo (Fig. 2B). The most
extensive DNA degradation was observed in the cells after
the shortest time of recovery/methylation (Fig. 2B, lane 2),
and noticeably less in a culture after 90 min of recovery
(lane 4), as expected from the survival results. Almost no
degradation was seen in the control sample grown for
90 min without IPTG induction (no restriction, lane 1) and
in the case of cells fully protected against Mboll restriction
after L-arabinose induction of the mbollM methyltransferasen
genes in the ER1992mboBAra host (lanes 5 and 6).

To ascertain whether the requirement for high cellular
DNA repair activity is vital just after MMC removal, we
employed the SOS-chromotest. This assay directly expresses
the level of SOS-response and genotoxicity [41]. Indeed,
recovery for 30, 60, and 90 min after MMC treatment, but
before IPTG induction of the mbolIR, showed that the
highest level of SOS response is observed in a culture after
30 min of recovery time (IF=3.9%0.07; Fig. 2C). After a
longer recovery, the response declined and stabilized at the
level of 3.240.25 and 3.1£0.22 for 60 and 90 min of
recovery, respectively (Fig. 2C). According to Khil and
Camerini-Otero [26], a 10-min exposure to MMC, at a
similar concentration level to ours, required 70 min for a
drop in the induction signal and regaining of the basal
expression for the key recA gene. Clearly, under the conditions
that we applied, much more time was necessary to
complete the DNA repair process (data not shown). Our
results are also consistent with a kinetic of expression of
the UV-induced E. coli dinD gene [12].

Bacteria Lacking an R-M System Tolerate Genotoxic
Agent Conditions

We evaluated the genotoxic effect of MMC on E. coli
strains containing or lacking R-M systems, cultivated
under long-term MMC exposure. Assuming a common co-
evolutionary history of constitutively expressed EcoRI R-
M gene complexes and an E. coli host [51], compared with
an unrelated Mboll r'm.2" inducible system, the former
was employed for this purpose. Logarithmic-phase cultures
of ER1992 cells and their derivatives carrying a chromosomally
or plasmid-coded wild-type EcoRI R-M system (pANTSeco),
respectively, were used. Bacteria were grown in LB medium
at 37°C for 16 h, in the presence or absence of a sublethal
concentration of MMC (0.75 uM), and c.fu./ml was
periodically determined for all cultures (Fig. 3). The survival
of the R-M-carrying bacteria was significantly lower compared
with those that lacked an R-M system. The relative
viability of the ER1992pE and ER1992E bacteria was 3.2-
and 8-times lower than those in the case of ER1992
(0.13£0.08 and 0.05+0.02 vs. 0.42+0.14, respectively).
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Fig. 3. Comparison of viability of isogenic strains with and
without a type I R-M system during MMC exposure.

E. coli strains ER1992 (r'm”, open square), ER1992E (EcoRI r'm", filled
square), ER1992EAR (EcoRI r'm’, open triangle), MG1655 (EcoKI r'm”,
open circle), and ER1992pE (pANTSeco - EcoRI r'm’, filled circle) were
grown overnight at 37°C with or without MMC (0.75 uM). The relative
viability of each strain under MMC exposure was measured as a ratio of
c.fu./ml, determined after the addition of MMC agent (c.fuyc), versus
the c.fu./ml of culture without MMC (c.f.u.) at each measured point. All
values are means=SD for at least three experiments. O/n: overnight.

The results obtained for ER1992EAR bacteria possessing
an R.EcoRI-deficient EcoRI R-M system, used as a negative
control, clearly show that they behaved in a similar fashion
to the ones lacking R-M (Fig. 3). Our findings suggested
that the presence of REase activity significantly affected
cell viability under MMC exposure growth conditions.
This indicates that type II REase-proficient E. coli strains
are more sensitive to genotoxic stress due to the substrates
for resident restriction activity generated by the SOS-
induced DNA repair process. Surprisingly, the drop in cell
survival in the case of the ER1992pE (plasmid location of
the R-M system) was much lower than expected (3.2
times). This might be a result of a higher methyltransferase
concentration/activity, which creates a safe functional
balance, rather than the loss of the plasmid (i.e., Tet®
phenotype). We found that the pANTSeco plasmid was
very stably maintained (data not shown). Moreover, all the
lysates from the random Tet® clones that we checked
appeared to be EcoRl-restriction proficient and specifically
cleaved the testing plasmid in vitro (data not shown).
Interestingly, we learnt far more from this fact; namely,
that cells maintaining the plasmid-expressed EcoRI R-M
system (high level of activity) are more tolerant of occasional
fluctuations in the balance between modification and
restriction than in the case of its chromosomal expression
(low level of activity). In marked contrast, a noncontrollable
activity of type I EcoKI REase is alleviated under a UV-
inducible mechanism [27, 48], which protects the chromosome
when recombination generates DNA products with unmodified

target sequences [3]. This takes place by means of post-
translational ClpXP-dependent degradation of the HsdR
subunit [31]. Indeed, analysis of the survival profile of
MG1655 (EcoKI r'm") and ER1992 (AEcoKI) cells, showed
that they were equally tolerant of MMC exposure (Fig. 3).

Our findings again give rise to the question of the
overall impact of R-M systems on genome organization
and host cell fitness under different growth conditions (for
a comprehensive discussion see [28]). Apparently, a resident
R-M system is beneficial for the host as a defense against
invading DNA and is also a prerequisite for some types of
recombination processes. Inversely, REase as a toxic part
of the system can be deleterious to its host under certain
conditions. Therefore, the post-disturbance killing activity
found in many R-M systems must, after all, force selective
pressure in their hosts, which ensures the inheritance of
these selfish genetic elements, and as a by-product, creates
a broad spectrum of variability in the virulence of R-M
systems [28]. Thinking about R-M systems as mobilizable
genetic elements, we hypothesize that the perturbance in
the functional balance of given R-M genes can happen at
distinct moments anytime during the history of the R-M
system “host visit”, beginning from the self-establishment
event, throughout the host DNA replication cycle(s), up to
the loss of the residing gene complex. We show here
that chromosome breakage made by an endonuclease as
a reaction to the sudden appearance of a large number
of unprotected recognition sites might have an adverse
influence on cell viability in the short term. We postulate
that this phenomenon would play a part in the process of
the shaping of a stable co-adaptation between the host and
its addiction system in the long term. This is applicable
especially when the host and R-M genes represent a
relatively recent relationship and are distantly related in
terms of biochemical characteristics and genetic context
(e.g., a discrepancy in the consensus sequence of R-M
promoters or inadequate codon usage).

In the experiment with the MMC-exposed bacteria, we
focused upon the interference of the DNA repair process
with modification and restriction. We found that autorestriction
decreases the viability of bacterial cells under MMC-
induced DNA repair conditions. We showed that the highest
restriction-mediated lethal effect was observed when newly
repaired, nonmethylated regions of DNA appeared. This
was the result of the cellular response to MMC-triggered
DNA damage, monitored by the SOS-chromotest.
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