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ABSTRACT

In Escherichia colithe alkylating agent methyl methanesulfonate (MM&Juces defense
systems (adaptive and SOS responses), DNA rep#imwpgs, and mutagenesis. We have
previously found that AlkB protein induced as pafrthe adaptive (Ada) response protects cells
from the genotoxic and mutagenic activity of MMSIKB. is a non-heme iron (Il)a-
ketoglutarate-dependent dioxygenase that oxidgtidelmethylates 1meA and 3meC lesions in
DNA, with recovery of A and C. Here, we studied ihgact of transcription-coupled DNA
repair (TCR) on MMS-induced mutagenesigioli strain deficient in functional AIkB protein.
Measuring the decline in the frequency of MMS-inelliargE3- Arg” revertants under transient
amino acid starvation (conditions for TCR inducjione have found a less effective TCR in the
BS87 @lkB) strain in comparison with the AB1153alKB") counterpart. Mutation in thenfd
gene encoding the transcription-repair couplingdiadfd, resulted in weaker TCR in MMS-
treated and starved AB115ifd-1cells in comparison to AB115mfd", and no repair in BS87
mfd™ cells. Determination of specificity of Afgrevertants allowed to conclude that MMS-
induced 1meA and 3meC lesions, unrepaired in bactificient in AlkB, are the source of
mutations. These include ATTA transversions bysupL suppressor formation (1meA) and
GC- AT transitions bysupBor supEoc) formation (3meC). The repair of these lesisngartly
Mfd-dependent in the AB115ihfd-1and totally Mfd-dependent in the BS&1d-1strain. The
nucleotide sequence of th&@d-1allele shows that the mutated Mfd-1 protein, degatiof the C-
terminal translocase domain, is unable to initlB@R. It strongly enhances the SOS response in

thealkB™ mfd” bacteria but not in thalkB"™ mfd™ counterpart.
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INTRODUCTION

The potentially mutagenic and genotoxic alkylatiagents are widely spread in the
environment and are also produced as a result ohalocellular metabolism [1-3]. They
introduce into DNA lesions that block replicatiang., 3meA), cause mutations (e.g'nm@T and
0O°meG), or, as in the case of 7meG, are neither @yimtnor mutagenic, but undergo
spontaneous elimination or excision by glycosylasdase course of base excision repair (BER),
leaving behind an apurinic (AP) site. Living orgems are well equipped with mechanisms
protecting cells from the harmful effects of alkytg agents. IrE.coli alkylating agents induce
an adaptive response resulting in an increasecession of four genesda, alkB, alkfandaidB
[4-8]. The key component of this response is tha Adbtein, an activator of transcription of its
own gene and of those encoding AIkA, AlkB, and AIfB9]. The function of AIkB protein has
been established only recently [10-16]. It is axgigenase that oxidatively demethylatésneA
(1meA) andN®*meC (3meC) in DNA in a reaction involvirayketoglutarate, @ and Fé&", and
resulting in the recovery of A and C bases.

Methyl methanesulfonate (MMS), apZalkylating agent, is not only an efficient induce
of adaptive response, but also induces the SO8&mystat increases the expression of over 40
genes involved in DNA recombination, repair, replion, and mutagenesis [17-19]. Two among
these genesimuDandumuC encode the Y-family DNA polymerase V (PolV). etmutagenic
process of translesion synthesis (TLS) this lovelftg polymerase is able to bypass lesions,
inserting a stretch of several nucleotides; subsetly; Pollll, the main replicative polymerase in
E.coli, resumes DNA replication [20].

In E.coli AB1157 (argEJ) strain, the induction of the SOS system and esgioa of PolV

is a prerequisite for 70-80% of MMS-inducadyE3- Arg” revertants. They arise e novo
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formation ofsupL suppressor created from tRNAIlys2 by ATA transversions. In contrast to
theseumuDGdependent mutations, thenuDGindependent ones arise by formationsofpB
(from tRNAgInl) or conversion ofupE44amber)-supEochre). BothsupB and supEochre)
suppressors arise by GQAT transitions. TheimuDGindependent mutations may also arise by
back mutation at thargE3site [21].

The phenomenon of mutation frequency decline (MR} first described by Witkin
[22,23] as a loss of UV-induced mutations in tRNApgressor genes during transient inhibition
of protein synthesis. Evelyn Witkin [24] also camnsted theE.coli WU3610-45mfd-1 mutant,
showing a smaller decline in the frequency of Udtioed mutations than the parental WU3610
strain. Themfd-1mutation has been used frequently, but is fullgrabterized only in the present
study.

Further investigations of the MFD phenomenon havews that this system, called
transcription-coupled DNA repair (TCR), mediatedesigve removal of lesions from the
transcribed DNA strand, coupling transcription &MA repair. TCR requiremfd-encoded Mfd
protein which removes transcription elongation ctames stalled at DNA non-coding lesions
and recruits to these sites proteins involved icleatide excision repair (NER) [25].

E.coli Mfd is a multifunctional protein of 130 kDa congigf of eight domains. These
domains can be grouped into several modules acuptditheir function. Among others, there is
a module homologous to the UvrB protein which imptex with Mfd can bind UvrA, thus
bringing the NER machinery to the RNA polymerasdlfR)-Mfd complex [26]. There is also a
domain of interaction with RNAP, a translocase don@mprised of TD1 translocase module
and TD2 with the TRG (Translocase in RecG) motif][an this way, Mfd functions not as a

helicase but as a double strand (ds) DNA transeo{28], cleansing DNA of RNAP stalled at a
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lesion [29].

Here, we studied the effect of TCR on MMS-inducesidns under conditions of non-
functional AIKB protein. Transient amino acid s@ien was used to induce TCR, whereas
mutation in themfd gene served to switch it off. We found that duringnsient amino acid
starvation, the decline in the level of MMS-induc&dy™ revertants in th@lkB™ mutant was
weaker than in the AB11531kB" strain. On the other hand, the effectafid-1 mutation on the
level of MMS-induced Ar§ revertants in transiently starved bacteria washrstoonger in the
alkB strain (total lack of TCR) than in ttakB* counterpart. We established that MMS-induced
1meA and 3meC lesions alkB™ bacteria are the source of ATTA transversions by formation
of supL suppressor (1meA) and of GQAT transitions by formation osupB or supEoc)
(3meC). In AB1157mfd-1, the repair of MMS-induced lesions occurred, intcast to the BS87
mfd-1strain, where DNA repair was inhibited, thereftotally Mfd-dependent. Moreover, in an
alkB™ strain the additional mutation in timefd gene resulted in elevated induction of the SOS
response. The involvement of tatmmuDGencoded PolV in the processing of 1meA/3meC lesion

arising in MMS-treate@lkB™ bacteria is also shown and discussed.

2. Materialsand methods
2.1. Bacterial strainsand plasmids

The E. coli K12 strains and plasmids used in this study aseedi in Table 1.
Transductions and transformations were performedrdatine methods [43]. Derivatives of
AB1157 and BS87 harboring themuDC deletion oralkB117 and mfd-1 mutations were
constructed by P1 mediated transduction [43]. Siele®f transductants was done on LB plates

supplemented with either chloramphenicol (89ml), carbenicillin (50ug/ml), or tetracycline
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(12.5pg/ml). Subsequently, the desired phenotype of tlwestiuctantumuDCdeletion,alkB or

mfd mutations, was confirmed by testing sensitivitydd, MMS or by sequencing, respectively.

2.2. Media

Luria—Bertani (LB) broth [43] was used as rich madi Minimal medium (MM)
contained C-salts supplemented with glucose (0.58a$amino acids (0.2%), thiamine (10
pg/ml) and Arg, His, Thr, Pro and Leu at g§/ml each. E-Arg plates were MM plates devoid of

arginine and solidified with 1.5% Difco agar.

2.3. Survival and mutagenicity assay

To estimate the survival of tested strains, bazterre treated with 20 mM MMS for 15
min, spun down, resuspended in complete MM or in M&Void of arginine, histidine and
casamino acids (starvation medium), and incubatéd shaking for 60 min. Non-starved
bacteria were plated on LB, whereas starved samydes supplemented with arginine, histidine
and casamino acids and incubated for another 6efore plating. After 18 h of incubation, the
colonies were counted and the percent of surviwees calculated. MMS-treated and
immediately plated samples were assigned as control

For MMS mutagenesis, bacteria (overnight culturdB diluted 1:50) were grown in
MM with shaking. When the culture reached a density2-4 x 18 cells/ml, it was treated with
20 mM MMS for 15 min, centrifuged, washed and ditlitL0-fold in MM devoid of arginine,
histidine and casamino acids (starvation condititmisTCR expression). The missing amino
acids were added either immediately (non-starvexdral) or after 30 or 60 min of starvation.

For UV mutagenesis, bacterial cultures were growm tdensity of 2-4 x Focells/ml,
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centrifuged and resuspended in C salts. Sampl&srdfwere irradiated for 35 s in Petri plates (
80 mm) with a Philips 15 W UV lamp, emitting mair#t$4 nm light and placed 8 cm above the
plate. The UV dose was 45 Jjrexcept for the AB115#fd-1 uvrA6strain, which was irradiated
with 2.7 J/mi, with the UV lamp placed 16 cm above the platee Tinadiated bacteria were
diluted 10-fold in LB either immediately or afte® nin incubation in C salts supplemented with
0.5% glucose (starvation conditions). In both, MM&d UV-treatment, bacteria were incubated
overnight, appropriately diluted (usually ®4#@ld) and plated onto LB plates for total counts
(CFU); for Arg revertants non diluted or diluted 10-100-fold lesiet were plated onto E-Arg
plates. Colonies growing on LB plates were courdétdr 24 h, and those growing on E-Arg
plates after 48 h of incubation. Following colorguating, the frequency of reversion (number of
Arg" revertants/1dviable cells) was determined. All incubations wat&7°C.

The CC101-CC106 strains [38] and thmfd-1 and alkB117 derivatives were grown,
MMS treated, and plated as described above. Foitatmy Lac™ revertants the E-Arg plates
were replaced with MM plates deprived of glucosat bnriched with 0.5% lactose. Lac
reversion frequencies were calculated as for Aegertants.

All experiments were repeated four to six timesduplicate, and standard deviation

(xSD) was calculated.

2.4. Mutational specificity assay
Revertants to Arg were classified according to their requirements Histidine and
threonine, into four phenotypic classes: (1) Akis™ Thr, (Il) Arg® His™ Thr, (Ill) Arg™ His™

Thr', and (IV) Ard His" Thr'. At least 200 Argcolonies from each experiment (100 in
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duplicate) were analysed for their phenotype, daia20 members of each class were tested for
sensitivity to amber (B17) and ochre (oc427, ps28205) mutants of T4 phages as described
previously [21]. This method allowed to identifyettsuppressor tRNA, and to deduce the
following mutational pathways: GGAT transition that arose byupB formation or by

supHam)— supHEoc) conversion, and AR TA transversion that arose BypLformation.

2.5. Expression of 3-galactosidase

All the strains examined fdB-galactosidase expression were transformed witbnpth
pSK1002 bearing amuC:lacZ fusion [42]. An overnight culture in LB was dilutelO-fold in
MM, treated with 20 mM MMS for 15 min, centrifugedashed, resuspended in the same
volume of fresh MM, and further incubated to £§§> 0.350. At zero and appropriate time points

aliquots were removed affidgalactosidase activity was assayed according tieiM#3].

2.6. Microscopic observation of bacteria

To examine the morphology of growing bacterial ©eliiquid cultures were treated with
20 mM MMS for 15 min, diluted in fresh MM depriveaf arginine, histidine, and casamino
acids, and incubated for 1 h. Starvation was stbfgyethe addition of the omitted amino acids,
and the cultures were incubated for an additiomalrhAfter that time, aliquots were taken,
spread onto glass slides, fixed over a flame, sthiwith basic fuchsin and examined under a
light microscope (Nikon Microphot S.A.) at a 100@xagnification. Bacteria not treated with

MMS were used as controls.

2.7. Characterization of the mfd-1 mutation
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The mfd-1 gene was amplified by PCR (Run Polymerase, A&ABiotder standard
conditions using primers mfdl and mfddn. The PC&pct was sequenced with primers listed
in Table 2 (DNA Sequencing Laboratory, IBB). PdrSaquences were assembled and the whole

sequence was used as a query in the NCBI micrabenge database (BLAST).

3. Reaults
3.1. Effect of starvation on the level of MM S-induced Arg* reversion in E.coli AB1157 and
BS87 strains

It has been shown previously that during transéenino acid starvation d&.coli AB1157
(with intact analkB gene), the MMS-inducedrgE3— Arg" reversions are partially repaired by
TCR, resulting in about 3-fold decline in mutatibequency (Fig. 1A). In UV irradiated and
starved for 20 min AB1157 cells, we observed arol8-lower level of Arg revertants in
comparison to non-starved control. Introductiomdtl-1 anduvrA6 mutations into the AB1157
strain totally inhibited TCR in UV irradiated cellehereas in MMS-treated and starved for 60
min AB1157 mfd-1uvrA6 bacteria, some decrease in the level of Amyertantsss. wild type
AB1157 was still observed (Table 3).

In the BS87(alkB ") strain there was only a 2-fold decline in thegfrency of MMS-
induced Arg revertants after 60 min of starvation (Fig. 1Bdwéver, the absolute levels of Arg
revertants in the AB115alkB™ and BS87alkB ~ strains were fundamentally different. The
frequency of MMS-induced Afgrevertants in non-starved AB1157 cells was ab@@ Arg”
revertants/1® cells and 54 Argrevertants/1bcells after 60 min of starvation (Table 3). The
corresponding values for BS87 were 1,880 846 Ard revertants/19 cells. As established

earlier [31], thealkB mutation substantially increased the frequendylbfS-induced mutations.
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The majority of MMS-induced mutations in the AB11&irain depend on the activity of
PolV encoded by thamuDCgenes [21,31]. In the absence of treuDCoperon, the level of
MMS-induced Arg revertants drops dramatically, 6-fold in the cateahe AB115AumuDC
strain, and even 51-fold in the case of B&&MuDC (Fig. 1 A and B). Under transient amino
acid starvation, the pool of MMS-inducadnuDGindependent mutations was subjected to TCR.
Our previous experiments indicate that these martatare GG, AT transitions arising bgupE
suppressor formation, and that the source of thagations is 3meC lesion present in MMS-
treated cells devoid of functional AIkB protein [44

Overproduction of PolV in AB1157 harboring pRW13dsulted in an over 4-fold
increase in the frequency of MMS-induced Argvertants (160s 680 Arg revertants/19cells
in AB1157 and AB1157/pRW134, respectively) (Fig.)1#hereas in BS87 overproducing PolV,
the level of these mutations was only slightly eased (1,900s 3,000 Arg revertants/1dcells)
(Fig. 1B).

3.2. Specificity of MM S-induced mutations

Arg® revertants obtained by MMS-treatment were analyloedtheir requirements for
histidine and threonine and for susceptibility t¢ fhage mutants. The results of analysis of
MMS-induced Arg revertants are summarized in Table 4.

In the AB1157 strain, about 80% of MMS-induced Amgvertants showed class Il
phenotype and within this class about 50% were tue AT—TA transversions bysupL
suppressor formation. The remaining Argvertants were of class |, arising iypBformation
or by supHam)— supHoc) conversion due to GGAT transitions. Back mutations (any
transition or transversion at AT base pairs insteargE3ocne) UAA locus) constituted about

10% of all Arg revertants. Transient starvation of MMS-treaté®ilA57 strain resulted in a 10-

10



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

fold decrease in the level of GEAT transitions , which arose bgupB but not supEoc)
formation, and over 4-fold decrease in the leveA®f->TA transversions. In the AB115¥%d1
mutant, there was no decline in the level of-G&T transitions that arose bsupB however,
there was a 2-fold decrease in the-G&T transitions arose byupEoc) suppressor formation as
well as AT—-TA transversions asupLorigin (Table 4).

In the BS87(alkB ") strain, MMS-induced Argrevertants were split almost equally
between phenotypic classes | and Il. The level 8AA transversions was 2-fold higher in
comparison to GSAT transitions bysupB and 3-fold higher in comparison to G€AT
transitions bysupEoc) (respective values were 931.5, 465.8, and52&gg" revertants/1bcells,
Table 4). The level of GGAT transitions bysupB formation decreased over 5-fold during
starvation, and that of ABTA transversions bgupLdecreased 2-fold. The GEAT transitions
by supEoc) remained at the same level, however, was tagcaumerous as in the BS8ifd-1
strain. The other two classes, G@T transitions bysupBand AT—TA transversions bgupl,
remained at similar level. In MMS-treated BS&T7d-1 bacteria, the frequency of all these types

of Arg’ revertants were not affected by starvation.

3.3. Induction of the SOSresponse

The induced state of the SOS response was showmdnsuring the level of-
galactosidase in MMS-treated AB118IKB"), BS87@lkB117, and BS8mfd-1 strains harboring
the pSK1002 plasmid (Fig. 2). The plasmid bearsuauC:lacZ fusion [42] placing thdacZ
gene encodin@-galactosidase under the control of tlhmeuC promoter, and the fusion gene is
expressed in response to SOS induction. The olotaiesults indicate that the level @f

galactosidase was 1.75- and over 2-fold higher 88B and BS8nfd1, respectively, in

11
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comparison to the AB1157 strain (Fig. 2).

The same conditions as frgalactosidase induction were found to promoterfdatous
growth, a characteristic feature of induction o t8OS response iB.coli [45]. This type of
growth results from the expression of #18A gene induced as one of the latest within the SOS
regulon. The SulA protein is an inhibitor of ceividion. Delay in the division of cells allows for
DNA repair after the action of DNA-damaging ageiS]. Figure 3 shows photomicrographs of
bacteria treated with MMS for 15 min, starved forin and incubated for a further 60 min in
the growth medium. The filamentous growth of #lkB mutant indicates an induction of the
SOS response. The additional mutation inrttidgene resulted in an even stronger filamentation
in alkB~mfd~, but not inalkB" mfd~ cells. This increased filamentation was not accamgxd by
MMS-mediated killing; on the contrary, MMS-treatathd subsequently starved BSBW#d-1

strain survived better than sfd” counterpart (Fig. 4).

3.4. Characterization of the mfd-1 mutation

Themfd-1allele was sequenced and found to have only oletiate of a thymine residue
from among three Ts (2365-2367), resulting in anfghift and premature stop codon. The
mutated Mfd (Mfd-1) protein contains only 852 amemdsvs 1148 in wt Mfd. Mfd-1 protein is
thereby deprived of the C-terminal translocase domeED2, and the D7 domain, which in free
Mfd protein blocks the interaction with the UvrAogpein [26].

The mutational spectra of strains with tinéd-1 mutation were analyzed in a system of
E.coli CC101-CC108acZ mutants. By measuring the frequency of Laevertants, the system
allows identification of all six types of base stitogions [38]. In thesenfd” strains, MMS

induces Lat revertants that arise mainly by G@T transitions monitored in the CC102 strain

12



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

(about 19 Lat revertants /1Dcells), or by AT-TA transversions, observable in the CC105
strain (about 3 Ldcrevertants /1cells) [38].

In the mfd-1 derivatives of the CC101-CC106 strains MMS indue&dost exclusively
(95%) GC- AT transitions (51 Latrevertants/ 1¥cells) (Table 5). The introduction efkB117
mutation (the source of this allele was BS87) isti@ins CC101-CC10énfd-1resulted in the
highest level of Lat revertants in CC104which shows GC.TA transversions (122 Lac
revertants/1® cells in comparison to 6.6 and 0.7 [aevertants/1cells in single CC104
alkB117and CC104mfd-1 mutants, respectively). The level of GAT transitions in CC102
mfd-1alkB117was similar to that observed in CC18IRB117(26.5 and 27.9 Ldaevertants/1®
cells, respectively), and about 2-fold lower thandC102mfd-1(51 Lac¢ revertants/19cells).
Introduction ofmfd-1to CC105alkB117and CC103lkB117led to an about 9-fold increase in
the AT- TA, and a 150-fold increase in the GEG transversions, in comparison to the single

CC105mfd-1 and CC103nfd-1 mutants.

3.5. Effect of mfd-1 mutation on survival of bacteria and frequency of MM S-induced Arg*
revertants

We compared the survival of MMS-treated and starfeednot) bacteria of four strains:
AB1157 and BS87, and theinfd~ counterparts (Fig. 4). Thafd-1 mutation did not influence
the survival of all these strains unless they wataeved after MMS treatment. Under starvation
conditions, themfd mutants (especially BS8nfd-1) survived better than thafd” counterparts.
The MMS treatment by itself resulted in poorer sualof themfd™ strains.

In the AB1157mfd™ strain there was a 3-fold decline in the frequeotMS-induced

Arg® revertants after 60 min of starvation: about 16§ Aevertants/19cells without starvation

13
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to 54 Arg revertants/1Dcells with starvation. For the AB115@fd~ mutant the MFD was small
but still observable (about 180 Argrevertants/1® cells without and about 105 Arg
revertants/19cells with starvation). In MMS-treated and starf@d60 min BS87 strain, a 2-fold
decrease in the level of Argevertants was observed, whereas in the B8R&F1 mutant, the
difference between non- starved and starved samydssbarely visible (about 137A&. 1145
Arg" revertants/1Dbacteria). Thus, in contrast to AB1157, in the BS&ain all TCR seems to

be mfd-dependent.

4. Discussion

In the present study, we used tagE3- Arg’ reversion system of. coli AB1157
(arge3 to monitor the involvement of transcription coeghlDNA repair, TCR, in the repair of
MMS-induced lesions inalkB™ strains deprived of a functional AIkB protein. ThdkB
dioxygenase demethylates 1meA/3meC lesions in DMA rgcovery of A and C. To favor TCR
we applied transient (60 min) amino acid starvaffiioquid MM was deprived of arginine and
histidine).

In the AB1157alkB" strain, a 60-min starvation decreased the frequeh®dMS-induced
Arg® revertants to about one-third of that found in-starved control (Fig. 1A). This decline in
the level of MMS-induced mutations is much smattempared with MFD described for UV
mutagenesis. In UV-irradiated and starved AB115&irst we observed an 8-fold lower level of
Arg® revertants than in non-starved control, whereathen AB115Tnfd-1 uvrA6 mutant, the
frequency of these revertants was independentamasion (Table 3). In starved bacteria, UV
irradiation by creating T'T dimers and 6-4 photajucts in DNA, immediately induces SOS

response and UvrA protein that starts NER and T@R. postulate that in contrast to UV-
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induced lesions, UvrA endonuclease is not involaeds involved to a lesser degree, in repair of
MMS-induced damage.

In BS87@lkB"), only a two-fold decrease in the frequency of Argvertants was caused
by starvation (Fig. 1B). We have previously shohat95-98% of MMS-induced Afgevertants
in alkB™ strains areimuDGdependent, which results in a strong reductiomofation frequency
in the BS8AumuDCstrain [44]. In this strain, the level of MMS-inckd Arg revertants was 51-
fold lower than in theyumuDC counterpart (AB115¥umuDCshowed a 6-fold decrease in the
level of the revertants comparison with the AB1®EDC strain) (Fig. 1). The remaining pool
of MMS-induced,umuDGindependent mutations was subject to TCR and ¢ckret in the level
of MMS-induced Ard revertants upon starvation was 2-fold larger mAbmuDCalkB™ than in
the AumuDCalkB" strain.

In AB1157, MMS-induced Argrevertants arise in about 80% duestgpL suppressor
formation by AT-TA transversions, in about 15% due $apB and supEqcnre) SUppressor
formation by GCs AT transitions; the remaining revertants arise bgkbmutations, which can
occur by transition or transversion at AT basedqwitheargE3 site [21]. Here, we determined
phenotypic classes (according to requirements fstidme and threonine) and suppressors of
Arg" revertants in AB1157 and BS87 strains and thgd™ counterparts (Table 4). In the BS87
strain, during starvation, the decrease in thelseoArg" revertants arising byupBsuppressor
formation due to GG AT transitions and bgupL formation due to AFTA transversions, was
2-fold weaker in comparison with respective valtasthe AB1157 strain. We observed a very
strong effect of the presence of a non-functiondtl Mrotein (nfd1 mutation) on the anti-
mutational action of amino acid starvation, butydnlthealkB™ mutant. In the AB115alkB"'mfd

~ strain the short starvation still brought aboutémost 2-fold decrease in the frequency of'Arg
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361

362
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364

365

revertants (resulting from the decline in G@T transitions due tsupEoc) and in AT-TA
transversions due tsupLformation). On the other hand, in talkB™ counterpart (BS8wfd-1J),
the starvation no longer affected the mutationdestpy (Fig. 5 and Table 4).

The mutagenic targets of MMS-induced DNA damageevieund to be: (i) 5TTG’ and
3’AACY5’in the coding and transcribed DNA strands, resipely, of thegIn-tRNA gene, causing
supB suppressor formation, (i) 5TA3 and 3'GAT5’ in the coding and transcribed DNA
strands, respectively, o$upE44 encoding amber tRNA suppressor causcumversion to
supEoc), and (iii) 5’AAA3’ in the transcribed strand of tHgstRNA gene, causingupL
formation (the targeted bases are underlined) [&lppressors created by lesions in the
transcribed DNA strand are repaired preferentidggarding repair of these lesions, other DNA
repair systems, e.g., BER, should also be takendansideration [48]. Among adducts created
by MMS in DNA, there are 3meC, °®eG, 3meA, 1meA and, the most numerous but not
mutagenic until removed, 7meG. The above analysdicates the following sources of
suppressors: 3meC (unrepaired in AlkB-defectivais}rfor supB O°meG (7meG) forsupHoc):
and 3meA and 1meA (the latter unrepaired in AlkBedBve strain) forsupL

The high level of MMS-induced lesions, poorly repdi during transient starvation,
caused induction of the SOS response inalk& strain (Figs. 2 and 3). The additiomafd-1
mutation resulted in an even stronger inductiothaf response ialkB~mfd™, but not inalkB"
mfd ™~ cells. This result confirms the involvement of thE#d protein in the repair of MMS-
induced lesions in the BS87 strain.

We sequenced thafd-1allele and found a deletion of one of the threartine residues
in positions 2365-2367. This results in a prematiop codon and a shorter, 852-amino acid,

Mfd-1 protein (Mfd wt contains 1148 amino acidsgpdved of the TD2 C-terminal translocase
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domain and the D7 domain, the latter, blockingraxtgon with the UvrA protein [26].

The specific effects of thenfd-1 mutation determined in strains CC101-106 showed
significant differences in thalkB" andalkB™ backgrounds. Among the CC101-106fd-1alkB"
strains, 95% of the Laaevertants arose by GCAT transitions, whereas this class of mutations
constituted only 21.5% in the double mutaatlkB117 mfd-1 Conversely, the GGTA
transversions monitored in this strain constitut@éo of all base substitutions (Table 5).

Observed differences in MMS mutability of tlhegE3 andlacZ” markers are probably
caused by different number of targets and theiiouar structure. ThéacZ - Lac reversion
occurs only by back mutation at one point of thalde-stranded gene encodiggyalactosidase.
The argE3- Arg” reversion occurs mostly by formation of at leasteParatesugRNA (ochre)
suppressors that are actively transcribed and easstsingle-stranded (ss)DNA [49]. The
fragments of ssDNA are more accessible to MMS aadse strong induction of the SOS
response.

Summing up, MMS induces two global defense systehds and SOS. UvrA protein
engaged in the error-free DNA repair systems, NB® BECR, is the first one induced within the
SOS response. A prolonged state of the SOS indudéads to the expression amuDGC
encoded PolV, which allows error-prone translessynthesis of MMS-modified bases. The
AlkB protein, a member of Ada response, oxidativdgmethylates 1meA/3meC lesions with
recovery of the original A and C bases. In MMSedalkB mutant, unrepaired 1meA/3meC
lesions are processed by PolV during TLS, whichiltesn an elevated level of Argevertants.
Here, we have found that MMS-induced TCR is lefsctive in thealkB™ strain in comparison to
alkB" counterpart. Thanfd-1 mutation totally inhibits TCR and strongly enhasmdke SOS

response iralkB- mfd~, but not in thealkB" mfd~ strain. Studies on the specificity of MMS-
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induced Arg revertants showed that the decline in the levelllofypes of suppressor mutations
during transient starvation is totally Mfd-depentdéile have established that not only 3meC, but
also 1meA lesion may be a source of mutations, hamd& - TA transversions arising bsupL

suppressor formation.
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Legendsto figures
Fig. 1
Frequency of MMS-induced Afgevertants under transient starvation conditi@seoli strains
AB1157 (A) and BS87 (B) harboring the indicatedsptéds and/oumuDCdeletion were treated
with 20 mM MMS for 15 min and subsequently starfedindicated time[] - 0 mild - 30

min; [l - 60 min).

Fig. 2
Expression of3-galactosidase fromwamuC:lacZ fusion in MMS-treated strains AB115A( ),
BS87 @), and BS8mMfd1 (@) harboring the pSK1002 plasmid. The empty syisilbepresent

the same strains not treated with MMS.

Fig. 3
Filamentous growth dE.coli AB1157 and BS87 cells and theifd™ counterparts treated with 20
mM MMS for 15 min and starved for 60 min. Magnifiica 1000x. ctrl - control not treated with

MMS.

Fig. 4

Survival of MMS-treated and starveH.coli strains AB1157 and BS87 and theimfd-1
derivatives. Bacteria were treated with 20 mM MM&I ammediately platedd); incubated in
full MM for 60 min (8); starved for 60 min and incubated in full medidon 60 min before
plating @) (see Materials and Methods for details). MMS4edaand immediately plated

samples were assigned as control.
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552 Fig.5
553 Frequency of MMS-induced Afgevertants under transient starvationmifd-1 mutants.mfd-1
554 derivatives ofE.coli strains AB1157 and BS87 were treated with 20 mM $Mr 15 min and

555 subsequently starved for indicated tinL1( - O @n; 30 min;l - 60 min).
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Table 1

Bacterial strains and plasmids

Strains and plasmids Genotype Reference
AB1157 argeE3 hisG4 leuB&(gpt-proA)62 thr-1 [30]

ara-14galK2 lacY1 mtl-1 xylA5 thi-1 rpsL31

ginV44 tsx-33rfbD1 mgl-51 kdgK51
RW82 AumuDC595::cadonor, derivative of [31]

AB1157 butthyA325
NR10121 ara thi zcf-117:: Tn10 mfd-1 mfd-1donor [32]
EC2423 as AB1157 bumfd-1 [33]
BS87 as AB1157 bwlkB117:Tn3 [34]
MW21 as BS87 bumnfd-1 this work
EC2413 as AB1157 buhumuDC595::cat [35]
BS87AumuDC as BS87 butAhumuDC595::cat this work
AB1886 as AB1157 buivrA6 [36]
EC2424 as EC2423 butvrA6 malB:Tn9 cm® 37]
CC101-CC106 ara thi A(lac-proB)yi, F'lacl’ZproB’ (38]
CCl01-CCioalkB117 as CC101-CC106, baikB117:Tn3 [39]
CC101-CC106nfd-1 as CC101-CC106, bunfd-1 this work
CC101-CC106alkB117 mfd-1 as CC101-CC106, balkB117:Tn3, mfd-1 this work
pGB2 spE [40]
pRW134 umuD’Cgenes inserted in pGB2 [41]
pSK1002 umuC:lacZ fusion [42]



Table 2

Primers used imfd-1sequencing

Name Sequence

mfdl AACAGCATTGCTTATCAG

mfd2 CCTTCGAAGTGAAGCGCG

mfd3 CGATACACTGATCCGTAA

mfd4 TCGATATTCTGATCGGTA

mfd5 CCTCGCTGGAAGATCTCG
mfddn CAGTGTCGGATAGTGCAG




Table 3

Effect of UV irradiation and MMS treatment on tlewél of Arg revertants in the indicateglcoli

strains
Frequency of Ar§revertants (x18 cells) in cultures:
train
Stral Non-treated UV irradiated MMS-induced
UV irradiated | and starved for MMS-induced | and starved fo
control . .
20 min 60 min

AB1157 3.0+1.0 2242.3+325/6 259.3+72 54.0 £14.5

Arl?]%dl_517 41+05 1283.3 +72.7 643.0 + 162 .4 105.0 +20.3

ABL157 10.6+2.5 340+56.4 | 325.7+75.] 23998

mfd-1uvrA6




Table 4

Specificity of MMS-induced Argrevertants irE.coli alkB andmfd mutants

Duration Phenotypic classes of Arg Supressors and mutation pathway
f revertants (%) (Arg"* revertants /1tcells)
Strain o I Il i v
Starvation His | His® | His | His supB supEoc) supL back
(min) e | 1hr | e | Thet GC- AT | GC-AT | AT-TA | AT AT
0 20 78 0 2 54.9 7.9 70.7 23.6
AB1157
60 24 76 0 0 51 8.5 15.3 3.4
AB1157 0 8 90 2 0 27.0 36.0 90.0 27.0
mfd-1 60 7| 9| 2| 1| 368 15.8 42.0 10.5
0 51 44 37 2 465.8 279.5 931.% 186.3
BS87
60 60 22 17 1 87.1 217.8 435.% 1307
28 =
BS87 0 42 56 1 1 479.2 136.9 684.% 68.9
mfd-1 60 33 67 0 0 399.7 171.3 513.9 57.1

The data are means of three independent experin&bt5-20%
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Number of Arbrevertants/f(o‘,ells
a1
o
o
1

400 - _
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100 -
O _
Ctrl +pGB2 +pRW134AumuDC AumuDQ AumuDQ
pGB2 pRW134
Duration of Relative frequency of Afgrevertants (%)
starvation AumuDQ | AumuDQ
(min) Ctr +pGB2 | +pRW134 AumuD 0GB2 PRW134
0 100 100 100 100 100 100
30 64 66 69 56 66 61
60 34 39 30 34 32 46

"Frequency of Arfrevertants of respective strains not subjectedsiwvation was taken as
100%
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