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Summary

All organisms possess DNA repair pathways that are tasedintain the integrity of their
genetic material. AlthougimanyDNA repair pathways aneell understood, new pathways
continue to be discovereHere, we report an antibiotspecific DNA repair pathway iBacillus
subtilis thatisseemposed of a previousigcharacterizetielicasgmrfA) and exonuclease
(mrfB). Deletion' ofmrfA andmrfB results insensitivity to the DNA damaging agent mitomycin
C, but notto any other type of DNA damadested We showthat MrfAB function independent
of canonical pucleotide excision repair, forming a novel excision repair patiiveay.
demonstratéhat MrfB is a metatlependent exonuclease and that thieminus of MrfB is
required for interaction with MrfA. We determined that MrfAB failedutthook iner-strand
crosslinksin vivo, suggesting that MrfAB are specificthe monoadduct or the intsdrand
crosslink. A phylogenetic analysis uncoveMdAB homologs in diverse bacterial phyla, and
crosscomplementatiomdicatesthat MrfAB function is conseed in closely related specids.
subtilisis asail‘dwelling organism and mitomydihis a natural antibiotic produced by the soll
bacteriumSreptomyces lavendulae. The specificity oMrfAB suggests that these proteins are an
adaptationsto environmenitgth mitomycin producing bacteria.

Abbreviated Summary

Bacteria pessess DNA repair pathways to maintain the integrity of their genetic material. The
putativehelicase MrfA and the exonuclease MrfB peet ofa mitomycin C(MMC) specific

DNA repair pathwayn Bacillus subtilis. Despite being present in many bacterial species,
MrfAB activity in repairing MMC damaged DNA appears to be restricted to closely related
species, suggesting thdgspite sequence conservatibase proteins hawaolvedto the specific
repair needsf each bacterium.

I ntroduction

A defining feature of biology is the ability to reproduce, which requires replication getinetic
material.High fidelity DNA replication depends on the integrity of the template DNA which can
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be damaged by UV light, ionizing radiation, and numerous chengleasiberg et al., 2006)

Many DNA damaging agents have been used as chemotherapeutics and are also produced from
natural sources such as bacteria, fungi, or plants (Demain & Vaishnav, 2011). One wadlly nat
produced antibiotic is mitomycin C (MMC), originally isolated fr@meptomyces lavendulae

(Hata et al.,z4956). MMC is produced as an inactive metabolite that must be adiwvated
enzymatic .or chemical reduction to react with DNAmasz, 1995)MMC reacts specifically

with guanineresidues in DNA and results in three principle modifica{®ergjonetti, Champeil,

& Tomasz, 2010). MMC forma moneadduct by reacting with a single guanine, however,

MMC has two reactive centers, which can result in tstrand crosslinks on adjacent guanines

on the same strand, or in inter-strand crosslinks wherein the two guanines on oppositecst

CpG sequences are covalently linkBizanek, McGuinness, Nakanishi, & Tomasz, 1992;
Borowyborowski, Lipman, Chowdary, & Tomasz, 1990; Borowyborowski, Lipman, & Tomasz,
1990; lyer & Szybalski, 1963; Kumar, Lipman, & Tomasz, 1992; Tomasz et al., 1986; Tomasz et
al., 1987). The toxicity of these different adducts is a result of preventing DNA synthesi
(Bargonettivetal., 2010).

Inbacteria, MMC adductsand intrastrand crosslinkare repaired by nucleotide excision
repairandinterstrand crosslinks are repaired by a combination of nucleotide excision negair a
homologousrecombination (Dronkert & Kanaar, 2001; Lenhart, Schroeder, Walsh, & Simmons,
2012; Noll, Mason, & Miller, 2006). Botmonc-adducts and crosslinks are recognized in
genomic DNA by UvrAto initiate repair(Jaciuk, Nowak, Skowronek, Tanska, & Nowotny,
2011; Kisker, Kuper, & Van Houten, 2013; Stracy et al., 2016; Weng et al., 2050me
nucleotide_excision repamodels UvrB functions in complex with UvrA (Kisker et al., 2013;
Truglio, Croteau, Van Houten, & Kisker, 2006; Van Houten, Croteau, DellaVecchia, Wang, &
Kisker, 2005)while in vitro studies ane recentn vivo study using single molecule microscopy
suggests that UvrB is recruited by UvrA (Orren & Sancar, 1989; Stracy et al., ROa6Y.
event, once UvrA and UvrB are present at the lesion, the subsequent stapisagbeciation of
UvrA and therecruitment of UvrC which incises the DNA on either side of the |g€oren &
Sancar, 1989).

In E. coli there is a second Uvrlike protein called Cho that can also perform the
incision function (Moolenaar, van Rossum-Fikkert, van Kesteren, & Goosen, 2002; Perera,
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80 Mendenhall, Courcelle, & Courcelle, 2018)ono-adducts and intratrand crosslinks are

81 removed from the DNAia UvrD helicase irk. coli after UvrC excisionThe resulting single-
82 stranded gap is resynthesizediyA polymeraseavith DNA ligase sealinghe remaining nick,
83 completing the repair process (Kisker et al., 2013; Petit & Sancar, Fa899n interstrand

84  crosslink, the.process requires another step because the lesion containing DNA remains
85 covalently'bonded to the opposite strand. Most current models propose that homologous
86 recombinatioracts subsequently fmir the lesion containing strand with a second copy of the
87 chromosome'ifipresent and then an additional round of nucleotide excision repamcse the
88 crosslinkfollowed by DNApolymerase anBNA ligaseto completetherepairprocess

89 (Dronkert & Kanaar, 2001; Noll et al., 2006). Importantly, homologous recombination and
90 UvrABC-dependent nucleotide excision repair are general DNA repair pathways thapgiartic
91 in the repair of mandifferenttypes of DNAlesionsincluding MMC adducted DNA.

92 Although the pathwaydiscussed abovare known to function in the repair of MMC
93 damaged DNAIt is unclear if other pathways exist in bactettiat also repair MMC lesion§Ve
94  recently reported a forward genetic screeB.iaubtilis wherewe identified two genesyrfA and
95 mrfB (formerlyyprA andyprB, respectively) thavhen deletedesulted in sensitivity to MMC
96 (Burby, Simmons, Schroeder, & Simmons, 20X8re, we report that MrfAB are part of a
97 MMC specific'DNA repair pathway iB. subtilis. Deletion of thenrfAB (formerly yprAB)
98 operonrendersB. subtilis sensitive to MMC, but not to other DNA damaging agents known to be
99 repairedbythecanonical nucleotide excision repair pathwelyfAB area putativehelicase and
100 exonuclease, respectivebnd we demonstrate that conserved residupsresl fortheir
101 activities are.important for functian vivo. We show that MrfAB operate independent of
102 UvrABC..Wemaonitored DNA repair status over timasing RecAGFP as a reporter, amee
103 show that deletion afrfAB anduvrABC results in a synergistibecrease in Rec&FP foci,
104 suggesting that MrfAB are part of a novel nucleotide excision repair pathway inidabter
105 also found that MrfAB do not contribute to inter-strand crosslink repair, suggestingriidd
106 are specific to MMC monadducts or infi-strand crosslinks. A phylogenetic analysis shows
107 that MrfAB homologs are present in many bacterial species and that the function of MrfAB is
108 conserved in closely related species. Together, our study identifies a nadeglystised by

109 Dbacteriato counteact the natural antibiotic MMC.
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110 Reaults

111 DNA damage sensitivity of AMrfAB is specific to mitomycin C

112 Our recent study usirgforward genetiscreenidentified genes important for surviving

113 exposure t@everaDNA damaging agents, uncovering many genes that had not previously been
114 implicatedin DNA repair oregulation of thesOSresponse (Burby et al., 2018). As part of this
115 screen,"etiderified a gene pajiyprAB, in which disruption by a transposon resulted in

116 sensitivityto*MMC but not phleomycin or methyl methanesulfo(i&ig 1A) (Burby et al.,

117 2018).Because the phenotypagpearedpecificto MMC (see below)werenameyprAB to

118 mitomycintepair fictorsA and_B(mrfAB). To follow up on the phenotype of the transposon
119 insertions v tested cleadeletion strains ofirfA andmrfB and found that deletioof either

120 generesuled in‘sensitivity to MMC (FidLB). Further, we ectopically expressed each geiis in
121 respectivaleletion background and were atldeomplement the MMC sensitiyghenotypdFig
122 1B).

123 The absence of phenotypes with phleomycin and methyl methanesulfonate, is similar to
124  the phenotypic profilef nucleotide excision repair (NER) mutants (E&) (Burby et al., 2018).

125 Therefore, wasked if deletion afnrfA would result in sensitivity to other agents known to be

126 repaired by"NERWe tested for sensitivity to thre¢heragents that cause DNA lesions that are
127 repaired by NERUV light, 4-NQO, and th®NA crosslinkingagent psoralen (trisaler) (Petit

128 & Sancar,"1999)nterestingly, we found that deletion offA did not cause sensitivity to any of
129 these agents (FIC). We also tested whether the presenee/ddiB was masking the effect, but
130 no additional sensitivityvas observesvhenmrfA was deleted in thauvrAB background (Fig

131 1C). Givenithe absence of phenotypes to other DNA damaging agents, MrfAB do not function as
132 a general hucleotide excision repair pathway. In additofAB deletion did not result in

133 sensitivity to another crosslinking agent, psoralen, indicating that MrfAB arganiodf a

134 general crosslink repair mechanisie conclude that MrfAB argnportant for mitigating the

135 toxicity of MMC-generatedNA lesions
136 MrfA and MrfB function in the same pathway
137 The phenotypes afrfA andmrfB mutants were identical (Fig 1A & B), atige two genes are

138 predicted to be an operon. Therefore, we hypothesized that MrfA andlikefa function
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139 together. We tested this hypothesis by combining the deletion mutants. We found tiat déle
140 both genes gave the same sensitivity to MMC as siage mutant (Fig 2A), indicating that
141 they function in the same pathway. If MrfAB functiomthe same pathwait is possible that

142 each protein acts successivéWrfA and MrfB interact forming a complexr oneproteinsenes

143 to recruit the.ethein a stepwise fashion

144 To provide insight intdhese possible mechanisms tested for a proteiprotein

145 interaction between MrfA and MrfB usirgbacterial twehybrid assayKarimova, Gauliard,
146  Davi, Ouellette; & Ladant2017; Karimova, Pidoux, Ullmann, & Ladant, 1998)e found that
147  MrfA and MrfB*formed a robust interaction, indicated by the formation of blue cd¢fig

148 2B). Next, we wanted to understand how these proteins interacted and whether we could
149 localize tre.nteraction to a particular domain. We performed a deletion analysis widhad
150 found that.deletion of either the N-terminus or thee@ninus was sufficient to abolish the

151 interactionwith MrfB(Fig 2C),and the Nterminusof MrfA was not sufficienfor MrfB

152 interaction(Fig 2C).Thus, it appears that the portion of MrfA that is required for the interaction
153 is not limited to a single domaiklVe tested whether the-tédrminus or Gterminusof MrfB was
154 requiredfor,MifA interaction. We found that the C-terminus of MrfB was notireduthough
155 the signal wasireduced, whereas deletion of tieridinus of MrfB abolished the interaction
156 with MrfA (Fig2D). Therefore, the Nerminusof MrfB is required for interactiowith MrfA.
157 We conclude that MrfAB interaction is specific and that these proteins furastiarcomplex or
158 one proteirsubsequently recruits the other

159 MrfA helicasemotifs and C-terminusisrequired for function in vivo

160 MrfA is a predicted DEXH box helicasmntaining a C-terminal domain of unknown function
161 (Fig S1 and=S2A). The C-terminal domain of unknown function contains four conserved
162 cysteineghat are thought to function in coordinating a metal(®ini et al., 2011; Yakovleva &
163 Shuman, 2012). Winitially searched foa similar helicasén otherwell studied organisms. We
164 were unable to identify a homolog of MrfA containing both the ATPase domain and the C-
165 terminal domainn E. coli, however, Hrql frontaccharomyces cerevisiae shares the same
166 domain structure with 32% identity and 55% positivégl haseen shown to be a RecQ
167 family helicase witt3"=> 5" helicase activityand has been observed to exist as a heptamer

168 (Bochman, Paeschke, Chan, & Zakian, 2014; Rogers et al., 2017). We performed an alignment
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with Hrgl and identied helicase motifgypical of super family 2 helicases (Fig S1). A homolog
of MrfA from Mycobacterium smegmatis has also been shown to b& & 5 helicase however,

unlike Hrgl,SftH exists as a monomer in solutiprakovleva & Shuman, 2012).

To address whetheesidues predicted to be important kifA helicase activityare
requiredfor funcion, we used a complementation assay using var@nttining alanine
substitutions in several conserved helicase madilfgations in helicase motif | (K82A), motif Il
(DE185-186AA), and motif 11l (S222A) all failed to complementdA deficiency (Fig 2B).
Intriguinglyy when motif I1b (T134V) was mutatea fA MMC sensitivity could still be
complemented, and this residue, although conserved in Hrql, it is not conserved(FigtH
S2B). We asked whether the C-terminal domain of unknown function and the conserved
cysteines were.required for function. Deletion of the entire C-terminal domaiatiom of the
first two cysteines, or mutation of all four cysteines all resultedailure to complement MMC
sensitivity in a AmrfA strain(Fig S2B). Together with outatawe suggest that both the putative

helicasedomainand the Germinal domairof unknown functiorare required for MrfAn vivo.
MrfB is a metal-dependent exonuclease

MrfB is predicted to be a Dnalike exonuclease and to have three tetratpeiptide repeats at
the Cterminus«(Fig 3A). To search for putative catalytic residues in MiBaligned MrfB to
Exol, ExoX, and DnaQ frork. coli (Fig S3A). MrfB has the four acidic residues typical of
DnaQlike'exonucleases (Fig S3A). This type of nuclease also has a histidine locadietapto
the last aspartai@rang, 2011)and we identified two histidinesiduesone of which vas
conserved_ (Fig S3A, conserved histidine highlighted in red and the other in green). DnaQ
exonucleases coordinate a metal ion that is used in cat@fisig, 2011) We hypothesized that
MrfB catalytieresidues would chtier together in the tertiary structure. We modelled MrfB using
Phyre2.0 (Kelley, Mezulis, Yates, Wass, & Sternberg, 204bich used DNA polymerase
epsilon catalytic subunit fDnaQ)[pdb structure c50kiAGrabarczyk, Silkenat, & Kisker,
2018)], @nd showhat the conserved aspartate and glutamestieluesreindeedclustered
togeherin the mode(Fig S3B).

Interestingly, we found that the histidine conserved ir&leoli exonucleases was facing

the opposite direction, whereas the mamserved histidine was facing the putative catalytic
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198 residuesn the MrfB model(Fig S3C).An alignment of MrfB homologs demonstrates that the

199 histidine (labeled in green) facing the other putative catalytic residues is consekiéd

200 homologs whereas the other is not (see supplemental text). To test whether these residues were
201 important fo function, we used variantgith alanine substitutions at each putative catalytic

202 residue in a.;complementation assay. We found that all five mutants could notroaemipliee

203 AmrfB mutant phenotype (Fig 3B).

204 With these results weanted to test whether KB had exonuclease activitg vitro. We

205 overexpressedyand purifiedrf8 to homogeneity as determined by SBSGE (Fig 3C). We

206 tested for exenuclease activity using a plasimigiarized by restriction digestVe found that

207  MrfB could degrade linear dsDNA in the presencélgf’, demonstrating that MrfB is a metal
208 dependent.exonuclease (Fig 3D). Wattonuclease activitgstablished we tested the substrate
209 preference.of MrfB using a closedcular covalent plasmid (CCC), a nicked plasmid or a linear
210 plasmidusing Ts and A exonucleases as controls. Ts exonuclease is able to degrade both nicked
211 and linear substrates bl cannot degrade @CC plasmid(Sayers & Eckstein, 1990, 1991). In
212 contrastAex@nuclease can only degrade a linear substrate (Little, 1981) The Ts andi

213 exonuclease.controls performed as predicted, and MrfB demonstrated activitgear a

214 substrate anbbwer activity using a nicked substrate (Fig 3E). We conclude that MrfB is a-metal

215 dependentiexonuclease with a preference for linear DNA.
216 MrfAB function independent of Uvr ABC dependent nucleotide excision repair

217 Given that DNA damage sensitivity imrfAB mutants was restricted to MMC and that both

218 proteins have nucleic acid processing activities, we hypothesized that MrfAB were part of a
219 nucleotide excision repair pathway. We tested whether MrfAB were within theicahhon

220 UvrABCs=dependent nucleotide excision repair pathway using an epistasis analysis. We found
221 that deletion ofarfA or mrfB rendered. subtilis hypersensitive to MMC in the absence of

222 uvrAB (Fig 4A), uvrC, oruvrABC (Fig 4B).We alsashowthatuvr ABC function as a single

223 pathway'showing that deletion of each gene resulted in the same pheastiiperiple deletion
224  (Fig S4. It is important to note thd. subtilis uvr ABC functioning as a single pathwdiffers

225 fromE. coli (Lage, Goncalves, Souza, de Padula, & Leitao, 2010; Perera et al., 2016).
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To test whether deletion afrfAB have an effect on acute treatment with MMC, we
performed an epistasis analysis using a MMC survival assay. We tested musamégin
uvrABC, and the double pathway mutant. We found that deletiomf@B had a limited yet
statistically significant (MariWhitney U{est; pvalue < 0.05kffect on acute sensitivity
MMC at the.250 and 200 ng/mL treatments. DeletioavoABC had a significanand more
pronounced decrease in survival followlM$IC treatment(Fig 4C). Deletion of both pathways
resulted’in"hypersensitivity to acute MMC exposure, suggesting that MrfAB aref pasecond
nucleotide“excision repair pathway. The difference in phenotypes between the individual
pathway mutants suggeshat the roles of each pathway may be specifidifterent MMC
induced lesions. Given that the inter-strand crosslink is the more toxic lesion, asudgest
that UvrABCcould be more efficierfor repair ofcrosslinks and MrfAB could be mospecific
to the mono-adducted lesio(see below)We conclude that MrfAB and UvrABC are part of two
distinct pathway$or MMC repair.

MrfAB arenot required for unhooking inter-strand DNA crosslinks

As stated previously, MMC results in several DNA lesions,adnvehich is the inter-strand
crosslink=Qur results from treating acutely with MMC suggested that M not function

in repair ofsthe intestrand crosslinkTherefore, v asked whether one or both pathways
contribute to unhooking DNA crosslinksvivo. Crosslinked DNA can be detected by heat
denaturing.and snap cooling due to the fact that crosslinked DNA will renature duriagithe
cooling process and DNA that is not crosslinked will remain denatured when coobiy (keir

& Szybalski1963). Therefore, we hypothesized that if both pathways contributed to unhooking
a crosslink, we would observe stable DNA crosslinks only in the double pathway mutant. If only
a single pathway was required, we would observe stable DNA crosslinks in one mdttre a
double pathway mutant backgrouria test these ideawe treated. subtilis strains with MMC

to crosslink genomic DNA, and then allowed the cells to recover for 45 or 90 minutes. We
monitored DNA crosslinks by denaturing and snap cooling the DNA followed by analysis on an
agarosexel"We found that in WT and AmrfAB cells we could detect some crosslinked DNA that
decreased slightly over time (Fad\). Additionally, at the 90 minute recovery time point we
observed a smaller DNA fragment in WT and AmrfAB samples, which we suggest isesult of a
repair intermediate generated by UvrAlBiEpendent incision because formation of the
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256 intermediate requires UvrABC (Fig 5A the absence alvrABC there was a significant

257 stabilization of crosslinked DNA that did not decrease over time detrdgmrfAB had no

258 effect in theuvr ABC mutantstrainon crosslink stabilization (Fig 5AyWe quantified the

259 crosslinked species and found that the #stesind crosslinkvasstabilized in the absence of

260 uvrABC and.in.the double pathway mutant (Fig 5B). We conclude that UvrABC are the primary
261 proteins responsible for repair of intgrand crosslinks and MrfAB likely repair the more

262 abundant'mono-adducts (Warren, Maccubbin, & Hamilton, 1888)potentially intrastrand

263 crosslinksthatformthough we canndormerly exclude the possibility that MrfAB act on an

264 intermediate of the crosslink repair pathway that is specific to MMC
265 MrfAB and UvrABC arerequired for efficient RecA-GFP focus for mation

266 The synergisticisensitivity to MMC observed in the double pathway nsuggests that MrfAB
267 are part of a novel nucleotide excision repair pathway that does not function istiatet-

268 crosslinkrepair Thus, we sought to determine if DNA repair is altered following MMC

269 treatment inithe absenceraffAB. Previous studies have demonstrated that RBER forms

270 foci in response to DNA damage such as treatment with NKd@ane & Graumann, 2005;

271 Simmonswet al., 2009; Simmons, Grossman, & Walkdd7 2@ dditionally, the activation of the
272 SOS respense following treatment with MMC in bactegiguires the generation of a

273 RecA/ssDNA nucleoprotein filame(kreuzer, 2013), whiclwas alsdound to depend on

274 nucleotide excision repajSassanfar & Roberts, 1990). Therefore, to test whétleaesponse
275 of RecAwasaffected by the absencawfAB, uvrABC, or both pathways, we used a ReGKP
276 fusionas areporteio monitorRecAstatus over time (FigA & S5). We quantified the

277 percentage of cells containing a focus or foci of R&AP, and found an increase in ReGAP
278 focus formation_over time (Fig §BIn all three mutant strains there was a significant increase in
279 RecAGFP foci prior to MMC addition (Fig 6B). We found that deletiompfAB did not have a
280 significantimpact on Rec&FP focus formation (Fig 6B). Deletion wir ABC led to a slight

281 decrease insRec&SFP focus formation (Fig 6B & S5). The double pathway mutant had a
282 significant'decrease in ReeBFP focirelative to WT(Fig 6B). With these results we suggest
283 that RecA is responding to excision repair gaps that occur after removal of the MMC attiuct
284 that the RecA response is substantially decreased in cells that lack the excision activity of
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285 uvrABC andnmrfAB. These results further support the conclusion that MrfAB participate in the
286 repair of MMC damaged DNA.

287 MrfAB are conserved in diverse bacterial phyla

288 Given the specificity of MrfABfor MMC, we becamanterested in understandihgw

289 conservednfAandnrfB areacross differenbacterid phyla. We performed a PSBLAST

290 search using*MrfA or MrfB against the proteomes of bacterial organisms from several phyla (Fig
291 7A,; TablerS4)=We found that MrfA and NBfare both present in organisms from 5 different
292  phyla, though MrfA is more broadly conserved in bacteria (Fig TA testi MrfA and MrfB
293 function is.conserved, we attempted to complemenii€ sensitive phenotype using codon-
294  optimized versions of the homologs from three organi&as)lus cereus, Sreptococcus

295 pneumoniae, andPseudomonas aeruginosa. We found that expression BE-mrfA andBc-mrfB
296 were capable of complementing itheespective deleti®(Fig 7B). Interestingly So-mrfB

297 complemented, bup-mrfA did not (Fig7B). The more distantly related homologs frBm

298 aeruginosawere not able to complement tberresponding deletioalleles (Fig7B). We

299 conclude thatsMrfA and MrfB function is conserved in closely related speci@shainthey

300 likely have.been adapted to other uses in more distantly related bacteria.

301 Discussion

302 MrfAB are'founding members of a novel bacterial nucleotide excision repair pathianay.

303 observationsthat Rec&FP foci changes in a synergistic manner with deletion of lno#BC

304 andmrfAB'suggests that MrfAB are acting as a second excision repair palisavayg a gap

305 Indeed, a/study of SOS activationeincoli found that deletion afivrA results in decreased SOS
306 response activation when treated with M&assanfar & Roberts, 1990). The activation of the
307 SOS response requires the formation of the RecA/ssDNA nucleoprotein filament that can be
308 observednvivousing a RecAGFP fusion(lvancicBace, Vlasic, Salapmic, & BrcicKostic,

309 2006; Lenhart'et al., 2014; Simmons, Foti, Cohen, & Walker, 2008; Simmons et al., 2009;
310 Simmonsetal., 2007). Thus, our data are supportive of the excision repair model. We cannot
311 formerly exclude the possibility that MrfABct on a DNA repair intermediate, however, given
312 thatthemrfAB deletion did not render cells sensitive to other DNA damaging agents, this

313 intermediate wuld have to be specific to thhepair of MMCgenerated lesions.
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314 Our current model is that a MMC moramlduct or intrastrand crosslink is recognized by
315 MrfA or an unknown factor (Fig 8). After the lesion is recognized it is possiblenttiaions

316 occur on either side of the lesion or a single incisiarsesd It is also possible that no incision is
317 required and that MrfAB make use of transient nicks in the chromodwheould be present
318 during synthesis of the lagging strand, though this model would limit the lesions that MrfAB
319 could repair. Once a nick is presemg hypothesize that MrfActs as helicase to separtite

320 DNA, exposingthe MMC lesion. If a nick iggerated 3o the lesion, MrfA could access the

321 DNA at the'nick and use its putative>8' helicase activity to separate the lesion containing

322 strand foridegradation by MrfB (Fig 8). If MrfA made use of transient nicks in tloendsome
323 generated.during lagging strand synthesis, then it is possible that MrfA couldizrecogbe

324 recruited torthe'MMC lesion and use it%' helicase activity on the strand opposite the lesion
325 thereby exposing the lesion containing strand which could be stabilized by SSB, and upon
326 reaching the nick in the DNA strand containing the lesion, MrfB could accessciinét3

327 degrade the lesion containing stra@dir data cannot distinguish between these models,

328 however, the*Hrqgl and SftH have been observed to requiraiafdr helicase activity

329 (Bochman‘etal., 2014; Kwon, Choi, Lee, & Bae, 2012; Rogers & Bochman, 2017; Yakovleva &
330 Shuman,;"2012). Therefore, we hypothesize that#l3s necessanafter lesion recognition, to

331 allow for.MrfA to separate the lesion containing strand.

332 The specificity othe AmrfAB phenotype suggests that lesion recognition depends on
333 MMC adductstructure Our reportedscreerdid not identifyother candidates for this pathway
334 (Burby etal., 2018) , though it remains possible that amgakprotein or a protein that

335 functions in.homologous recombination, which would have a more severe phenotype than
336 mrfAB, also,acts as a lesion recognition fackwnethelesswe hypothesize that lesion

337 recognitierristafunctioaccomplishedby either MfA, MrfB, or by both proteins in complex.
338 MrfA is a putativehelicase with a @erminal domain of unknown function containing four well
339 conservedysteine residue\ high throughput X-ray absorption spectroscopy study of over
340 3000 preteins including MrfA repatl finding that MrfA bindszinc (Shi et al., 2011)

341 Intriguingly, UvrA, the recognition factor of canonical nucleotide excision regksio contains a
342 zinc finger which is required for regulating recognition of damaged pGrAteau et al., 2006)
343 Indeed, tihee of the fourrecognition factas in eukaryotic nucleotide excision repair, AFRPA,

344 and TFlIHalsoeachcontain a zinc fingecomponen{Petit & Sancar, 1999). Therefore, it is
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tempting to speculate that MrfA functions as the lesion recognition féctargh its putative C-

terminal zinc finger domain.

The initial finding that sensitivity to DNA damagenmfAB mutants is specific to MMC
suggested-aantibiotic specific repair pathway. The major source of toxicity from MMC has
long been‘thought to be the inter-strand crosslink (Bargonetti et al., 2010). We foundf&iit M
do not contribute to unhooking an inwrand crosslinkn vivo and yet deletion afrfAB in the
uvrABC mutant resulted in a significant decrease in survival following MMC treatment. With
these observationge strongly suggest that the mono-adducts and/or the intra-strand crosslink
make a significant contribution to the overall toxicity of MMC. Therefore, through fgegia
new repair pathway in bacteria, &ee able tgrovide new insight intthe toxicity profile of a

well-studiedsznatural antibiotic.

MrfAB_homologshave likelyevolved to perform different functions dependingtios
environments of therespective bacterial species, despite significaniesgze similarityWe
speculate that<MrfAB specificity for MMC is a reflection of habitat overlap betvigeeubtilis
and mitomycindproducing bacteria suchSakavendulae. Thus, MrfABare an adaptation that
allowsB. subtilisto effectivelycompete in habitats where MMC is produc&dzen that only
closely related species could substitute for MrfA and MrfB.isubtilis, we hypothesize th#he
MMC specific repair activity is restricted to those spediegact, the homologs presentfn
aeruginosa have diverged significantly (Table S4). The N-terminuBaMTrfA is quite different
from that ofBs=MrfA, and the Cterminal TPR domain of MrfB is completely absenPaMrfB
(see supplemental alignmentspnsistent with the notion that MrfAfldnction has diverged in
more distantly related bacteriddditionally, our results with MrfAB frons. pneumoniae are
supportive obur, hypothesis that MrfAB function in MMC repair is restricted to closely related
organisms. We speculate the interactiomieenJp-MrfA and Sp-MrfB is conserved such that
F-MrfB can still be recruited bs-MrfA and MrfB retains exonuclease activity, while the
function of Sp=MrfA has diverged and the lesion recognition or recruitment activity is no longer

present.

We recently investigated the mismatch repair homolog MutS2 and arrived atar simil
conclusion—MutS2 has been adapted to the specific DNA repair needs of different organisms

MutS2 inB. subtilis promotes homologous recombination (Burby & Simmons, 20¢q¢reas
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MutS2 in several other organisms inhibismologous recombination (Damke, Dhanaraju,
Marsin, Radicella, & Rao, 2015; Fukui et al., 2008; Pinto et al., 2005; Wang & Maier, 2017).
The reality that distantly related organisms have adaptedgeneetic repertoirenherited from

the most recent. common ancestor would seem obvious aStithjorthrust ofbiological
explorationis.eftento examingorocessethatare highlyconservedwhile well conserved
processes amatencritical for more organismst is the divergentunctionsthat m&e each

organism unique, which is a property of inherent value found throughout nature.

M aterials and M ethods

Bacteriologicalmethods

All B. subtilis.strains used in this studye isogenic derivatigeof PY79 (Youngman, Perkins, &
Losick, 1984),.and listed in Table S1. Detailed construction of sti@amsnids ané description
of oligonugleotides used in this study are provided in the supplemental text. Plaschids
oligonucleotides are listed in Supplemental TaBi2and S3, respectively. Media used to
cultureB. subtilis include LB (10 g/L NacCl, 10 g/L tryptone, and 5 g/L yeast extrantlS7so
minimal.media.with 2% glucose (1x $&alts (diluted from 10x S¢ salts: 104.7g/L MOPS,
13.2 g/L, ammenium sulfate, 6.8 g/L monobasic potassium phosphate, pH 7.0 adjusted with
potassiumrhydroxide), 1x metals (diluted from 100x metals: 0.2 M MgOImM CaC4, 5 mM
MnCl3, 0.1 mM ZnC}, 100 pg/mL thiamine-HCI, 2 mM HCI, 0.5 mM FeGlJ), 0.1% potassim
glutamate, 2% glucose, 40 pg/mL phenylalanine, 40 ug/mL tryptophan). Selection oB. subtilis

strains was done using spectinomycin (100 pg/mL) or chloramphenicol (5 pg/mL).
Spot titer and survival assays

Spottiter-assays were performed as descriirediously (Burby et al., 2018). Survival assays
were performed as previously descril{Bdrby et al., 2018)except cells were treated at a
density of ORpo = 1 instead of 0.5.

Micr oscopy:

Strains containing Rec&FP were grown on LB agaiith 100 pg/mL spectinomycin at 30°C
overnight. Plates were wagheith S%, minimal media with 2% glucose. Cultures ofs&7

minimal media with 2% glucose and 100 pg/mL spectinomycin were inoculated at an ODgpo =
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0.1 and incubated at 30°C protected from light until and&f about 0.3 (about 3.5 hours).
Cultures werdreated with 5 ng/mL MMC and samples were taken for imaging prior to MMC
addition, 45 minutes, 90 minutes, and 180 minutes after MMC addition. The vital membrane
stain FM464 wags added to 2 pg/mL and left at room temperature for five minutes. Samples were
transferred.te.,1% agarose pads containin§dizizen salts as previously descril§Bdrby et al.,
2018). Imagesawere captured using an Olympus BX61 microscope using 250 ms exposure times
for both"FM4-64 (membranes) and GFP. R&sRP fociwere determined by using the find
maxima funetion in ImageJ with the threshold set to the background of the image faricya

line traceof an area without cells. Emumber of cells with foci was determined by taking the
total number of,foci and subtracting the foci greater than one in cells having mialtipfee., if

a cell had two foci, one would be subtracted and if a cell had 3 foci two would be subtracted an
so on). The percentage was determined by dividing the number of cells with a focusogr foci

the total number of cells observed.
DNA crosslinking assay

Strains ofBrsubtilis were struck out on LB agar and incubated at 30°C overnight. Plates were
washedwith, LB and samples of 0.5 mL QE = 3 were aliquoted. One sample was untreated

and three samples were treated with 1 pg/mL MMC. Samples were incubated at 37°C for 1 hour.

For the untreated and MMC treatment samples, one volume (0.5 mL) of methanol wharatide
samples were mixed by inversion. Samples were harvested via centrifugation (L3080

minutes, washed twice with 0.5 mL 1x PBS pH 7.4 and stor&Dat-overnight For recovery
samples, cellss#from the remaining two treated samples wesgguellia centrifugation (10,0@D

for 5 minutes) washed twice with 1 mL LB media and then re-suspended in 0.6 medi8. m
Samples were then transferred to 14 mL round bottom culture tubes and incubated at 37°C on a
rolling rack for 45 or 90 minutes. An equal volume (0.6 mL) of methaasladded and samples
were mixed by.nversion. Samples were harvested as stated above and stored at -2gji@.over
Chromosomal'DNA was extracted using a silica-ggitumn as previously describ@@urby et

al., 2018) Samples were normalized bygto 15 ngilL. Samples were heat denatured by
incubating at 100°C for 6 minutes followed by placing directly into amater bathfor 5

minutes. For native samples and heat denatured samples, 300 ng and 600 ng, respectively, were
loaded onto a 0.8% agarose gel with ethidium bromide and electrophoresed at 90 volts for
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approximately one houlhe crosslinked species was quantified in gels from two independent
experiments in ImageJ. The intensity of the crosslinked band was determined using the Ge
Analyzer tool, and the background from the region above the crosslinked band was subtracted
and the difference was normalized to the intensity of the native chromoBdiAaband (Fig

5A, lower panel). The average of two independent experiments is shown, with error bars
representing the range of the two measurements.

Bacterial two-hybrid assays

Bacterial twehybrid asays were performed as descril@dirby et al., 2018; Karimova et al.,
2017).

MrfB proteinpurification

MrfB was purified fromE. coli cells as follows10xHis-Smt3MrfB was expressed from plasthi
pPB97 inE. coli NiCo21 cells (NEB) at 37°C. Cells were pelleted and resuspended in lysis
buffer (50 mMsTris pH7.5, 300 mM NacCl, 5% sucrose, 25 mM imidazole, 1x Roche protease
inhibitor cocktail) Cells were lysed via sonication and lysates were cldri@ centrifugation:
18,000 rpm.(Sorvall SS-34 rotor) for 45 minutes at 4°C. Clarified lysates were |omidel? -
NTA-agarese prequilibrated in lysis buffer in a gravity column. The column was washed with
25 column volumes wash buffer (50 mM Tris pH 7.5, 500 mM NaCl, 10% (v/v) glycerol, 40 mM
imidazole). MrfB was eluted from the column by cleavage of the 10xHis-Smt3 tagyGrdilis-

Ulpl in 10.eolumn volumes of digestion buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10%
glycerol, 10.mM imidazole, 1 mM DTTpd 20 ug/mL 6xHis-Ulpl) at room temperature for 150
minutes. The eluate containing untagged MrfB was collected as the flow through. &8fB w
concentrated using a 10 kDa Amicon centrifugal filter. MrfB was loaded onto a#iuperdex
200-PG 16/60 _columnrp-equilibrated with gel filtration buffer (50 mM Tris pH 7.5, 250 mM
NacCl, and 5% (v/v) glycerol). The column was eluted with gel filtration buffer at a flow rate of 1
mL/min. Peak*fractions were pooled, glycerol was added to a final concentrafi6#ootind
concentrated using a 10 kDa Amicon centrifugal filter. MrfB aliquots wereriratza final

concentration of 2.6 uM in liquid nitrogen, and stored at 80°C.

Exonuclease assays

This article is protected by copyright. All rights reserved



461 Exonucleaseeactions (20 uL) were performed in 25 mM Tris pH 7.5, 20 mM KCI, and 5 mM
462 MgCl; as indicated in the figure legends. The plasmid pUC19 was used as a substrate at a
463 concentration of3.5 ng/uL. To generate linear or nicked substrate, pUC19 was first incubated

464  with BamHFHF (NEB) or Nt.BSPQ1 (NEB), respectively, for 3dnutes at 37°C. To test metal
465 dependency.of MrfB, the linearized pUC19 was purified using a silica spin-coReactions
466 were initiated by adding MrfB to 130 nM, 10 units @f é&konuclease (NEB), or 5 units of A

467 exonuclease(NEB) and incubating at 37°Gndscated in the figure legends. Reactions were
468 terminatedby'the€ addition of 8 pL of nuclease stop buffer (50% glycerol and 100 mM EDTA)

469 followed hy resolvingeaction productby agarose gel electrophoresis.
470 Phylogeneticanalysis

471 The protein sequences of MrfA (AHA78094.1) and MrfB (AHA78093.1) were used in a PSI-
472 BLAST search in the organisms listed in Table S4. If a putative homolog wasedeteet

473 coverage and percent identity were both recorded (Table S4). For MrfA, the prase

474  consideredsashomolog if the DEXhelicase domain, thé-terminal domainand the four

475 conserved'cysteines were all presé&iar MrfB, the protein was considered a homafatpe

476 putative eatalytic residues were conserved.
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Figurelegends

Figure 1. DNA damage sensitivity of AmrfAB is specific to mitomycin C. (A) Relative fitness
plots for the indicated gene disruptions fromday expgments previously reportgdurby et

al., 2018) The mean fitness is plotted as a bar graph and the error bars represent the 95%
confidence intervalB) Spot titer assay using strains with the indicated genotypes grol® on
with the indicated supplement(€) Spot titer assay using strains with the indicated genotypes

grown onLB mediawith the indicated treatmentSor UVirradiation cells were exposed to the
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indicated dose after serial dilutions were spotted on platedrioxsalen platesl pg/mL was
used and the UV wavelength for irradiation was 365 nm.

Figure 2. MrfA and MrfB function in the same pathway. (A) Spot titer assay using strains
with theindicated genotypes grown on the indicated még)aBacterial twehybrid asay using
the indicated T18 and T25 fusiorf€) MrfA constructs used in deletion analysis of MriiA+{B
interaction (upper) and a bacterial tiwgbrid assay using T28kfB and the indicated MrfA
T18 fusions (lower)(D) MrfB constructs used in deletion dysis of MrfA-MrfB interaction
(upper) and aacterial twlyybrid assay using MrfA-T18 and the indicated T28B fusions

(lower).

Figure 3. MrfBfis a metal-dependent exonuclease. (A) A schematic of MrfB depicting putative
catalytic residues and-teérminal tetratrichopeptide repeat (TPR) domé#®).Spot titer assay

using strains with the indicated genotypes spotted on the indicated (@dig.g of rified

MrfB stained withCoomask brilliant blue.(D) Exonuclease assay using pUC19 linearized with
BamHI (lanes«37). Reactions were incubated at 37°C for 15 minutes with or without MrfB,

MgCl,, or EDTA as indicated, and separated on an agarose gel stained with ethidium.bromide
Lane lisal kb plus molecular weight marker (M) and lane 2 is undigested pUC19 pldEjnid.
Exonuclease assay testing substrate preference. The indicated exonucleases were incubated with
a closed covalent circular plasmid (CCC), a nicked plasmid (Nicked)jrogaa plasmid (Linear)

in the preSence of Mgat 37°C for 10 minutes. Reaction products were separated on an agarose

gel stainedswith ethidium bromide. Lane 1 is a 1 kb plotecular weight marker (M).

Figure 4. MrfAB function independent of Uvr ABC dependent nucleotide excision repair.

(A & B).Spat titer assays using strains with the indicated genotypes grown on the indicated
media.(C) Survival assay using strains with the indicated genotypes. @k ys the percent
survival relative to the untreatéd ng/mL) condition. The xxis indicates the concentration of
MMC used for a 30 minute acute exposure. The data points represent the mean of three

independenéxperiments performed in triplicate (n=9) + SEM.

Figure 5. MrfAB arenot required for unhooking inter-strand DNA crosslinks. (A) DNA
crosslinking repair assay. Chromosomal DNA from untreated samples (U), 1 pg/mL MMC
treated samples (T), and recovery samples (45" and 90’) were heat denatured aodiscap
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699 (upper) or native chromosomal DNfwer) was separated on an agarose gel stained with
700 ethidium bromide. A 1 kb plus molecular weight marker is shown in the first(B&. bar
701 graph showing the mean percent of crosslinked DNA (see methods) from two independent

702 experiments, and error lsarepresent the range of the two measurements.

703 Figure6. MrfAB and UvrABC arerequired for efficient RecA-GFP focus formation. (A)

704 Representative micrographs of strains containing RBER expressed from the native locus in
705 addition toithe indicated gengtys. Images were captured at the indicated times following MMC
706 addition (5ng/mL). RecA-GFP is shown in green and the merged images showsREcA-

707 (green) andsmembranes stained with F644(red). The white bar indicates 5 |{B) Percentage
708 of cells with @ RecAGFP focus or foci over the indicated time course of MMC treatment (5

709 ng/mL). The.error bars represent the 95% confidence interval.

710 Figure7. MrfAB areconserved in diverse bacterial phyla. (A) A rooted phylogenetic tree

711 constructed using 16s rRNA sequences (18s rRNA.fagrevisiae), aligned with muscle

712 (Edgar, 2004)nusing the neighbor joining met(®ditou & Nei, 1987)and the evolutionary

713 distances were'calculated using theigtance metho@Nei & Kumar, 2000). The percentage of

714 replicatetrees that resulted in the associated species clustering together in a bootstrap test (500
715 replicates)ds’indicated next to the branches (Felsenstein, F3&83utionary analysis was

716 performedm MEGA (Kumar, Stecher, & Tamura, 2016)n this organism MrA and MrfB

717 homologsare fused into a single protéB). Spot titer assay using codon optimized versions of

718 MrfA and MrfByfrom the indicated species to complement AmrfA (upper) or AmrfB (lower).

719 Figure8. A.model for MrfAB mediated nucleotide excision repair. We propose thatither an
720 unknown factor oMrfA recognizes an MMC adducwrfB is then recruited, anBlirfA uses its
721 helicase-activity tgeparate the strand containing the MMC adduct, facilitatif@Mependent
722 degradation of the adduct containing DNA. The source of the nick used to direct excision is

723  unknown.
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