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Summary

Bacteria coordinate DNA replication and cell division, ensuring a complete set of genetic
material is\passed ontbe next generation. When bacteria encounter DNA damage, a cell cycle
checkpointis.activated by expressing a cell division inhibitor. The prevailing nsoiieiti
activation'of'the DNA damage response and protease mediated degradation of the ishibitor
sufficient toregulate the checkpoint process. Our recent gemodescreens identified the gene
ddcA aseritical for surviving exposure to DNA damage. Similar to the checkpoowasc
proteases, the'DNA damage sensitivity resulting fdooA deletion depends on the checkpoint
enforcement protein YneAlsing several genetic approaches show thaDdcA function is
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distinct fromthe checkpoint recovery proce&&®letion ofddcA resulted in sensitivity tgneA
overexpression independent of YneA protein levels and stalrther supporting the
conclusion that DdcA regulates YneA independsrproteolysis. Using a function@FRYneA
fusion we found that DdcA preventsieA-dependent cell elongation independent of YneA
localization Fegetherpur resultssuggest that DdcA acts Iwelping toset a threshold of YneA
required to,establish the cell cycle checkpaimicovering amewregulatory step controlling

activation‘ofthe'DNA damage checkpoint iBacillus subtilis.
Introduction

The logisties of.the cell cycle are of fundamental importance in biology. All orgamsed to
control celkgrowth, DNA replication, and the process of cell division. In badtegiinitiation of
DNA replication,is coupled to growth rate atie cell cyclgDonachie & Blakely, 2003; Hill,
Kadoya, Chattoraj, & Levin, 2012; Wang & Levin, 2009; Westfall & Levin, 20Baxteria also
regulate cell division in response to DNA replication status through the use otiBiXage
checkpointsi(Kreuzer, 2013; Lenhart, Schroeder, Walsh, & Simmons, 2012). The motteds for
DNA damagesresponse (SOS) were developed based on stuBgekesfchia coli and
subsequently extended to other bacterighésemodels, DNA damage results in perturbations
to DNA replication and the accumulation of ssSDNA (Friedberg et al., 2006). RecA isl loatte
ssDNA (Anderson & Kowalczykowski, 1997; Churchill, Anderson, & Kowalczykowski, 1999;
lvancic-Bace et al., 2003; Ivancigace, Vlasic, Salagmic, & BrcicKostic, 2006; Morimatsu &
Kowalczykewski, 2003), and the resulting RecA/ssDNA nucleoprotein filament induc8©the
response by.activating adtteavage of the transcriptional repressor LexA (Slilaty & Little,
1987) LexA inactivation results in increased transcription of genes involvBdNA repair and

the DNA damage checkpoint (Au et al., 2005; Goranov, Kuester-Schoeck, Wang, & Grossman,
2006; Lewis, Harlow, Gregg-Jolly, & Mount, 1994; Little & Mount, 1982; Little, Mount, &
YanischPerron, 1981). The DNA damage checkpoint is established by relieving the LexA-
dependent.repression of a cell division inhibitor that enforces the checkpoint byngloeki
division (Huisman & D'Ari, 1981; Huisman, D'Ari, & Gottesman, 1984; Kawai, Moriya, &
Ogasawara, 2003; Mo & Burkholder, 2010). Once the checkpoint is established, the delay in
cytokinesis provides the cell with enough timedpair and completBNA replication, thereby

ensuring a complete and accurate copy of the chromosome is segtedmittddaughter cells.

This article is protected by copyright. All rights reserved



55
56
57

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

80
81
82
83
84

Over several decades of study, this overarching model has been consistently deedonstra
among bacteria that contain a RecA and Leependent DNAlamage checkpoint mechanism
(Erill, Campoy, & Barbe, 2007; Kreuzer, 2013).

Where:the DNA damage response varies betwedeimds in theprocesghat enforces
and alleviates the checkpoint.Eacoli and closely related Granmegative bacteria, the
checkpoint'is enforced by SulA, which is a cytoplasmic protein that acts by @irgghiting
formation‘of the FtsZ protélamentblocking cell division (Bi & Lutkenhaus, 1993; Huang,
Cao, & Lutkenhaus, 1996; Huisman et al., 1984; Mukherjee, Cao, & Lutkenhaus, 1988, T
Scott, Thompson, & Bramhill, 1998). In many other bacteria the checkpoint is enforced by a
small membranéinding protein (Chauhan et al., 2006; Kawai et al., 2003; Modell, Hopkins, &
Laub, 2011;.Medell, Kambara, Perchuk, & Laub, 2014; Ogino, Teramoto, Inui, & Yukawa,
2008). InCaulebacter crescentus, the small membrane proteins SidA and DidA inhibit cell
division through direct interactions witomponents of the essential cell division complex
known as the divisome (Modell et al., 2011; Modell et al., 2014). In other bacteria the exact
mechanism of checkpoint enforcement remains uncleénelGrampositive bacteriunBacillus
subtilis, the.checkpoint enforcement protein Yni@Aibits cell division in response to DNA
damagdgKawaiiet al., 2003)YneAis a small protein containing a transmembrane domain as
well as a'ktysMrdomaifMo & Burkholder, 2010). A previous study found that several amino
acids on one side of the transmembrane alpha helix are important for function, which led the
authors tespeculatehat YneA may also interact with a component of the divis@ivie&
Burkholder, 201Q)The same study also suggested full length YneA is the active form, and that
the transmembrane domain alone is not sufficient for ac{iMty& Burkholder, 2010).
Although.YneA.is clearly involved in cell division inhibition, the role of this checkpiaint
ensuringrthatdaughter cells each receive an intact copy of the genome has not yehlyeen f

established, andhé mechanism by which YneA enforces the checkpoint is still unknown.

The.mechanism of relieving the DNA damage checkpoint has only been identifienl in tw
bacterial specie&. coli andB. subtilis. Despite the checkpoint mechanisimsctioning in
different cellularcompartmentsthe strategy for checkpoint recovery is remarkably similar
between these two organismsHrcoli, Lon protease is the major protease responsible for
degrading SulA (Canceill, Dervyn, & Huisman, 1990zsawa & Gottesman, 1983; Sonezaki
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et al., 1995)and the protease ClpYQ appears to play a secondarfKanlemori, Yanagi, &

Yura, 1999; Seong, Oh, Yoo, Seol, & Chung, 1999; W. F. Wu, Zhou, & Gottesman, 1989). In
subtilis, there are two proteases YlbL, which we rename here to IR amagecheckpoint
recovery potease) and CtpA that degrade Yn@Airby, Simmons, Schroeder, & Simmons,
2018) In the.case of DdcP and CtpA, the former seems to be the primary protease in minimal
media, however during chronic exposure to DNA damage in rich media both proteases are
important ‘and'they cainctionally replace each other wheverexpressed (Burby et al., 2018).
DdcP and"CtpA'are not regulated by DNA damage (Burby et al., 2018), suggesting that the
proteases act as a buffer to YneA accumuldtiglping to set the threshold for checkpoint
activation Fhus; in order for the checkpoint to é&eforced both proteases must be saturated.
Following repair of damaged DNA, LexA represses expression of YneA and the remaining

YneA is cleared by DdcP and CtpA allowing cell division to proceed (Burby et al., 2018).

Although the DNA damage checkpoint in bacteria is well understood, it is becoming
increasingly clear thastablishing the checkpoiist more complex thawhat earlier models
suggest. Work from Goranov and workers demonstrated that the initiation protein and
transcription factor DnaA regulatésL levels in response to DNA replication perturbations,
which contributes to cell filamentatig¢®oranov, Katz, Breier, Burge, & Grossman, 2005).
Further, ourrecent port identified several genes not previously implicated in genome
maintenance or cell cycle contitblatare critical for surviving chronic exposure to a broad
spectrum of DNA damag@urby et al., 2018). We identified genes involved in cell division and
cell wall synthesis as well as genes of unknown function that rendered thendeletants
sensitive to.DNA damag@urby et al., 2018). To understand how the DNA damage response in
bacteria.is regulated, we investigated the contribution of one of the unstudiedidsies
(formerlyysoA;see below) inltle DNA damage response. We report hitvat, DAcA antagonizes
YneA actionfunctioning to help se threshold oDNA damagerequired for checkpoint

activation
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111 Results
112 Deletion ofddcA (ysoA) results in sensitivity to DNA damage

113 We recently published a set genome wide screens using three distitesses of DNA

114 damaging agents, uncovering many genes that have not been previouslgtedphiche DNA

115 damage response or DNA repgurby et al., 2018). One gene that confeaesknsitive

116 phenotype-to-all threlypes of DNA damage tested wgoA, which werename hereo DNA

117 damagecheckpoint atagonist dcA). DdcA is a proteirthat ispredicted to have three

118 tetratrichopeptide repeats (Fig 1A), which are often involved in prpreitein interactions,

119 protein complex formation, andrulence mechanisms in bacte(@erveny et al., 2013). In order
120 to better understand the mechansithe DNA damageaesponseén B. subtilis, we investigated
121 the contribution,of DdcA. To begime tested the sensitivitgf theddcA deletionto DNA

122 damage. Deletion afdcA resulted in sensitivity to mitomycin GAMC) an agent that causes

123 DNA crosslinks and bulky adducts; (lyer & Szybalski, 1963; Noll, Mason, & Miller, 2006) and
124  phleomycinaspeptide that formdouble and single strand DNA breaks (Kross, Henner, Hecht, &
125 Haseltine,"1982; Reiter, Milewskiy, & Kelley, 1972). We found that expressiBR,efldcA

126 from anectopic locusafnyE) was sufficient to complement deletiondafcA with or without

127 inducing expression using xylo§éig 1B). We conclude that deletion ddicA results in dona-

128 fide sensitivity toDNA damage.
129 DNA damage sensitivity ofddcA deletion is dependent oryneA.

130 We asked'hew'DdcA functions in the DNA damage respdnsgeobservation thatddcA

131 deletionallele results in sensitivity to sevefaNA damaging agents similar to the result of

132 deleting the checkpoint recovery protead@srby et al., 2018). Our prior study (Burby et al.,
133 2018) showed that DNA damage phenotypes in checkpoint recoveegse mutants depermaah
134 the checkpoinenforcement protejriyneA, which is likely the result of aberrant activation of the
135 checkpointinthe absence of YneA degradatior.askedvhether deletion ojneA could rescue
136 DNA damage. sensitivity resulting froduacA deletion Indeed, deletion gfneA in theddcA

137 deletion backgrountescuedsensitivity to MMC (FigS1).

138 We also tested for a genetic interaction with nucleotide excision repaionieg that the
139 absence of nucleotide excision repair would result in increas@dexpression and increased
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sensitivity in theddcA deletion. Indeed, deletion afrAB, genes cding for components of
nucleotide excision repaiSancar, 1996Yesulted in hypersensitivity to MMC (Fig S1). These
data, together with the initial observation of gext DNA damage sensitivitgnd suppression of
the sensitivity withoss ofyneA function suggesthatDdcA participatesn regulatingthe DNA
damage cheekpoint protein YneA.

DdcA functions independent of DNA damage checkpoint recovery proteases

Basedon the'observation that sensitivity to DNA damage in a AddcA mutant was rescued by
deletion ofyneA, similar to our observations with the checkpoint recovery proteases (Burby et
al., 2018), weshypothesized that DdcA could function within the checkpoint reqoneEgss

For example, DdcA could inhib&tpA and/or DdcP activityTo test thiSdea we generated

double mutant strains of AddcA with ActpA or AddcP. If DdcA functions together with CtpA or
DdcP we would expect that the double mutant would have the same phenotype as the single
mutant. In'contrast, we observed that deletioddoA in actpA or ddcP mutant resulted in
increased sensitivity to MMQ~(g 2A). These results support the hypothesis that DdcA does not
function with'the proteases in checkpoint recovénytest thisdeafurther, wedetemined the

effect of deletion ofldcA in aAddcP, ActpA double mutant on MMC sensitivity. We found that
deletion_ofddcA resulted in increased MMC sensitivity relative to the double protease swutant
(Fig 2B), suggesting that DdcA functions independently of lmtbPand CtpA. We then asked

if yneA was responbsie for the phenotype of AddcA in the absence diie checkpoint recovery
proteasesStrikingly, we found that the sensitivity of the triple mutant was mostly dependent on
yneA, but atelevated concentrations of MMC, there was a slight but reproducikle oldé
whenddcA was deleted in thaddcP, ActpA, AyneA:1oxP mutant background (Fig 2B). Taken
together, these data suggest that DdcA regulation of the checkpoint is indepeniaent of t
recovery proteasefurther because thddcA phenotype is dependent pmeA we suggest that

DdcA negativelyregulates the checkpoint enforcement protein YneA.

Im-our previous study we found that the checkpoint recovery proteases could substitute
for each othe(Burby et al., 2018). fAereforeto more firmly establish when DdcA regulates
checkpoint weaskedf DdcA couldreplacethe checkpoint recovery proteases or if the proteases
could function in place of DdcA. To test thikea we overexpressedticP andctpA in a AddcA
mutant and found that neither protease could resddefadeletion phenotypé-ig 3A). We
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170 also found that expressionddcA in the double protease mutant could not resca®MC

171 sensitive phenotyp@-ig 3B). Further, expression aicP or ctpA were each able to partially
172 complement the phenotype of the triple mutant, but expressiatcAfhad no effect at higher
173 concentrationef MMC (Fig 3B). As a control, v verified that overexpression aldcA using

174  high levels ofxylose (0.5% xylose) could complement a AddcA mutant (Fig S We also found
175 that at lower concentrations of MMExpression ofidcA could rescue thddcA deficiency of
176 the triple mutantesulting in a phenotype indistinguishable from the double protease rfkitant
177 3C). Given'that'DdcA cannot substitute fddcPand CtpA, we hypothesized that DdcA would
178 not affectYneA protein leveldollowing DNA damage. We tested this by monitoring YneA
179 protein levelssfellowing MMC treatment and after recovering from MMC treatment for two
180 hours. Deletion ofldcA alone did not result in a detectable difference in YneA protein levels
181 compared to WT (Fig §3Further, deligon of ddcA in the double protease mutant also did not
182 result in an increase in YneA protein levedative to the double protease mutant widicA

183 intact (Fig'S). With these datave concludethatDdcA does not regulate YneA protein

184 abundance:
185 ddcA deletionresults in sensitivity to yneA overexpresson independent of YneA stability

186 Prior work-established that overexpressiograA resulted in growth inhibitio(Kawai et al.,

187 2003; Mo & Burkholder, 2010). Previdys we demonstratethat the doubleheckpoint

188 recoveryprotease mutant waensiderablymore sensitivéhan theWT strainor the single

189 checkpointsprotease mutantsyneA overexpression (Burby et al., 2018)jven that treatment

190 with DNA damage has cellular consequences in addition to expressin@toive wanted to

191 test whetheoverexpression ofneA was sufficient for enhanced growth inhibition i ibsence
192 of ddcA. Indeed we found that the AddcA mutant was more sensitive fIoeA overexpression

193 than WT(Eig4A), and thatleletion ofddcA in the double protease mutant background resulted
194 in even greatesensitivity toyneA overexpressiothan the double mutant or each single mutant
195 (Fig 4A, (Burby et al., 2018) Therefore, we asked whether YneA protein levels changed under
196 these conditins, and again there was no detectable difference ddvénwvas deleted alone ar
197 combinationwith thedouble protease mutant (Fi@¥ We alsoconsidered the possibilithat

198 DdcA could affect the stability of YneA rather than the overall amounte3tahisidea,we

199 performed a translation shut-off experiment and monitored YneA stability oveMime.
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200 induced expression gheA in the double protease mutant with and withdddA and blocked
201 translation. We found that YneA protein abundatheereasedt a similar rate regardless of
202 whetherddcA was present (FigC). We conclude that DdcA negatively regulates YneA
203 independent of protein stability.

204

205 DdcA istamrintracellular protein and DdcP and CtpAare membrane anchored with
206 extracellularprotease donains

207 The observation that DdcA and the checkpoint recovery proteases have distinohulectius
208 to ask where these proteins are located within theadiktermine if there are spatial constraints
209 on their regulation of the DNA damage checkpoint. YneA is a membrane protein with the
210 majority of.theprotein located extracellula(Mo & Burkholder, 2010)We hypothesized that
211 proteases'DdcBnd CtpA should be similarlpcalizedsince YneA is a direct substrgurby

212 etal., 2018)We used the transmembragmediction software TMHMMKrogh, Larsson, von

213 Heijne, & Sonnhammer, 2001) and found that datdlcPand CtpA were predicted to have an N-
214 terminaltransmembrane domain, as reported previously (Tjalsma, Bolhuis, Jongibtoe& B
215 van Dijl, 2000):We tested this prediction directly using a subcellular fractionation @dssay

216 Wu & Erringtony 1997). We found thBtdcPand CtpA were present predominantly in the

217 memlbrane fraction (Fig 5A)DdcPis predicted to have a signal peptide cleavage site (Tjalsma et
218 al., 2000),"however, we did not det&xdcPin the media (Fig 5A), suggesting thlxdcPis

219 membrane anchored and not secreié@ membrane topology &fdcPand CtpA could put the
220 protease domains inside or outside of the cell (Fig SBiiefermine their locatiowe used a

221 protease sensitivity assélyig 5B; Wilson, Carlson, Janes, & Hanna, 20I3)lls were treated
222  with lysozymeyfollowed by incubation with proteinase K. We found BidtPand CtpA were
223 digested by proteinase K, hiimiat the intracellular proteiDnaN was not (Fig 5C). In control

224  reactions we added Triton X-100 to disrupt the plasma membrane, which rentéreskal

225 proteins'susceptible to proteinase K (Fig 5C). To verify that theridinal transmembrane

226 domain is required fdddcPand CtpA tdbe extracellular we cread Nterminal truncations (Fig
227 5D), and repeated the proteinase K sensitivity assay. With these vadido®and CtpA should
228 be locked inside the cell, and indeed, botteNminal truncations were now resistant to

229 proteinase K snilar to DnaN (Fig 5E). We conclude tHatlcPand CtpA are tethered to the
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plasma membrane throughtBrminal transmembrane domains and their protease domains are

extracellular (FighB, left panel).

YneA has a transmembrane domain and has previously been shown to be localized to the
plasma membran@lo & Burkholder, 2010), and we now show that DdcP and CtpA are
membrang anchored as wdlb better understand how DdcA limits YneA activity, we asked
where DdcAis located We were unable to finDdcA detected imny previougproteomic
experimentghat interrogatedytosolicor extracellular proteingButtner et al., 2001; Eymann et
al., 2004, Hirose et al., 200(lso, the secretome &. subtiliswas analyzedsing
bioinformatiesanddid not report DdcA as a secreted prof@ijalsma et al., 2000). Therefore,
we usedseveral programs to predict the subcellular location of D@=hdtsen, Kiemer,

Fausboll, &Brunak, 2005; Hofmann, 1993; Krogh et al., 2001; Yu et al., 2010), all of which
suggested.that‘DdcA is cytosolic.

In order toexperimentally determinghe location of DAcA, we generated GFP fusions to
the N-and.Gtermini of DdcA. We tested whether GIERICA and DdcAGFP were functional
by assaying forthe ability to congrhent addcA deletion. We found that GFPdcA was abléo
complement a@ldcA deletion in the presence or absence of xylose for induced exprésgion
6A), similarto that observed with untagged Dd@Ag 1). In contrastDdcA-GFP was partially
functional,because complete complementation waly observed when expressiondoltA-gfp
was induced using xylose, but not in the absence of xylose (FigA8A9 control we asked if we
could deteetfree GFP via Western blotting using GFP specific antiserardid/ot detect the
fusion proteins‘in lysates if expression was not induced using xylose. We found that both DdcA
fusions weraletectable at their appximate molecular weight of 67.6 kDa when induced with
0.05% xylose (Fig 6B), though we did see that ther@iinal fusion had a slight increase in
mobility (Figure 6B, arrowhead). Importantly, we did not detesigaificantband near 25 kDa,
the approximate size of GFP (Fig 6B), suggesting that GFP is not cleaved from\ibeldal
detect a veryfainproteolytic fragmenfFig 6B, arrow) thaseemed t@ccurduring the lysis
procedureAfter establishing the functionality and integrity of the GB&cA fuson we chose to

visualize DdcA localizationia fluorescence microscopy.

To compare the background fluorescencB.@ubtilis cells, we imagedVT (PY79) cells

under the same conditions as the GFP-DdcA fusion strain. We found a low level of background
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fluorescence in WT cells, and when a line scan of fluorescence intensity through a cell was
plotted there was a very slight increase in signal intensity in the span behe@aorescent
membrane peaks (Fig 6C). The GFP-DdcA fusion was detectable throtiglhaetl at very low
levels in the absence of xylose induction, with the intensity being slightly gteateWT cells
(Fig 6C). We.then imaged cells under conditions in wigiphddcA expression was induced with
0.05% xylose. This experiment shothgt GFRDdcA was found throughout the cytosol, and the
scan of'fluerescence intensity wagnificantly greater than WT (Fig 6C). We observed that the
partially functional DdcA-GFP fusion was also present diffusely throughouytbsat (Fig

S3A). Finally, we tested DdcA localization using subcellular fractionatMmfound that GFP-
DdcA was_ detectable in the membrane and cytosolic fractions (Figa®D)similar results were
obtained with DAdcASFP (Fig S4B)As controls, we found th&@dcP wadound in the

membrane fraction and not the cytosolic fraction (Fig 6D), and a peasting protein detected
by our GFP _antiserum was found in the cytosol and not the membrane fractions (Fig 6D). Taken
together, DAcA appears to be an intracellular protein shatimarily located in the cytosol with
some molecules localizeéd the membrane. Importantly we now show that DdcA and the
checkpointirecovery proteases are separated in space by the plasma metabranstrating

that YneAsregulators are present in tiygosol (DdcA) andn the extracellular spad¢®dcP and
CtpA). Further, the demonstration of DAcA occupying a different subcellular locedion¥dcP
and CtpA explaingheir distinct rolesn regulating YneA.

YneA-dependentcell elongationis enhanced incells lacking DdcA and the recovery

proteases.

DdcA appears to regulate YneA activindependent of protein abundance atability. We

initially hypothesized that DdcA could interatitectly with YneA to inhibit its activity To test

this hypothesisye assayed for a proteprotein interaction using a bacterial tlgbrid, butdid
notdetect an interaction (Fig S3)\/e thenaskedwhether DdcA affected the localization of

YneA, hypothesizing that DdcA could prevent YneA from reaching the plasma membrane. To
address thisiquestipwe built a strain in which GFP was fused to the N-terminus of YneA, and
placedgfp-yneA under the control of the xylose-inducible promdgr. We expressed both

YneA and GFP-YneA in strains lackinigicA, the checkpointecovery proteaseser the triple
mutant and found that GFPaeA is able to inhibit growth to a similar extent as YneA (Fig 7A),
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290 suggesting that the GFP fusion is functional. We visualized GFP-YneA followingtimwludth

291 0.1% xylose for 30 minutes. We found ti&EP-YneA localized to the migell, while also

292 demonstrating diffuse intracellular fluorescelegy 7B), whichwe suggest ifree GFP

293 generated by the checkpoint recovery proteaftes YneA cleavageDeletion ofddcA alonedid

294 notaffect GERYneA localization with both WT and AddcA strains having similamid-cell

295 localization frequencie@=ig 7B). The absence of both checkpoint recovery proteases resulted in

296 puncta throughout the plasma membrane (Fig 7B).

297 Intriguingly, deletion ofddcA in addition to the checkpoint recovery proteases resulted in
298 severe cellFelongatiomowever GFRYneA localization was not affectgérig 7B). The

299 difference in/cell length was quantified by measuring the cell length of at least 600 cells

300 following grewth in the presence of 0.1% xylose for 30 minutes. The cell length distributions of
301 strains lackingddcA or ddcP andctpA weresimilar tothe WTcontrol (Fig 7C). The distribution
302 for the strain lackingldcA, ddcP, andctpA had a significant skew to the rightlicatinggreater

303 cell lengths (Fig 7C). The percentage of cells greater than 5 um in length was approximately

304 22% for the triple mutant and significantly greater than the other three strains in which

305 approximately.1% of cells were greater than 5 um (Table 1). As a control, we determined the cell
306 length distributions prior to xylose addition and fotidfour straingo have similar cell length

307 distributionsiinithe absence of xylose (Fig A)th these data, conclude that DdcA prevents
308 YneA from inhibiting cell division.

309 Discussion
310 A model for. DNA damage checkpoint activation and recovery

311 The DNA damage checkpoint in bacteria was discovered through seminal worEusificas a
312 model organism (Friedberg et al., 2006). An undegyassumption in the modetsthat the

313 input signal of RecA coated ssDNad the affinity of LexA for its binding siis sufficient to

314 control the rate of cell division in response to DNA damage. A finding that theangieotein,

315 DnaA, controls théranscription oftsL, and as a result the rate of cell division, in response to
316 replication stress, gave a hint that coordination of cell division and DNA&a&ph may be

317 more complex (Goranov et al., 2005). Here, we elaborate on the complexity of regulating cell

318 division in response to DNA damage by uncovering a DNA damage checkpoint antagonist,
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319 DdcA (Fig 8). In response to DNA damage, the repressor LexA is inactivated, whidh nmesul
320 expression oyneA. Accumulation of YneA must saturate two proteases, DdcP and CtpA, and
321 overcome DdcA-dependemthibition in order toblock cell division.We previously reported that
322 DdcP and CtpA are not induced by DNA damage (Burby et al., 28&8)a previous styd

323 reported that.transcripts dficA, ddcP, andctpA are not induced by DNA damage or inhibition
324 of DNA replication(Goranov et al., 2006Yhus, we model all three proteins functioning to set a
325 threshold of*YneA required for checkpoint activation with DdcA located in the cytoddddcP
326 and CtpA protease domains located extracellularly. These regulators require that YneA

327 expression overcomesgtosolic regulator and then two extracellular reguldbefere the

328 checkpoint:can,be activatetifter the checkpoint is establishddINA repair occurs anthe

329 integrity ofthesDNA is restorethe SOS responsetisrned off LexA repressegneA expressia,
330 and the checkpoint recovery proteases degrade the remaining Mmegenetic experiments

331 attempting to substitute the checkpoint proteases for DAcA and vice versa sttaygggt that

332 DdcA does,.not function in the checkpoint recovery process (Fig 3). Together, our results uncove
333 aunique strategy in regulatindbacteriaDNA damage checkpoint by identifying a proteolysis
334 independent mechanism sétting a threshold for DNA damage checkpaitivation

335 How does DdEA inhibit YneA?

336  Our results are mostupportive of DACA acting as an antagonist to YneA, rather than functioning
337 in checkpoint recovery. Two lines of evidence support this model. First, DdcA dodtenbt a

338 YneA proteintlevelsstability, or localization(Figs S3 & 4). Second, if DdcA was involved in

339 checkpointireeovery, we would predict that expression of one of the checkpoint proteases woul
340 be able to compensate for deletiorddfA. Instead, we found that the checkpoint recovery

341 proteases. and DdcA cannot replace edbbrqFig 3). As a result, we hypothesizbdt DdcA

342 acts by preventing YneA from accessing its target. We tested for an interaction between YneA
343 and DdcA using a bacterial two-hybrid assay and we were unable to identify an ionenattt

344  full length ora'cytoplasmic “locked” YneA mutant lacking its transmembrane domain (Fig S5).
345 We also ruled,out the hypothesis that DdcA affects the subcellular localizdty neA using a

346 GFRYneA fusion, which had similar localization patterns with and witllolaA (Fig 7B).

347 Taken together, all these resudtgpport a model whei@dcA prevents YneA from inhibiting
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cell division, which could occur through preventing access to the target of YneAwoghhan

indirect mechanism

The YneA target that results in the inhibit of cell division is unknown. YneA is a
membranesbound cell division inhibitor. This class of inhibitor in bacteria iségpifs being a
small protein that contains antrminal transmembrane domain, and they have been identified
in several specig8ojer et al., 2018; Chauhan et al., 2006; Kawai et al., 2003; Modell et al.,
2011; Modell et al., 2014; Ogino et al., 2008)Cawul obacter crescentus, the cell division
inhibitors SidAwand DidA inhibit the activity of FtsW/N, which are components oflivisome.
A recent study ir8taphylococcus aureus identified a small membrane division inhibitor, SosA,
and its target appears to be PBP1 (Bojer et al., 2018), which is involved in peptidioglyc
synthesis at.the septui@laessen et al., 2008; Scheffers & Errington, 20043 tempting to
speculate that-YneA could target an essential component of the cell divisshmerg, in
particularbecause previous work found a conserved face of the transmembrane donveas that
required for activityMo & Burkholder, 2010)Prior studies ofC. crescentus andS. aureus were
able to detect interactions between the cell division inhibitors and their targets using the bacterial
two-hybrid.assayBojer et al, 2018; Modell et al., 2011; Modell et al., 2014)e Wasoned that
we might be able to identify an interacting partner of YneA or DdcA using this appivac
used DdcAand'YneA in a bacterial two-hybrid assay using several proteins involved in cell
division and cell wall synthesisnany of which had phenotypes in our previouss&g-genetic
screengBurby et al., 2018)but we were unable to identify a positive interaction (data not
shown).Still, there are fundamental differences between YneA and otéetbrane boundell
division inhibitors. YneA has two major predicted features: @erinal transmembrane
domain,and.a C-terminal LysM domain, and both have been found to be required for full activity
(Mo & Burkholder, 2010). The other cell division inhibitors SidA, DidA, and SosA do not have a
LysM domain (Bojer et al., 2018; Modell et al., 2011; Modell et al., 2014). LysM domains bind
to peptidoglycan (PG) and many proteins containing LysM domains have cell wall hgdrolas
activity (Buist, Steen, Kok, & Kuipers, 2008). Thus, another possibility is that YneA acts directly
on the cell wall'to inhibit cell divisiomstead of or in addition to targeting a membrane protein.

Intriguingly, the cell division inhibitor oMycobacterium tuberculosis, Rv2719c, also
contains a LysM domain and was shown to have cell wall hydrolase autivityo (Chauhan et
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al., 2006). The localization of GFPeA is also similar t@revious reports of fluorescent
vancomycin labeling afiascent peptidoglycan synthe@tsg 7B; Daniel & Errington, 2003;

Tiyanont et al., 2006). The difficulty with the model of targeting welll synthesis directly is

that it is not clear how DdcA would prevent YneA activity given that these proterseparated

by the plasma.membrane. One explanation is that DdcA directly or indirecttysatie folding

of YneA as.it is'transported acsohe membrane, resulting in a form of YneA that is not
competentforPG binding. DdcA contains a TPR domain and proteins containing TPR domains
have beenfound to have chaperone actasityf act as cohaperones (Smith, 2004)is

intriguing thatddcA is just upstream ahe chaperontigger factor {ig) in theB. subtilis

genome, andsthis organization is conserved in some bacterial species.
Negative regulation ¢ YneA occurs through three distinct mechanisms

The checkpoint recovery proteases and DdcA utilize multiple strategies td ing#.

Although both DdcP and CtpA degrade YneA, they are very different proteases. DdcP has a Lon
peptidase domain and a PDZ domain, whereas CtpA has an S41 peptidase domain and a PDZ
domain. The'PDZ domains of DdcP and CtpA have different funationso and show

homology-to different classes of PDZ domains found in proteage<ahi (Fig. S6, see
supportingresults). Thus, it appears that the proteases utilize different strategies to degrade
YneA. DdcA is unique, because it acts as an antagonist without affecting piiaaaace,

stability, or.localization. Also, DdcA appears to function prior to checkpatablishment and

not in recovery, whereas the proteases perform both functions. Together, DdcA, Ddcipsand C
provide a buffer to expression of YneA, thereby setting a threstidddeA for checkpoint

enforcement.

The-discovery of a specific DNA damage checkpoint antagonist brings the total known
proteins to negatively regulate YneA to three, which begs the question: why ismgjtegpsotein
sufficient? One_explanation is that the process can be fine-tunedliBypgtseveral proteins,
the process has more nodes for regulation, which is advantageous at IBasibtlis. A
second explanation is that this strategy evolved in response to more efficiknepa&ir. The
SOSregulon is highly conserved in bacteria andtiietcheckpoint strategies vary significantly
(Erill et al., 2007) If an organism evolves a more efficient DNA repair systemhich DNA

repair could be completed fastére same level of checkpoint protein will no longer be required,
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becausehe checkpoint would delay cell division longer than necessary to cor&eepair.
This could be the explanation for the highly divergent nature of cell division inlsiliitor

bacteria as well as the explanation for the complex control over YneA fohduhtilis.

Materialsrand=Methods

Bacteriologicaliand molecular methods

All B. subtilis strains are derivatives of PYT9oungman, Perkins, & Losick, 1984nd are

listed in Tables2. Construction of individual strains is detailed in the supporting metsiaods
double cross=over recombination or CRISPR/Cas9 genome editing as previously described
(Burby & Simmons, 2017; Burby et al., 201B).subtilis strains were grown in LB (10 g/L

NacCl, 10 g/k.tryptone, 5 g/L yeast extract) osShedia[1x S7s salts (diluted from 10x $¢

salts: 104,7g/LMOPS, 13.2 g/L, ammonium sulfate, 6.8 g/L monobasic potassium phosphate,
pH 7.0 adjusted with potassium hydroxide), 1x metals (diluted from 100x metals: 0.2 M,MgCl
70 mM CaC4, 5 mM MnCk, 0.1 mM ZnC}, 100 pg/mL thiamine-HCI, 2 mM HCI,0.5 mM

FeCk), 0.1% potassium glutamate, 40 ug/mL phenylalanine, 40 pg/mL tryptophan] containing
either 2% glucose or 1% arabinose as indicated in each method. Plasmids usetlitythies
listed in Table*S1. Individual plasmids were constructed uSibgon assembly as described
previously=«(Burby et al., 2018; Gibson, 2011). The details of plasmid construtidescribed

in the supporting methods. Oligonucleotides used in this study are listed in Table SZeand we
obtained from Integrated DNA technologies (IDT). Antibiotics for selectidh subtilis were

used at the following concentrations: 100 pg/mL spectinomycin, 5 ug/mL chloramphenicol, and

0.5 pg/mL erythromycin. Antibiotics used for selection in Escherichia coli were used at the
following cencentrations: 100 pg/mL spectinomycin, 100 pg/mL ampicillin, and 50 pg/mL
kanamyein=Mitomycin C (Fisher bioreagents) and phleomycin (Sigma) were used at the

concentrations indicated in the figures and legends.
Spot titer assays

Spot titer assays were performed as previously described (Burby et al., R0a®y, B. subtilis
strains were grown on an LB agar plate at 30°C overnight and a single colony was used to
inoculate a liquid LB culture. The cultures were grown at 37°C to agpd@Btween 0.5 and 1.
Cultures were normalized to an @@= 0.5, and serial dilutions were spotted on to LB agar
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437 media containing the drugs as indicated in the figures. Plates were grown at 30°Gho\@6ai
438 20 hours). Al spot titer assays were performed at least twice.

439 Western blotting

440 Western blotting experiments for YneA were performed essentially as deq@ibbg et al.,

441 2018) Briefly, for the MMC recovery assay, samples of ansgB 10 were harvested via

442  centrifugationrand washed twice with 1x PBS pH 7.4 andhsgended in 400 pL of sonication

443  buffer (50'mM-Tris, pH 8.0, 10 mM EDTA, 20% glycerol, 2x Roche protease inhibitors, and 5
444 mM PMSE) and lysed via sonication. SDS sample buffer was added to 2x and samples (10 pL)

445 were incubated at 100°C and separated using 10% SDS-PAGE (DnaN) or 16.9%Cies-

446 SDSPAGE«(YneA). Proteins were transferred to a nitradeie membrane using the BioRad

447 transblotturbo following the manufacturer’s instructions. Membranes were blocked in 5% milk
448 in TBST for 1 hour at room temperature. Membranes were incubated with YneA antiserum at a
449  1:3000 dilution in 2% milk in TBST for two hours at room temperature or at 4°C overnight.

450 Membraneswere washed three times with TBST for five minutes each and secondary antibodies
451 (LiCor goat:antiRabbit-680LT; 1:15000) were added and incubated for one hour at room

452 temperature. Membranes were washed three times with TBST for five minutes each. Images of
453 membranes'were captured using the LiCor Odyssey.

454 For overexpression of YneA, cultures of LB were inoculated at agd30.05 and

455  incubatedat30°C until an QB of about 0.2 (about 90 minutes). Xylose was added to 0.1% and
456 cultures were incubated at 30°C for 2 hours. Samples of ap@R25 were harvested and re-

457  suspended in 500 pL sonication buffer as above. All subsequent steps were performed as

458 described above.

459 For GFRDdcA and DdcAGFP, samles of an Olgy = 1 were harvested from LB +

460 0.05% xylose cultures via centrifugation and washed twice with 1x PBS pH 7.4. Samples were
461 re-suspendedqan 100 uL 1x SMM buffer (0.5 M sucrose, 0.02 M maleic acid, 0.02 M MgCls,

462 adjusted towpH 6.5) containing 1 mg/mL lysozyme and 2x Roche protease inhibitors. Samples
463 were incubated at room temperature for one hour and SDS sample buffer was added to 1x and
464  incubated at 100°C for 7 minutes. Samples (10 pL) were separated via 10% or 4-20% SDS
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PAGE. All subsequertdteps were as described above, except GFP antisera (lee236@s
used at a 1:5000 dilution at 4°C overnight.

YneA stability assay

Cultures of LB were inoculated at an @p= 0.05 and incubated at 30°C until an §f»f

about 0.2 (about 90 minutes). Xylose was added to 0.1% and cultures were incubated at 30°C for
2 hours. To'stop'translation, erythromycin was added to 50 ug/mL and samples (ODgoo = 10)

were taken‘at'0; 60, 120, and 180 minutes (the strains for this experiment contain the
chloramphenicoatesistant geneat, which prevents chloramphenicol from being used). Western
blotting was performed as described above.

Subcellular.fractionation

Fractionation experiments were performed as described previauslyWu & Errington, 1997).
A cell pellet equivalent to 1 mL Odgy = 1 was harvested via centrifugation (10,0d0r 5
minutes atgr@enfemperature), and washed with 250 uLL 1x PBS. Protoplasts were generated by
resuspension =100 pL. 1x SMM buffer (0.5 M sucrose, 0.02 M maleic acid, 0.02 M MgCly,
adjustedto pH 6.5) containing 1 mg/mL lysozyme and 1x Roche protease inhibitors at room
temperaturefor 2 hours. Protoplasts were pelleted via centrifugation: §f00® minutes at
room temperature. Protoplasts weraugpended in 100 uL TM buffer (20 mM Tris, pH 8.0, 5
mM MgCI53, 40 units/mL DNase I (NEB), 200 pg/mL RNase A (Sigma), 0.5 mM CaCl,, and 1x
Roche protease inhibitors) and left at room temperature for 30 minutes. Ti@ane fraction
was pelleted,via centrifugation: 20,89®r 30 minutes at 4°C. The cytosolic fraction
(supernatant) was transferred to a new tube and placed @mitthe pellet was washed with
100 pL of TM buffer and pelleted via centrifugation as above. The supernatant was discarded

and the pellet was t@ispended in 120 pL of 1x SDS dye. SDS loading dye was added to 1x to

the cytosolic fraction and 12 uL of each fraction were used for Western blot analysis.

Culturegsupernatant protein precipitation

Culture supernatants were concentrated by TCA precipitation as descelbealigly with minor
modifications(Link & LaBaer, 2011). A culture was grown at 30°C utDgoo about 1, and the

cells were pelleted via centrifugation: 7,09fbr 10 minutes at room temperature. The culture
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supernatant (30 mL) was filtered using a 0.22 pm filter and placed on ice. Proteins were

precipitated by addition of 6 mL ice-cold 100% TCA (6.1N), and left on ice for 30 minutes.
Precipitated proteins were pelleted via centrifugation: 18,000 rpm (Sorvad 8or) for 30
minutes at 4°C._Pellets were washed with 1 mkciolel acetone and pelleted again via
centrifugation:,20,00@ for 15 minutes at 4°C. The supernatant was discarded, and the residual
acetone was evaporated by placing tubes in 100°C heat blocRforidutes. Protein pellets

were resuspended in 120 pL. 6x SDS-loading dye and 12 pLL were used in Western blot analysis.
Proteinase/K sensitivity assay

Proteinase.K.sensitivity assays were performed similar to previous r@égavisre &
Schneewind, 1994; Wilson et al., 2012&)cell pellet from 0.5 mL Ol = 1 equivalent was
harvested and washed as in “subcellular fractionation.” Protoplasts were generated by
resuspension in 36 uL. 1x SMM buffer (0.5 M sucrose, 0.02 M maleic acid, 0.02 M Mgg|
adjusted to'pH 6.5) containing 1 mg/mL lysozyme at room temperature for 1 hour. Either 9 uL. of
1x SMM buffersor 0.5 mg/mL proteinase K (dissolved in 1x SMM buffer) was added (final
proteinase K concentration of 100 pg/mL) and incubated at 37°C for the time indicated in the
figures. Reactions were stopped by the addition of 5 pL. 50 mM PMSF (final concentration of 5
mM) and 25iL 6x SDS-dye (final concentration of 2x). For Western blot analysis, 12 pL. were

used.
Microscopy

Strains weresgtown on LB agar plates containing 5 pg/mL chloramphenicol at 30°C overnight.

For GFRDdCA and DdcAGFP, LB agar plates were washed witkS#edia containing 1%
arabinose_and cultures of sgedia containing 1% arabinose and 0.05% xylose were inoculated
at an ORw.=0.1 and incubated at 30°C until an §#of about 0.4. Samples were taken and
incubated with 2/ng/mL FM4-64 for 5 minutes and transferred to pads of 1x Spizizen salts and
1% agarosesimages were captured with an Olympus BX61 microscope using 250 ms and 1000
ms exposure times for FM84 (membranes) and GFP, respectively. The brightness and contrast
were adjusted for FM4-64 images with adjustments applied to the entire images ®ith

GFRYneA were grown on LB agar plates containb pg/mL chloramphenicol overnight at

30°C. Plates were washed withsghinimal media containing 1% arabinose and cultures started
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522 at an ORgo = 0.1. Cultures were grown at 30°C until an §ff about 0.3 and xylose was
523 added to 0.1%. Cultures were grown for 30 minutes at 30°C and imaged as fOdGA&R«th
524  exposure times of 300 ms for FM4-64 and 500 ms for GFP.
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Tables

Table 1 Over-expression of GFPYneA results in a significant increase in cells greater than
5 pum in length in cells lacking ddcP, ctpA, and ddcA. Data are from expression of GFfheA
using 0.1% xylose for 30 minutes. The mean cell length * the standard deviatiom isTi&te
percent of cellssgreater than 5 um (number/total cells scored), with the p-value from a twdailed

z-test are listed.

No Xylose 0.1% Xylose
. Cell length | Cell length
Strain Genotype % >5 pm p-value
(mean + sd)| (mean * sd)
PEB876 E:Pyyi-gfp-yneA 1992051 2.91+0.75 0.84% N/A
amyE ::P-gfp-yn 91 +0.
YEFutOIRY (n = 685) (6/717)
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723

724

I AddcA, amyE:P,,-ofp- | 2.48 £0.73 286 +0.85 1.16% 0.55
yneA (n=672) (7/601)
PER8SS AddcP, ActpA, 2.18 +0.60 249 +0.70 0.68% 0.73
amyE ::Pyy-gfp-yneA (n =690) (5/734)
— AddcP, ActpA, AddcA, 2.39+1.10 4.09 +2.09 22.4% <0.00001
amyE: Py, -gfp-yneA (n = 695) (159/711)
Table 2 Strainsiused in this study
Strain Genotype Reference
PY79 PY79 (Youngman et
al., 1984)
PEB309 AuvrAB This study
PEB324 AddcP (ylbL) (Burby et al.,
2018)
PEB355 AcCtpA (Burby et al.,
2018)
PEB357 AddcA (ysoA) (Burby et al.,
2018)
PEB433 AyneA::erm (Burby et al.,
2018)
PEB439 AyneA:1oxP (Burby et al.,
2018)
PEB495 AddcA, AyneA::erm This study
PEB497 AuvrAB, AddcA This study
PEB499 AddcP, AddcA This study
PEB503 AddcA, amyE P,y -ddcA This study
PEB555 AddcP, ActpA (Burby et al.,
2018)
PEB557 AddcP, ActpA, amyE:P,,-ddcP (Burby et al.,
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2018)

PEB561 AddcP, ActpA, AyneA:1oxP (Burby et al.,
2018)
PEB579 ACtpA, AddcA This study
PEB587 AddcA, AyneA::loxP This study
PEB619 AddcP, ActpA, amyE: P,y -CtpA (Burby et al.,
2018)
PEB639 AddcP, ActpA, AddcA This study
PEB643 AddcP, ActpA, AddcA, AyneA::1oxP This study
PEB719 AddcP, amyE:: Py,-ddcPATM This study
PEB772 ActpA, amyE: : Py -CtpAATM This study
PEB774 ddcPAPDZ This study
PEB776 CtpAAPDZ This study
PEB836 AddcA, amyE P, -ddcP This study
PEB837 AddcA, amyE Py, -CtpA This study
PEB838 AddcP, ActpA, amyE: P,y -ddcA This study
PEB839 AddcP, ActpA, AddcA, amyE ::Pyy-ddcP This study
PEB840 AddcP, ActpA, AddcA, amyE ::Pyy-ddcA This study
PEB841 AddcP, ActpA, AddcA, amyE ::Pyy-CtpA This study
PEB846 amyE:Py-yneA This study
PEB848 AddcA, amyE Py, -yneA This study
PEB850 AddcP, ActpA, amyE:Py,-yneA This study
PEB852 AddcP, ActpA, AddcA, amyE ::Pyy-yneA This study
PEB854 AddcA, amyE Py, -gfp-ddcA This study
PEBB856 AddcA, amyE Py -ddcA-gfp This study
PEB876 amyE:Py-gfp-yneA This study
PEB882 AddcA, amyE Py, -gfp-yneA This study
PEBB888 AddcP, ActpA, amyE::Pyy,-gfp-yneA This study
PEB894 AddcP, ActpA, AddcA, amyE ::Pyyi-gfp-yneA This study
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Figure Legends

Figure 1. Deletion ofddcA (ysoA) results in sensitivity to DNA damage. (AA schematic of
the DdcA protein. DdcA is predicted to have 334 amino acids and 3 tetratrichopeptais e¢pe
its N-terminusy(B) A spot titer assay in which exponentially growing cultureB.aubtilis

strains WII (PY79), AddcA (PEB357), and AddcA, amyE:P,,-ddcA (PEB503) were spotted on

the indicated media and incubated at 30°C overnight.

Figure 2. DdeAfunctions independent of thecheckpoint recovery proteases. (Appot titer
assay using. subtilis strains WT PY79), AddcA (PEB357), AddcP (PEB324), AddcA AddcP
(PEB499), ActpA (PEB355), and AddcA ActpA (PEB579) spotted on the indicated me@s).
Spot titer assay usirtg} subtilis strains WT (PY79), AddcA (PEB357), AddcP ActpA (PEB555),
AddcA AddcP ActpA (PEB639) AyneA:1oxP (PEB439), AddcA AyneA:1oxP (PEB587), AddcP
ActpA AyneA:10xP (PEB561), and AddcA AddcP ActpA AyneA:1oxP (PEB643) spotted on the

indicated media.

Figure 3. DACA cannot complement loss of checkpoint recovery proteases. (ot titer
assay usin@ssubtilis strains WT (PY79), AddcA (PEB357), AddcA amyE::P,y-ddcP (PEB836),
and AddcA amyE:-P,,-ctpA (PEB837) spotted on the indicated me@). Spot titer assay using
B. subtilisstrains' WT (PY79), AddcP ActpA (PEB555)AddcP, ActpA, amyE::Pyy-ddcA
(PEB838),AddcP, ActpA, amyE :P,,-ddcP (PEB557)AddcA AddcP ActpA (PEB639)AddcP,
ActpA, AddcA, amyE P, -ddcA (PEB840), AddcP, ActpA, AddcA, amyE:P,-ddcP (PEB839),
and AddcP, ActpA, AddcA, amyE ::Pyyi-ctpA (PEB841) spotted on the indicated me@d. Spot
titer assay.using. subtilis strains WT (PY79), AddcP ActpA (PEB555) AddcP, ActpA,
amyE : Pyy=ddeA«(PEB838) AddcA AddcP ActpA (PEB639)AddcP, ActpA, and AddcA,
amyE:-P,,=ddcA (PEB840) spotted on the indicated media.

Figure 4. Deletion ofddcA results in sensitivity toyneA overexpression independent of
YneA stability. (A) Spot titer testing the effect gheA overexpressiorB. subtilis strains WT
(PY79),amyE =R,y -yneA (PEB846), AddcA amyE P,y -yneA (PEB848) AddcP, ActpA,
amyE:P,,-yneA (PEB850), andddcA AddcP ActpA, amyE Py, -yneA (PEB852) were spotted
on LB agar media containing increasing concentrations of xylose to igdes@xpression(B)
A Western blot using antisera against YneA (Upper panels), or DnaN lowéusargB.
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subtilis strains WT (PY79)amyE:Pyy-yneA (PEB846), AddcA amyE::Py,-yneA (PEB848),

AddcP, ActpA, amyE::Py,-yneA (PEB850), andddcA AddcP ActpA, amyE :Pyyi-yneA

(PEB852) after growing in the presence of 0.1% xylose for two hours. The panel on the left
shows an increased exposure to see the faint bands of WT and AddcA. (C) A Western blot using
antisera against YneA (upper panel) or DnaN (lower panel). CulturaddoP, ActpA,

amyE Py, -yneA (PEB850) and\ddcA AddcP ActpA, amyE:P,,-yneA (PEB852) were grown as

in panel B, except at 0 hours erythromycin was added and samples were harvest every hour f

three hours.

Figure 5. DdeP and CtpA are membrane anchored with extracellular protease domains (A)
Subcellular fractionation followed by Western blot analysis of WT (PY79) lysates using DdcP
and CtpAantiserum (M, molecular weight standard, WCL, whole cell lysates; Media
precpitated-media proteins; Cyt, cytosolic fraction; Mem, membrane frac{BniCompeting
models for membrane topology of DdcP and CtpA tested with proteinase K sensitivity(@¥say.
Proteinase K sensitivity assay followed by Western blot detection of @pR, and DnaN

with antiserum. Samples were treated with lysozyme to generate protoplasts and incubated with
proteinasesK«for the indicated time (lane6)1or the samples were incubated with lysozyme and
Triton X-100 todisrupt the plasma membrane and incubated with proteinase K for the thdicate
time (lanes' 7). (D) Schematics depicting the DAcPATM (left) and CtpAATM (right) in which

the transmembrane domain was deletg)l Proteinase K sensitivity assay followed by Western
blot analysis of strains gressing DAcPATM (left, PEB719) or CtpAATM (right, PEB772)

performed as in panel C using a 2 hour incubation with proteinase K.

Figure 6. GFP-DdcA is an intracellular protein and is present in the cytosolic and
membrane fractions. (A)Spot titer assay ugyB. subtilis strains WT (PY79), AddcA
(PEB357),,AddcA amyE P,y -gfp-ddcA (PEB854), and AddcA amyE P,y -ddcA-gfp (PEB856)
spotted on.the.dndicated med{B) Western blot of cell extracts froB subtilis strains WT
(PY79), AddeA amyE Py, -gfp-ddcA (PEB854, and AddcA amyE Py, -ddcA-gfp (PEB856)

using antiserum against GFP. The arrowhead highlights the slightly increasdityrabbBidcA-
GFP, and the asterisk denotes a cressting species detected by the GFP antisefte.
smaller arrow indicates the eaqied migration of free GFRC) Micrographs from WT (PY79)
and AddcA amyE::P,y-gfp-ddcA (PEB854) cultures grown in §/minimal media containing 1%
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arabinose with (far left and right panels) or without (middle panels) 0.05% xyiusges in red

are the membrane stain FMd4, green are GFP fluorescence and the bottom images are a merge
of FM4-64 and GFP fluorescence. Tiwhite lines through cells in the images are a

representation of the line scans of fluorescence intensity generated in ImageJ and plotted below
the micrographs. Scale bar is 5 um. (D) Western blot of whole cell lysate (WCL), cytosolic

fraction (Cyt), and mebrane fraction (Mem) from AddcA amyE P, -gfp-ddcA (PEB854) cell
extracts'usingantisera against GFP (upper panel) or DdcP (lower panel). The asterisk denotes a

crossreacting species detected by the GFP antiserum.

Figure 7. DdeA'inhibits YneA activity (A) B. subtilis strainsamyE:P,y-yneA (PEB846),

AddcA amyE Py -yneA (PEB848) AddcP, ActpA, amyE:Py,-yneA (PEB850), and\ddcA

AddcP ActpAyamyE ::P,y-yneA (PEB852) amyE :Pyy-gfp-yneA (PEB876), AddcA amyE :Pyy-

gfp-yneA (PEB882) AddcP, ActpA, amyE::Pyy-gfp-yneA (PEB888), andddcA AddcP ActpA,
amyE: Py -gfp-yneA (PEB894) were struck onto LB or LB + 0.1% xylose and incubated at 30°C
overnight.(B) Micrographs from the indicated strains from Panel A, grown in minimal media

and treated with 0.1% xylose for 30 minutes. Green images are GFP fluorescence and red images
are FM464-membrane stain. The percentage of septal localization is shown for PEB876 (n=591)
and PEB882 (h=542). Theyalue of a twetailed ztest was 0.516C) Cell length distributions

of strains grown with (right) or without (left) 0.1% xylose. The number of cells unedgn) for

each condition is indicated.

Figure 8. DdcAuinhibits enforcement of the DNA damage checkpointA working model for
how DdcA inhibits the activity of YneA. DdcA prevents access to the targen@f Yhowever,
when the SOS response has been activated for a prolonged period of time, YneA is able to
overcome,DdcA dependent inhibition to prevent cell division. Following DNA repdir a
completion.0f.DNA replication the SOS response is turned off and the checkpoint yecover
proteases.degrade YneA allowing cell division to resume.
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