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In Brief

M€uller et al. demonstrate that the Pup-

proteasome gene locus harbors a

transcriptional activator, PafBC, acting as

the principal regulator of the

mycobacterial DNA damage response,

upregulating the majority of DNA repair

genes. During stress recovery, the Pup-

proteasome system removes DNA repair

proteins to return the cell to its normal

state.
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SUMMARY

Mycobacteria exhibit two DNA damage response
pathways: the LexA/RecA-dependent SOS response
and a LexA/RecA-independent pathway. Using a
combination of transcriptomics and genome-wide
binding site analysis, we demonstrate that PafBC
(proteasome accessory factor B and C), encoded in
the Pup-proteasome system (PPS) gene locus, is
the transcriptional regulator of the predominant
LexA/RecA-independent pathway. Comparison of
the resulting PafBC regulon with the DNA damage
response of Mycobacterium smegmatis reveals that
themajority of inducedDNA repair genes are upregu-
lated by PafBC. We further demonstrate that RecA, a
member of the PafBC regulon and principal regulator
of the SOS response, is degraded by the PPS when
DNA damage stress has been overcome. Our results
suggest amodel for the regulation of themycobacte-
rial DNA damage response that employs the
concerted action of PafBC as master transcriptional
activator and the PPS for removal of DNA repair
proteins to maintain a temporally controlled stress
response.

INTRODUCTION

The integrity of a cell’s genome is essential for survival and stable

proliferation. Therefore, all living organisms respond to DNA

damage by expressing genes that help repair or circumvent

the damage. Mycobacteria are frequently exposed to conditions

that can cause DNA damage (Namouchi et al., 2016; Singh,

2017). Mycobacterium tuberculosis (Mtb), one of the most suc-

cessful human pathogens, persists inside host macrophages,

the very cells forming the body’s first line of defense, with-

standing their defensive onslaught of reactive oxygen species

and nitrogen intermediates (Adams et al., 1997; MacMicking

et al., 1997).

Mycobacteria harbor multiple, partially redundant DNA repair

pathways, including base and nucleotide excision repair path-

ways (BER and NER), homologous recombination (HR), non-ho-
Cell
This is an open access article under the CC BY-N
mologous end joining (NHEJ), and single strand annealing (SSA)

(Singh, 2017). Mitomycin C (MMC), an agent commonly used to

establish DNA-damaging conditions in bacterial cultures

in vitro, is a natural antibiotic derived from Streptomyces caespi-

tosus. MMC is reduced by bacterial flavoreductases to a potent

bifunctional DNA-alkylating agent that forms monoadducts as

well as crosslinked adducts in complementary CpG sequences

by N-alkylating guanine nucleosides at the 2-amino group of

the base (Tomasz, 1995). The DNA modifications caused by

MMC lead to inhibition of DNA synthesis, double-strand breaks,

and mutagenesis (Dronkert and Kanaar, 2001). In response to

MMC-induced DNA damage, Mtb induces over 100 genes,

many of which are involved in DNA repair pathways (Rand

et al., 2003).

In E. coli and many other bacteria, DNA repair is regulated by

the LexA/RecA-dependent SOS response, where DNA repair

genes are repressed by binding of the repressor LexA to a

sequence preceding these genes referred to as ‘‘SOS box’’

(Shinagawa, 1996). Upon association with recombinase A

(RecA) filaments, formed in presence of single stranded DNA

(Galletto et al., 2006; Joo et al., 2006), LexA is autocatalytically

cleaved (Little et al., 1980), thereby derepressing DNA repair

genes. However, the vast majority of inducible DNA repair genes

in Mtb are induced independently of LexA/RecA, as among 112

genes consistently induced upon exposure to MMC, only 21

were regulated solely by LexA/RecA and could no longer be

upregulated in a recA-deficient strain (Rand et al., 2003).

Notably, recA itself is preceded by two promoters, the LexA/

RecA-dependent promoter and a RecA-independent promoter

termed RecA-NDp (Ahel et al., 2002; Brooks et al., 2001; Davis

et al., 2002; Gamulin et al., 2004; Movahedzadeh et al., 1997).

RecA-NDp precedes many of the DNA repair genes induced

independent of LexA/RecA and hence the DNA damage

response under control of RecA-NDp is referred to as ‘‘LexA/

RecA-independent pathway.’’ However, the responsible tran-

scriptional regulator and mode of regulation for this pathway

remained unclear. A study in mycobacteria suggests that the

Clp-gene regulator ClgR is involved in regulating the LexA/

RecA-independent pathway (Wang et al., 2011). However, this

notion is opposed by the observation that deletion of clgR

in Corynebacterium glutamicum does not affect the transcrip-

tional response to UV exposure or MMC stress (Engels et al.,

2005). Interestingly, we recently identified PafBC (proteasome
Reports 23, 3551–3564, June 19, 2018 ª 2018 The Author(s). 3551
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accessory factor B and C) as a transcriptional regulator that in-

duces recA via the LexA/RecA-independent promoter (Fudrini

Olivencia et al., 2017).

Inmycobacteria andmost other actinobacteria, PafBC is asso-

ciated with the Pup-proteasome system (PPS) gene locus that

encodes a ubiquitin-like tagging pathway and the proteasomal

degradation machinery (Festa et al., 2007; Fudrini Olivencia

et al., 2017). Mycobacterial PafBC is expressed from a single

operon together with PafA (proteasome accessory factor A), the

ligase that covalently attaches prokaryotic ubiquitin-like protein

(Pup) to lysine side chains of proteins in order to render them as

substrates for thebacterial proteasome (Pearceet al., 2008;Strie-

bel et al., 2009, 2014). ThePPSwasshown to support persistence

of Mtb insidemacrophages (Darwin, 2009; Gandotra et al., 2007).

Here, we define the genome-wide regulon of PafBC in Myco-

bacterium smegmatis by a combination of transcriptomics using

next-generation sequencing (RNA-seq) and co-immunoprecipi-

tation with PafBC-specific antibodies followed bymassively par-

allel DNA-sequencing (ChIP-seq). Our results establish PafBC as

the regulator of the LexA/RecA-independent DNA damage

response pathway. PafBC acts as a global activator, directly up-

regulating transcription of more than 140 genes in response to

MMC exposure, demonstrating that transcriptional activation is

a key DNA damage response mechanism in mycobacteria.

Furthermore, we provide a functional link to the PPS gene locus

by demonstrating that the PPS contributes to the recovery from

DNA stress by degradation of key DNA repair proteins as shown

on the example of RecA.

RESULTS

PafBC Acts as a Transcriptional Activator of a Large
Number of Genes under MMC Stress
We have recently identified PafBC as a transcriptional regulator

of the genes encoding RecA and UvrB and showed that PafBC

controls recA expression via the LexA/RecA-independent pro-

moter (Fudrini Olivencia et al., 2017). In order to investigate if

PafBC plays a wider role in the mycobacterial DNA damage

response, we used a combined transcriptomics and genomic

binding site-mapping approach. To identify the regions of the

Msm genome where PafBC binds under DNA stress, Msm cul-

tures were exposed to MMC. Subsequent crosslinking cova-

lently arrested PafBC at its DNA interaction sites. Excision

from genomic DNA followed by immunoprecipitation with anti-

PafBC antibodies allowed isolation of the genomic ensemble

of PafBC-DNA fragments. Only DNA specifically bound to

PafBC was enriched, because no DNA was obtained in ChIP-

seq experiments using either an unspecific rabbit IgG antibody

on wild-type Msm lysate or using the PafBC antibody on Msm

DpafBC lysate (Figure S1). Analysis of the co-immunoprecipi-

tated DNA fragments by next-generation sequencing (ChIP-

seq) revealed enrichment of those regions in the Msm genome

representing the PafBC binding sites (Figure 1, blue bars; Table

S1). A total of 127 peaks were called, most of which were

located in intergenic regions. The identified number of binding

sites supports a global role of PafBC as transcriptional regulator

under DNA stress conditions. In order to compare our finding to

a naturally occurring stressor, an additional ChIP-seq analysis
3552 Cell Reports 23, 3551–3564, June 19, 2018
was carried out with Msm cultures that were exposed to oxida-

tive stress (H2O2). Notably, the resulting peak pattern is very

similar to the one obtained under DNA damaging conditions

with 107 overlapping peaks (Figure S2). A likely explanation is

that MMC and H2O2 both modify nucleic acid bases (Imlay

and Linn, 1988; Tomasz, 1995), thus generating a similar stim-

ulus within the cell.

To assess the level and the activating or repressing nature of

the regulation by PafBC, we carried out whole transcriptome

next-generation sequencing (RNA-seq) on the Msm parent and

pafBC knockout strains grown under standard conditions or

MMC stress. Differentially expressed genes are shown as red

(decreased in DpafBC) or gray (increased in DpafBC) bars in Fig-

ure 1 (middle two circles, Table S2). Two observations can be

made: first, there are vastly more differentially expressed genes

under DNA stress conditions (165) than under standard condi-

tions (27) (see also Figure 2A), indicating PafBC is acting under

DNA damage stress; second, the overwhelming majority of

differentially expressed genes exhibit lower transcript levels in

absence of PafBC, clearly demonstrating that PafBC functions

as transcriptional activator.

GenesUpregulated by PafBCAreMainly Involved in DNA
Recombination and Repair
To assess the contribution of PafBC to the DNA damage

response of Msm, we compared the genes whose mRNA levels

were changed upon MMC stress exposure in the wild-type

versus the DpafBC strain. In the wild-type strain, 243 genes ex-

hibited changed mRNA levels in response to DNA-damaging

conditions, while the transcript levels of only 63 genes changed

in the pafBC knockout (Figure 2B; Table S2). These data point to

a central role of PafBC in the DNA damage response of Msm.

To analyze the context in which these genes function, we

compared Msm wild-type and Msm DpafBC transcriptomes un-

der MMC stress and functionally classified the differentially ex-

pressed genes according to the cluster of orthologous genes

(COG) data base (Figures 2C and 2D; Table S2) (Huerta-Cepas

et al., 2016; Tatusov et al., 1997). Occasionally, a gene was as-

signed to more than one functional category (COG class), ac-

counting for minor differences in the number of genes and class

assignments displayed in our graphs. Among the 165 genes

affected by deletion of pafBC, the largest group with a functional

connotation is represented by COG class L (35 genes identified),

coding for proteins involved in replication, recombination, and

repair. Normalizing the number of identified members of a

COG class with the total number of this class in the genome re-

vealed that functional class V is strongly enriched, followed by

class L (Figure 2D). Class V codes for proteins involved in de-

fense mechanisms such as restriction endonucleases or toxin-

antitoxin systems.

PafBC Regulates Its Target Genes through the
RecA-Independent Promoter Motif RecA-NDp
To determine the sequence specificity of PafBC binding, the

ChIP-seq enriched genomic regions were analyzed using the

MEME motif discovery algorithm (Bailey et al., 2009). Of 127

sequences submitted for motif analysis, 117were used by the al-

gorithm to build a 22 nt long motif (MEME logo 1) closely



Figure 1. Combined Genome-wide Tran-

scriptomics (RNA-Seq) and Co-immunopre-

cipitation of PafBC-Crosslinked DNA

Fragments (ChIP-Seq) Reveal a Role for

PafBC as a Transcriptional Activator under

MMC Stress

(A–C) Identified PafBC binding sites plotted on the

circular reference genome of Msm (blue bars,

outermost circle, shaded according to peak shape

score) with a p value < 0.005 (A), and differentially

expressed genes (decreased red/increased gray,

inner two circles) in the Msm DpafBC strain ex-

hibiting an absolute log2-fold change >1.5 and an

FDR-corrected p value < 0.001 under MMC stress

(B) or standard conditions (C). Color shades

correspond to the intensity of differential expres-

sion. Dots between circles (A) and (B) mark an

assignment of a PafBC binding site to a differen-

tially expressed gene within 300 bp distance.

(D) Functional classification of the dataset in (B)

according to COG. Color legend can be found in

Figures 2 and 4.

See also Figures S1 and S2 and Tables S1 and S2.
resembling the RecA-NDp motif (Gamulin et al., 2004) (Figures

3A, upper panel, and 3B). DREME, an algorithm scanning for

very short motifs, determined a 6 nt long motif (TGTCGG; Fig-

ure 3A, lower panel) corresponding to the beginning of MEME

logo 1. The identified motifs were tested for central enrichment

in the input sequences (Figure 3C). Assuming each binding site

of a transcriptional regulator targeted by ChIP represents the

single point of crosslinking, high clustering of motif positions

toward the center of the peak regions would be expected

(Bailey and Machanick, 2012). Interestingly, the positioning of

the PafBC binding motif (MEME logo 1) shows the highest

enrichment 10 nt away from the center while the DREME logo

is enriched at a distance of �20 nt from the center.

Additionally, the motif discovery algorithm identified the LexA

binding motif in a minority of the input sequences (15 of 127), but

without significant central enrichment (Figure 3D). This agrees

with previous studies, reporting that several genes of the DNA

damage response exhibit both a LexA motif (SOS box) and the

RecA-NDp motif in their promoter region (Gamulin et al., 2004),

and only a minority of the DNA repair genes in mycobacteria

are inducible via the canonical LexA/RecA pathway (Rand

et al., 2003).

Definition of the PafBC Regulon
Correlating the PafBC binding sites with the genes whose tran-

script levels differ between the pafBC knockout and wild-type
Cell R
strains, we can define the regulon for

PafBC under MMC stress. Because two

independent sources of information

(ChIP-seq and RNA-seq) were used, the

threshold of log2-fold changes for the

transcript levels can be lowered while

retaining high confidence. We therefore

assigned genes exhibiting an absolute

log2-fold change >0.8 (>1.74 fold change)
and a false discovery rate (FDR)-adjusted p value < 0.001 in the

DpafBCMMC versus wild-typeMMC comparison to the binding

sites identified in the ChIP-seq (p value < 0.005) within a distance

of 500 bp. Of 127 binding sites identified by ChIP-seq, 87 sites

could be assigned to a gene from the transcriptomics data

(8 sites received two assignments; 95 assignments in total;

40 sites unassigned). Unassigned sites are mostly located next

to genes not differentially expressed according to the applied

thresholds. Additionally, every gene located adjacent to an as-

signed gene in the same orientation and displaying differential

expression (>1.74 fold change; FDR-adjusted p value < 0.001)

was added to the putative operon, resulting in the addition of

56 putative operon members. The PafBC regulon therefore

comprises all genes and putative operons that are differentially

expressed between DpafBCMMC and wild-typeMMC and at the

same time feature an upstream PafBC binding site (Figure 4A,

purple circle; Table S3). Of the 152 genes (42 putative operons,

52 individually regulated genes) in the PafBC regulon, 150 genes

showed decreased transcript levels in the pafBC knockout under

MMC stress (compared to wild-type).

PafBC Activates More Than Half of All Genes
Upregulated in the MMC Stress Response
In order to assess the contribution of PafBC to the overall MMC

stress response in Msm, we compared the PafBC regulon to the

differentially expressed genes underMMCstress in thewild-type
eports 23, 3551–3564, June 19, 2018 3553
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Figure 2. Differentially Expressed Genes

Fall Mainly into the Functional Group of

‘‘Replication, Recombination, and Repair’’

(COG Class L)

(A and B) Only a small number of genes is differ-

entially expressed in the Msm DpafBC strain under

standard conditions (STD) compared to MMC

stress (A), while upregulation of DNA damage

response genes is greatly impaired in the Msm

DpafBC strain (B).

(C) Functional classes of the differentially ex-

pressed genes in the Msm DpafBC strain under

MMC stress (dataset DpafBCMMC in [A]) according

to COG comprise mainly genes classified as L

(‘‘replication, recombination, and repair’’). Log2-

fold change values of the individual members of

each functional class are depicted around the ring

chart (decreased outward, increased inward).

(D) Normalization of differentially expressed genes

to the total number of genes in the Msm genome

within each functional class reveals an over-

representation of classes L and V in the

DpafBCMMC dataset. Total counts in the panels

may differ because in a few cases a gene is as-

signed to more than one functional class in the

COG database.

See also Table S2.
strain (>1.74 fold change; FDR-adjusted p value < 0.001). The

mRNA levels of 262 genes were increased and the levels of

169 genes were decreased in the wild-type strain upon MMC

exposure (431 total; Figure 4A, gray circle). Notably, more than

half of the genes with increased levels in the MMC stress

response are regulated by PafBC (142 of 262 genes).

Functional categorization of the MMC stress response genes

according to the COG classification showed that of classes

with known function, class L, coding for proteins involved in

DNA replication, recombination, and repair, constitutes the

largest group (58 genes) with almost all members upregulated

(Figure 4B). On the other hand, the MMC stress response was

also found to decrease the transcript levels of a significant num-

ber of genes in other classes, for example class G (carbohydrate

transport and metabolism), class C (energy production and con-

version) and class E (amino acid transport and metabolism).

The PafBC regulon shows a clear enrichment in class L

(40 genes; Figure 4C) equivalent to 26% of the entire regulon.

Considering that only approximately half of the genes in the reg-

ulon have a genuinely assigned function, this is equivalent to

50% of the functionally assigned genes in the regulon. Compar-

ison of Figures 4B and 4C demonstrates that PafBC regulates

the majority of the DNA repair genes induced under MMC stress

(see Table 1 for a selection). Most known mycobacterial repair

pathways are represented with one or more genes in the PafBC
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regulon (Tables 1 and S3). Proteins

involved in all three stages of homologous

recombination are upregulated: end re-

sectioning enzymes RecBCD and AdnAB

(Sinha et al., 2009) that generate the 30

single-stranded overhang, recombinase
RecA that mediates strand exchange, and the enzymes involved

in resolving Holliday junctions, helicase RuvA and RecG as well

as resolvase RuvC. PafBC also upregulates base excision repair

DNA glycosylase Tag1 predicted to excise 3-methyl adenine

from DNA and the type VIII endonuclease Nei2, usually respon-

sible for removing oxidized bases and introducing a single-

strand break at the site of the removed base (AP-lyase activity).

Endonuclease III Nth and endonuclease IV End that cleave

the backbone at abasic sites are also upregulated. The

nucleotide excision repair pathway is represented by the three

enzymes of the UvrABC excision machinery, which excises a

12 nt stretch around a DNA lesion, along with helicase UvrD1

that removes the excised piece by unpairing from the opposite

strand, and DNA polymerase I (PolA) that fills in the gap. Helicase

UvrD2 also exhibits PafBC-dependent increased transcript

levels (Table S2), but no corresponding peak was detected in

the ChIP-seq experiment and hence uvrD2 was not included in

the PafBC regulon.

In addition to DNA repair pathways, the PafBC regulon also

encompasses the ergothioneine (EGT) biosynthesis gene cluster

(EgtA-E, Table 1). EGT is a redox-active low molecular weight

thiol that protects Mtb against oxidative and nitrosative stress

in host macrophages and is essential for survival of the bacte-

rium in mice (Richard-Greenblatt et al., 2015; Saini et al., 2016;

Salinas and Comini, 2018; Sao Emani et al., 2018).
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Figure 3. MEME-ChIP Motif Discovery Based on the Underlying

Sequences of the ChIP-Seq Enriched Regions for PafBC

(A and B) Logos of the primary motifs identified with the MEME and DREME

algorithms (A) closely match the RecA-NDp consensus sequence (B).

(C) The motifs show central enrichment within the ChIP-seq peak regions

according to CentriMo analysis.

(D) A second motif identified by the MEME algorithm matches the LexA motif.

The input for the analyses comprised ChIP-seq peak sequences of 300 nt

length with a p value < 0.005. Motif matches in the input sequences were

determined by using FIMO.

See also Table S1.
Furthermore, two sigma factors involved in gene expression

under stress conditions are regulated by PafBC: SigH along

with its anti-sigma factor RshA, and SigG. In Mtb SigH is acti-

vated by heat, oxidative, and nitric oxide stress (Sharp et al.,

2016). Its regulon includes members of the oxidative stress
response (e.g., thioredoxin, thioredoxin reductase, methionine

sulfoxide reductase) and chaperones (Hsp70/40). Only few tar-

gets of SigG have been found (Gaudion et al., 2013; Lee et al.,

2008). However, SigG is significantly upregulated in Mtb during

infection of the macrophage (Cappelli et al., 2006). Additionally,

PafBC activates the expression of the transcriptional repressor

of the ribonucleotide reductase genes, NrdR.

PafBC, but Not ClgR, Acts via the RecA-NDp Promoter
under MMC Stress
Controversial results were reported on the role of the Clp-gene

regulator, ClgR, regarding regulation of DNA repair genes (En-

gels et al., 2005; Wang et al., 2011). To assess how ClgR

affects the DNA damage response in mycobacteria, we gener-

ated a clgR knockout strain of Msm (Figure S3). First, viability of

Msm DclgR in presence of MMC was analyzed using a resa-

zurin-based assay (Figure S4A). There was no difference of

Msm DclgR compared to the wild-type strain, while Msm

DpafBC displayed greatly reduced viability as observed before

(Fudrini Olivencia et al., 2017). We then compared the induction

of recA from different promoter variants upon MMC stress in

the wild-type, DpafBC, and DclgR strains using a GFP reporter

assay (Figure S4B). When GFP was expressed under control of

the wild-type recA promoter sequence, fluorescence in the

wild-type and DclgR strains increased �8-fold under MMC

stress, while the signal increased only �3-fold in the DpafBC

strain. We also tested GFP expression from recA promoter

variants in which either only the LexA/RecA promoter (P2) or

the RecA-NDp promoter (P1) was intact. In neither case, the

DclgR strain showed significant differences in GFP fluores-

cence to the wild-type strain. In accordance with our recent

observations (Fudrini Olivencia et al., 2017), no signal increase

upon MMC treatment was detected in the DpafBC strain when

only P1 was intact. The unaltered cellular RecA levels in

absence of clgR—neither under MMC stress nor under stan-

dard conditions—strongly suggest that PafBC is so far the

only regulator unequivocally shown to induce genes via the

RecA-NDp promoter.

The Pup-Proteasome System Plays a Role in Recovery
from the DNA Damage Stress Response
Across the group of actinobacteria, pafB and pafC are tightly

associated with the locus encoding the PPS (Figure S5). In

mycobacteria, pafB and pafC are even organized in an operon

together with pafA (Festa et al., 2007; Fudrini Olivencia et al.,

2017). Preservation of operon members during evolution is often

indicative of a functional relationship (Moreno-Hagelsieb and

Jokic, 2012; Overbeek et al., 1999). Yet, deletion of pafBC in

Msm has no influence on the protein levels of important PPS

members (Fudrini Olivencia et al., 2017). Although we observed

a PafBC binding site upstream of dop, our transcriptomics

analysis did not reveal differences between wild-type and

DpafBC strains in the transcript level of this gene or any of the

PPS genes (Table S2). To test whether the PPS might play a

role in the DNA damage response, we first assessed the survival

of different Msm knockout strains of members of the PPS

(Ddop, Dpup, and DprcB) in comparison to the wild-type and

DpafBC strains in presence of increasing MMC concentrations
Cell Reports 23, 3551–3564, June 19, 2018 3555
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Figure 4. PafBC Regulates the Vast Majority of the DNA Repair Genes under MMC Stress

(A) One-third of the genes differentially expressed during MMC stress (gray) are regulated by PafBC, and more than half of the upregulated genes are contained

within the PafBC regulon (purple).

(B and C) The distribution of COG functional classes in theMsmwild-type stress response toMMC is diverse (B), while the PafBC regulon contains more than two

thirds of the class L members (‘‘replication, recombination, and repair’’) of the MMC stress response (C). Differentially expressed genes for the wild-type MMC

stress response were chosen with an absolute log2-fold change >0.8 (z1.74 fold change) and an FDR-adjusted p value < 0.001. Log2-fold change values of the

individual members of each functional class are depicted around each ring chart (upregulated outward, downregulated inward). Total counts in the panels may

differ because in a few cases a gene is assigned to more than one functional class in the COG database.

See also Tables 1, S2 and S3.
(Figure 5A). Indeed, all PPS knockout strains showed a consis-

tently lower ability to grow under MMC stress compared to

wild-type. The growth of the deletion mutants remained

unimpaired under standard conditions, exhibiting generation

times that were identical within error (Figure S6).

Interestingly, the PafBC regulon includes 17 previously identi-

fied pupylation targets (Tables 1 and S3), among them RecA,

TopoN, and EgtD (Festa et al., 2010; Poulsen et al., 2010;

Watrous et al., 2010; Yun et al., 2012). Alignment of actinobacte-

rial RecA protein sequences revealed high conservation of the

Pup-modified lysine residue in actinobacteria harboring a

proteasome (Figure 5B). Furthermore, the mid-log phase RecA

level in the PPS knockout strains is significantly increased
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compared to the wild-type (Figure 5C). Thus, the PPS could be

responsible for removing upregulated stress response proteins

after the stress has been overcome. To test this hypothesis,

we followed RecA levels by immunoblotting over the course of

DNA damage stress exposure and recovery from the stress.

After exposing cultures of the PPS knockout strains, the wild-

type strain and DpafBC strain to MMC for 2 hr, the stress-

inducing agent was removed to initiate the recovery phase.

The level of RecA increased in all strains during the MMC

exposure phase and continued to increase during the recovery

phase, reaching its maximum level �6–9 hr after the removal of

MMC (Figure 5D). RecA returned nearly to pre-MMCstress levels

in the wild-type and DpafBC strain by hour 24 of the recovery



Table 1. Overview of Selected Genes Contained in the PafBC Regulon

Locus Tag Mtb Rva Name

COG

Class

PafBC

Regulonb
MMC

Stressc Pupylatedd Description

DNA Recombination and Repair

MSMEG_2723 Rv2737c RecA L �1.65 3.55 This study*,

Festa et al., 2010*,

Yun et al., 2012*

Catalyzes strand exchange,

LexA co-protease activity

MSMEG_2724 Rv2736c RecX S �1.68 3.88 � Inhibits RecA co-protease/

strand exchange activity and

filament elongation

MSMEG_3808 Rv1638 UvrA L �1.62 1.75 This study,

Festa et al., 2010

˥

MSMEG_3816 Rv1633 UvrB L �3.63 2.77 � Nucleotide excision repair

complex UvrABC

MSMEG_3078 Rv1420 UvrC L �1.11 1.09 � ˩

MSMEG_1325 Rv0629c RecD L �2.85 2.57 � ˥

MSMEG_1327 Rv0630c RecB L �3.25 2.85 � Helicase-nuclease complex

RecBCD/exonuclease V0

MSMEG_1328 Rv0631c RecC L �3.35 2.95 � ˩

MSMEG_1941 Rv3202c AdnA L �8.17 4.46 This study Helicase-nuclease complex

AdnAB

MSMEG_1943 Rv3201c AdnB L �5.08 3.77 � ˩

MSMEG_4491 Rv2362c RecO L �1.69 0.92 This study Annealing of ssDNA

MSMEG_2943 Rv2594c RuvC L �1.03 2.43 This study Holliday junction resolvase/

crossover junction

endodeoxyribonuclease

MSMEG_2944 Rv2593c RuvA L �1.09 2.87 This study* Holliday junction binding protein

MSMEG_2403 Rv2973c RecG L �1.60 1.40 � ATP-dependent DNA helicase,

supports Holliday junction

branch migration

MSMEG_2362 Rv3014c LigA L �2.21 1.86 � NAD(+)-dependent DNA ligase A

MSMEG_2277 Rv3062 LigB L �4.04 2.99 � ATP-dependent DNA ligase B

MSMEG_6079 Rv3585 RadA O �1.41 1.98 � Branch migration protein

MSMEG_6080 Rv3586 DisA L �1.46 1.54 Compton et al.,

2015*

DNA integrity scanning protein

with cyclic-di-AMP synthase

activity

MSMEG_0456 NA TopoM L �1.75 1.48 � Type II topoisomerase

MSMEG_0457 NA TopoN L �1.79 1.83 This study,

Watrous et al., 2010*

˩

MSMEG_1383 Rv0670 End L �2.20 1.78 This study,

Festa et al., 2010

Endonuclease IV (End/Nfo)

MSMEG_6187 Rv3674c Nth L �1.16 0.82 This study DNA AP lyase/endonuclease III

MSMEG_1756 Rv3297 Nei2 L �4.28 3.49 This study DNA N-glycosylase with an AP

lyase activity/endonuclease VIII

MSMEG_3839 Rv1629 PolA L �1.94 1.74 Compton et al.,

2015*

DNA polymerase I

MSMEG_6275 Rv3711c DnaQ L �3.28 1.36 � DNA polymerase III epsilon

subunit

MSMEG_4259 Rv2191 Cho L �5.07 3.16 � DNA polymerase III epsilon

subunit-like/DnaQ-like

Oxidative Stress Response

MSMEG_6246 Rv3700c EgtE E �2.51 2.42 � ˥

MSMEG_6247 Rv3701c EgtD S �2.68 2.37 This study,

Poulsen et al., 2010*

j

(Continued on next page)
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Table 1. Continued

Locus Tag Mtb Rva Name

COG

Class

PafBC

Regulonb
MMC

Stressc Pupylatedd Description

MSMEG_6248 Rv3702c EgtC S �2.78 2.37 This study Ergothioneine biosynthesis

pathway

MSMEG_6249 Rv3703c EgtB S �2.52 2.48 � j
MSMEG_6250 Rv3704c EgtA H �2.84 2.47 � ˩

MSMEG_1242e � IscS E �2.26 1.37 This study*,

Watrous et al., 2010

Cysteine desulfurase

Transcriptional Control

MSMEG_1914 Rv3223c SigH K �0.84 0.91 � ECF RNA polymerase sigma

factor

MSMEG_1915 Rv3221A RshA S �1.03 0.94 � Anti-sigma factor of SigH

MSMEG_0219 Rv0182c SigG K �2.87 2.09 This study RNA polymerase sigma factor

MSMEG_2743 Rv2718c NrdR K �0.88 2.52 � Ribonucleotide reductase

repressor
aHomologous proteins in Mtb with >50% sequence identity.
bLog2-fold changes comparing DpafBCMMC versus wild-typeMMC (FDR-adjusted p value < 0.001).
cLog2-fold changes comparing wild-typeMMC versus wild-typeSTD (FDR-adjusted p value < 0.001).
dReferenced proteomics analyses marked with an asterisk (*) detected a Pup-modified peptide.
eMsm exhibits two IscS-like cysteine desulfurases (MSMEG_1242 and MSMEG_2357) of which only MSMEG_2357 has a homolog in Mtb (Rv3025c).
phase. In contrast, there was no decrease of RecA levels

observed for the PPS knockout mutants within the same time

frame.

Because stress response proteins are usually present tran-

siently during the stress condition, we isolated pupylated

proteins from cultures of Msm Dpup complemented with

His10-Strep-Pup exposed to MMC using tandem-affinity purifi-

cation and analyzed them by liquid chromatography-tandem

mass spectrometry (LC-MS/MS). A total of 832 pupylated pro-

teins were identified, and for 64 of those a Pup-modified peptide

was detected (Table S4). Comparison with the PafBC regulon

shows that 26 proteins are pupylated (Table S3), including

important DNA repair proteins such as Nth, Xth, Nei2, the Ruv

complex, and AdnA (Table 1).

DISCUSSION

Mycobacteria inhabit various biological niches where they face

conditions of oxidative, nutritional, and genotoxic stress (Gupta

and Chatterji, 2005). Themost prominent example is the obligate

pathogen Mtb residing inside phagocytic host immune cells.

Persistence in the phagosome of host macrophages is only

possible because Mtb has developed strategies to counteract

the anti-microbial warfare in the form of reactive oxygen and

nitrogen species it is exposed to. In our study, we identify PafBC

as a global transcriptional activator responsible for directly upre-

gulating 150 different proteins involved in DNA damage repair

pathways and the oxidative stress response, and we establish

a functional link to the Pup-proteasome system.

In order to survive genotoxic conditions, bacteria mount a

stress response that includes the upregulation of enzymes

involved in protecting the proteome and genome and in

removing or circumventing incurred DNA damage. With such a

response the bacteria acquiesce to slowed or arrested growth,
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error-prone translesion synthesis mechanisms, and increased

energy expense (Namouchi et al., 2016). It is evident that prolon-

gation of this state beyond the conditional requirement would be

counterproductive for the organism. In this context, the question

of a functional connection between the PafBC-mediated DNA

damage response and the Pup-proteasome system gene locus

(PPS locus) arises. In all mycobacteria, the genes encoding

PafBC are located together in an operon with the Pup ligase

pafA and in other actinobacteria the pafBC operon is to the

very least loosely connected to the PPS locus (Figure S5). The

PPS locus supports persistence of Mtb in host macrophages

(Darwin et al., 2003; Gandotra et al., 2007), an environment

where the DNA stress response might also play a role. We

show that pupylation-mediated proteasomal degradation

counteracts PafBC-mediated upregulation of RecA (Figure 5).

Exerting tight control over RecA levels seems to be vital for the

cell, as overexpression of RecA without co-expression of the

RecA-inhibitor RecX (Drees et al., 2004; Venkatesh et al., 2002)

is toxic in Msm (Papavinasasundaram et al., 1998), Strepto-

myces lividans (Vierling et al., 2000), Pseudomonas aeruginosa

(Sano, 1993), and Xanthomonas oryzae (Sukchawalit et al.,

2001). RecX is encoded in an operon together with RecA in these

organisms. Notably, Mtb recX is both co-transcribed with recA

as well as additionally transcribed from a recA internal promoter

(Forse et al., 2011). Our results not only confirm the previous

identification of RecA as a genuine pupylation target, but also

demonstrate its degradation by the proteasome. Furthermore,

these data establish that the PPS is indeed involved in

the removal of proteins after DNA damage. In case of RecA, it

appears to be the main degradation pathway, since PPS impair-

ment fully stabilizes RecA within the observed time frame

(Figure 5D). Moreover, the PafBC regulon includes 33 genes

whose gene products were found to be pupylation targets

(Tables 1, S3, and S4) by our analysis or in recent studies
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Figure 5. The Pup-Proteasome System Is Required for RecA Degradation during Recovery from the DNA Damage Stress Response

(A) Impaired pupylation sensitizes Msm to MMC. Deletion strains of members of the Pup-proteasome system (PPS) (Msm Ddop, Dpup, and DprcB) show

significantly reduced viability in presence of MMC compared to the wild-type (WT) strain. A representative of three individual experiments is shown.

(B) Alignment of RecA protein sequences from various actinobacteria (alignment positions 345–365 displayed) shows conservation of the pupylated lysine

(as determined in Mtb and Rer) in proteasome-bearing actinobacteria. Coloring shows percent identity. Blo, Bifidobacterium longum; Aod, Actinomyces

odontolyticus; Krh, Kocuria rhizophila; Mlu, Micrococcus luteus; Cgl, Corynebacterium glutamicum; Cdi, Corynebacterium diphtheriae; Aau, Paenarthrobacter

aurescens; Rsa, Renibacterium salmonarium; Sco, Streptomyces coelicolor; Str, Salinispora tropica; Ace, Acidothermus cellulolyticus; Fal, Frankia alni; Ser,

Saccharopolyspora erythrea; Mtb, Mycobacterium tuberculosis; Msm, Mycobacterium smegmatis; Rer, Rhodococcus erythropolis; Nsp, Nocardioides sp.; Kra,

Kineococcus radiotolerans; Jsp, Janibacter sp.

(C) Comparison of RecA levels in Msm wild-type (WT), DpafBC, Ddop, Dpup, and DprcB under standard conditions (OD600 of 1).

(D) RecA levels monitored over the course of MMC stress and recovery phase in the given Msm strains. Cells were grown to an OD600 of 1.0–1.2 and stressed

using MMC (80 ng/mL). To remove MMC, cells were washed (‘‘wash’’) and incubated further. RecA levels were analyzed by immunoblotting at the indicated time

points. RpoB was probed in parallel as loading control. A representative result of two independent experiments is shown.

See also Figure S6.
defining the pupylated proteome in various actinobacteria

(Compton et al., 2015; Festa et al., 2010; Poulsen et al., 2010;

Watrous et al., 2010; Yun et al., 2012). It is likely that proteasomal

degradation plays a role in their return to baseline levels as well.

Although mycobacteria possess two major pathways for

inducing gene expression upon DNA damage (Brooks et al.,

2001; Davis et al., 2002; Movahedzadeh et al., 1997; Rand
et al., 2003), only the elements of the LexA/RecA-dependent

pathway (SOS response) had been identified so far and it

remained unknown how the target genes of the LexA/RecA-in-

dependent pathway are induced. Our study shows that PafBC

accounts for more than half of the genes upregulated under

MMC stress. A common trait of all genes addressed by the

LexA/RecA-independent pathway is an upstream promoter
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Figure 6. Regulatory Network of the DNA Damage Response in Mycobacteria Involving PafBC as a Key Regulator

In the canonical pathway of the DNA stress response (SOS response), RecA forms filaments on single-stranded DNA generated during DNA damage leading to

cleavage and inactivation of the LexA repressor by stimulating its co-protease activity. Relieved repression by LexA enhances expression of LexA, the

RecA/RecX operon, and SOS response genes via the LexA/RecA-dependent promoter. In a negative feedback loop, RecX inhibits RecA filament formation, while

increased LexA levels lead to shutdown of the SOS response. In the PafBC-dependent/RecA-independent pathway, PafBC is kept at constant levels awaiting the

occurrence of an unknown second messenger triggered by DNA damage. Once bound to the unknown ligand (denoted by the asterisk), PafBC is competent to

activate expression from the RecA-NDp promoter and controls expression of recA and numerous DNA repair genes. In addition, RecA andmany other DNA repair

proteins are pupylated and removed by the Pup-proteasome system to revert the cell to its initial state.
motif, referred to as RecA-NDp (Gamulin et al., 2004; Rand et al.,

2003). Our motif search using the PafBC binding sites resulted in

a motif highly similar to the RecA-NDp consensus sequence,

arguing that at least in mycobacteria, the RecA/LexA-indepen-

dent pathway is better referred to as the PafBC-mediated

pathway. Importantly, we demonstrate that ClgR is not required

for DNA repair induction via the RecA-NDp promoter (Figure S4),

showing that the previous data by Wang et al. (2011) are

incorrect.

Curiously, the motif was enriched with a small offset to the

ChIP-seq peak center (Figure 3C). The relatively large size of

PafBC compared to other transcription factors could enable

crosslinking of its C-terminal domain to the adjacent DNA region,

resulting in a shift of the binding center. Alternatively, the offset

might have resulted from formation of a larger complex including

PafBC. Transcriptional activation can involve direct binding of

the transcription factor to RNA polymerase thereby modulating

its activity (Browning andBusby, 2016). If PafBC requires binding

to RNA polymerase, the entire complex may be crosslinked to

the DNA, again shifting the center of the binding site. It is also

possible that yet unknown binders are involved in the transcrip-

tional activation mechanism of PafBC. The latter has been pro-

posed for other transcription factors whose motifs show an

offset from the peak center (Bailey and Machanick, 2012; Wors-

ley Hunt et al., 2014). In fact, because PafBCprotein levels do not

change upon exposure to DNA stress (Fudrini Olivencia et al.,
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2017), activation of its regulon is likely induced by a response-

producing ligand associating with PafBC, rendering it competent

for binding to the RecA-NDp motif. This could be a small mole-

cule binder or a macromolecular ligand.

In the LexA/RecA-dependent pathway, transcription of DNA

repair genes is suppressed by LexA during non-stress condi-

tions. Derepression upon DNA damage is triggered by single-

stranded DNA and upregulation of recA, which itself is under

control of LexA (Figure 6). With the identification of PafBC as a

transcriptional activator and direct regulator of the predominant

LexA/RecA-independent (PafBC-mediated) DNA damage

response pathway, we demonstrate that mycobacteria employ

an active induction mechanism in response to DNA damage

via a yet unknown signal. Indeed, PafBC is present in themajority

of actinobacteria and the RecA-NDp promoter was shown to

precede DNA repair genes in all actinomycetales (Gamulin

et al., 2004). Furthermore, LexA/RecA-independent regulation

of DNA repair genes has been reported also for other bacterial

phyla. In Pseudomonas aeruginosa many genes upregulated in

response to the DNA gyrase inhibitor ciprofloxacin or the DNA

methylating agent methyl-methanesulfonate are not preceded

by a LexA promotor (Cirz et al., 2006). A study in Bacillus subtilis

reported that the levels of over 100 genes were changed

independently of the RecA-dependent SOS response upon inhi-

bition of DNA replication (Goranov et al., 2005). In E. coli, the

important SOS-response gene uvrB is under the control of a



LexA-independent promoter in addition to the RecA/LexA pro-

moter (Sancar et al., 1982). Taken together, our study and the

observations reported for other bacteria might hint at a wide-

spread existence of a second DNA damage response pathway,

mediated by transcriptional activation in addition to the dere-

pression pathway via RecA/LexA.

PafBC appears to be important for the survival of a range of

stress conditions ultimately involving DNA repair, because it af-

fects genes involved in most major DNA repair pathways and

also genes important for oxidative stress protection, high-

lighting its general role in protection of the mycobacterial

genome. The PafBC binding sites identified under oxidative

stress (H2O2) using ChIP-seq exhibit a large overlap with those

obtained under MMC stress. Likewise, reactive nitrogen spe-

cies produced by activated macrophages cause deamination

and oxidation of bases in DNA, in particular of the guanine

base (Burney et al., 1999). This can lead to spontaneous dep-

urination leaving behind abasic (AP) sites. It has been shown

that an E. coli strain lacking AP endonuclease activity is highly

sensitive to NO stress (Spek et al., 2001). PafBC upregulates

AP endonucleases End and Nth, indicating that it also supports

survival under NO stress. Another mechanism that appears to

be important for coping with NO stress is homologous recom-

bination. E. coli strains deficient in recBCD or the resolvase

RuvC show strongly impaired survival when treated with NO

gas (Spek et al., 2001). The two main end resectioning com-

plexes in mycobacteria, RecBCD and AdnAB are both part of

the PafBC regulon and display considerably lower transcript

levels in the pafBC knockout strain compared to wild-type

under DNA stress conditions. In fact, the transcript level of

adnA exhibits the biggest difference we observed for any mem-

ber of the PafBC regulon under MMC stress with an almost

300-fold higher transcript level in the wild-type strain compared

to the knockout.

With the discovery of PafBC as the principal activator of the

mycobacterial DNA stress response, the complete picture of

this important regulatory network begins to emerge (Figure 6):

the DNA stress response is launched by a combination of tran-

scriptional derepression and activation involving the repressor

LexA and the activator PafBC. In the activation branch, PafBC

upregulates the members of its regulon (150 genes) by binding

to the RecA-NDp promoter located upstream of each gene or

operon in the regulon. As recA is amember of the PafBC regulon,

PafBC indirectly also influences the LexA/RecA-derepression

pathway via induction of recA (Figure 6). In fact, RecA levels in

the DpafBC strain are more than one order of magnitude lower

(Figure 5) (Fudrini Olivencia et al., 2017), resulting in an impaired

response also of the LexA/RecA-dependent pathway as seen on

the example of dnaE2 (Table S2) (Rand et al., 2003; Smollett

et al., 2012). At the same time, upregulation of RecA by PafBC

also provides RecA activity as part of the double-strand break

repair, a pathway strongly induced by MMC as seen on the

examples of AdnAB and RecBCD. In the shutdown phase of

the response, the functional link between PafBC and the

Pup-proteasome gene locus becomes apparent, because

RecA and other members of the DNA stress response are

pupylation targets and are subject to degradation by the bacte-

rial proteasome complex. Thus, the Pup-proteasome system
assists the return to baseline protein levels once DNA stress con-

ditions are overcome.

Our study has established PafBC as the regulator of the

LexA/RecA-independent DNA damage response in actinobacte-

ria with a transcriptional activationmode of action. Future work is

needed to determine if an analogous ‘‘activation branch’’ in DNA

repair gene control might also exist in other bacterial phyla.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions

Strains used were Mycobacterium smegmatis (Msm) mc2-155 SMR5 (Sander

et al., 1995), Msm DpafBC (Fudrini Olivencia et al., 2017), Msm Ddop (Imkamp

et al., 2010), and Msm Dpup (Fascellaro et al., 2016). The Msm DprcB strain

was generated previously by allelic exchange using the rpsL counterselection

strategy (Fudrini Olivencia et al., 2017; Sander et al., 1995). Bacteria were

routinely grown in Middlebrook 7H9 (supplemented with 0.2% v/v glycerol

and 0.05% w/v Tween-80) or on Middlebrook 7H10 agar plates. If applicable,

hygromycin B (Carl Roth) or kanamycin (AppliChem) were added to a final

concentration of 50 mg/mL or 25 mg/mL, respectively. Liquid cultures were

routinely grown at 37�C in a shaking incubator (Infors) and agar plates were

incubated at 37�C for growth.

Transcriptomics of Msm Wild-Type and DpafBC Strains under

Standard Growth Conditions and DNA Damage Stress (RNA-Seq)

Msm wild-type and Msm DpafBC were grown in triplicates in 50 mL shaking

cultures to an optical density (OD) 600 of 0.4–0.7. Cultures were incubated

for another 1.5 hr in presence or absence of 80 ng/mL mitomycin C (MMC;

Roche) to induce DNA damage stress. Briefly, RNA was isolated from 10 mL

culture by acidic phenol extraction followed by DNase treatment. Ribosomal

RNA was depleted and sequencing libraries were prepared and sequenced.

For details, see the Supplemental Experimental Procedures.

The obtained raw sequencing reads were further processed using the CLC

Genomics Workbench v10.0.1 software. After trimming and mapping the

reads to the reference genome of Msm (NCBI #NC_008596), a statistical anal-

ysis for differential expression was performed (for details, see the Supple-

mental Experimental Procedures). The analysis tool for differential expression

of genesmodels each transcript according to a generalized linearmodel (GLM)

assuming a negative binomial distribution of the read counts similar to

EdgeR/DESeq (Anders and Huber, 2010; Robinson et al., 2010). p values of

expression level changes were computed using the Wald test and were

corrected for FDR (Benjamini and Hochberg, 1995).

Genome-wide PafBC Binding Site Analysis by Chromatin

Immunoprecipitation (ChIP-Seq)

Msmwild-type cells were grown as shaking culture to an OD600 of 0.5–0.7. The

culture was split into 50 mL aliquots from which cells were collected and

resuspended in the same volume of fresh medium. DNA damage stress or

oxidative stress was induced by addition of MMC (100 ng/mL final) or H2O2

(5 mM final) in duplicate cultures and cultures were incubated further. Briefly,

formaldehyde crosslinking was performed after 4 hr of stress exposure. Cells

were lysed, DNA was sheared by sonication, and protein-DNA complexes

were immunoprecipitated from the cleared lysate using an anti-PafBC

antibody. After crosslink reversal, protein digestion, and purification of the en-

riched DNA fragments, sequencing libraries were prepared and sequenced.

Enrichment of PafBC-specific DNA fragments was verified by chromatin

immunoprecipitation from the pafBC deletion strain or using an unspecific

antibody (Figure S1). For details, see the Supplemental Experimental

Procedures.

The obtained sequencing reads were trimmed and mapped to the reference

genome of Msm (NCBI #NC_008596) using CLC Genomics Workbench v8.5.1

(for details, see the Supplemental Experimental Procedures). ChIP-seq peaks

with a p value < 0.005 were called using the TF ChIP-seq tool of the software.

From the read mapping, the tool learns a filter modeled after a Hotelling

observer based on the rationale that highly enriched regions represent positive
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examples for ChIP-seq peaks. Such an approach has been previously em-

ployed for ChIP-seq peak calling and allows to call peaks based on the

characteristic pattern generated by the targeted transcription factor in the

immunoprecipitation (Kumar et al., 2013; Stanton et al., 2013).

Of the oxidative stress condition, sample H2O2 replicate A exhibited a heavy

GC-bias in the reads and was discarded. Both replicates of the MMC stress

condition yielded essentially the same binding sites (118 out of 127 for repli-

cate A and 127 for replicate B; Figure S2), and thus, only the data of replicate

B were used in all further analyses due to its higher coverage.

Motif Discovery Based on ChIP-Seq Data

Nucleotide sequences underlying the peaks from the ChIP-seq data analysis

(p value < 0.005) were extracted from the reference genome with 150 nt

up- and downstream of the center of each peak. Sequences were

submitted to the MEME-ChIP analysis tool (MEME suite v4.12.0) (Bailey

et al., 2009) for motif discovery. For details, see the Supplemental Experi-

mental Procedures.

Functional Classification

The reference proteome of Msm (UniProt #UP000000757) was mapped to

COG functional classes (Clusters of Orthologous Groups; revision 4.5)

(Huerta-Cepas et al., 2016) using the eggNOG mapper (Huerta-Cepas et al.,

2017) with the taxonomic scope set to actinobacteria. Of 6,938 annotated

genes in the Msm reference genome (NCBI #NC_008596), 6,717 (96.8%) are

listed in UniProt of which 5,512 (82%) could be mapped to a COG class.

Protein Sequence Alignment

Alignment of protein sequences was performed using Clustal Omega (Sievers

et al., 2011) with default settings.

Resazurin-Based Viability Assay

Middlebrook 7H9 medium (supplemented with 50 mg/mL streptomycin) con-

taining MMC at the given concentration was inoculated with Msm cells to an

OD600 of 0.005 and incubated at 37�C for 24 hr. Resazurin was then added

to a final concentration of 20 mg/mL and incubation was continued for

3 days at room temperature. Resazurin is reduced by oxidoreductases of living

cells to resorufin. Absorbance of resorufin at 605 nm was measured and raw

values were normalized within each dataset.

Time-Resolved In Vivo RecA Degradation Assay

Msm strains were grown in 300 mL shaking cultures at 37�C in 7H9 medium.

Cells were stressed by addition of MMC (80 ng/mL) at an OD600 of 1.0 to

1.2. After 2 hr of MMC stress, cells were collected by centrifugation

(4,000 3 g, 10 min, 25�C), washed once in 300 mL fresh 7H9 medium, resus-

pended in 280 mL fresh 7H9 medium, and transferred to a new, sterile flask to

ensure complete removal of MMC. Cultures were incubated for another 24 hr.

OD600 was intermittently measured to ensure cells from the same growth

phase were harvested. Samples of 5 mL culture were withdrawn at the indi-

cated time points and cells were collected by centrifugation (3,200 3 g,

5 min, 4�C). Pellets were immediately flash-frozen in liquid N2 and stored

at �20�C for later analysis. Immunoblotting for RecA was carried out as previ-

ously described (Fudrini Olivencia et al., 2017).

Identification of Pupylated Proteins under DNA Damage Stress

Pupylated proteins were isolated from Msm Dpup expressing His10-Strep-

Pup under control of the native pup promoter from an integrative plasmid.

Cultures (3 L) were grown in 7H9 medium to an OD600 of 1.2, MMC was

added to 80 ng/mL, and cultures were incubated for another 4 hr before

harvesting. Cells were lysed under denaturing conditions, and pupylated

proteins were purified from the cleared lysate on NiNTA resin while changing

to non-denaturing buffer conditions. After a second purification step using

StrepTactin resin, pupylated proteins were concentrated by TCA precipita-

tion and separated by SDS-PAGE. The upper part of the gel above 17 kDa

was excised to exclude free Pup and submitted for LC-MS/MS analysis at

the Functional Genomics Center Zurich (FGCZ). For details, see the Supple-

mental Experimental Procedures.
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Striebel, F., Imkamp, F., Özcelik, D., andWeber-Ban, E. (2014). Pupylation as a

signal for proteasomal degradation in bacteria. Biochim. Biophys. Acta 1843,

103–113.

Sukchawalit, R., Vattanaviboon, P., Utamapongchai, S., Vaughn, G., and

Mongkolsuk, S. (2001). Characterization of Xanthomonas oryzae pv. oryzae

recX, a gene that is required for high-level expression of recA. FEMSMicrobiol.

Lett. 205, 83–89.

Tatusov, R.L., Koonin, E.V., and Lipman, D.J. (1997). A genomic perspective

on protein families. Science 278, 631–637.

Tomasz, M. (1995). Mitomycin C: small, fast and deadly (but very selective).

Chem. Biol. 2, 575–579.

Venkatesh, R., Ganesh, N., Guhan, N., Reddy, M.S., Chandrasekhar, T., and

Muniyappa, K. (2002). RecX protein abrogates ATP hydrolysis and strand ex-

change promoted by RecA: insights into negative regulation of homologous

recombination. Proc. Natl. Acad. Sci. USA 99, 12091–12096.

Vierling, S., Weber, T.,Wohlleben,W., andMuth, G. (2000). Transcriptional and

mutational analyses of the Streptomyces lividans recX gene and its interfer-

ence with RecA activity. J. Bacteriol. 182, 4005–4011.

Wang, Y., Huang, Y., Xue, C., He, Y., and He, Z.-G. (2011). ClpR protein-like

regulator specifically recognizes RecA protein-independent promoter motif

and broadly regulates expression of DNA damage-inducible genes in myco-

bacteria. J. Biol. Chem. 286, 31159–31167.

Watrous, J., Burns, K., Liu, W.-T., Patel, A., Hook, V., Bafna, V., Barry, C.E.,

3rd, Bark, S., and Dorrestein, P.C. (2010). Expansion of the mycobacterial

‘‘PUPylome’’. Mol. Biosyst. 6, 376–385.

Worsley Hunt, R., Mathelier, A., Del Peso, L., and Wasserman, W.W. (2014).

Improving analysis of transcription factor binding sites within ChIP-seq data

based on topological motif enrichment. BMC Genomics 15, 472.

Yun, H.-Y., Tamura, N., and Tamura, T. (2012). Rhodococcus prokaryotic

ubiquitin-like protein (Pup) is degraded by deaminase of pup (Dop). Biosci.

Biotechnol. Biochem. 76, 1959–1966.

http://refhub.elsevier.com/S2211-1247(18)30837-4/sref48
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref48
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref49
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref49
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref49
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref50
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref50
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref50
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref50
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref50
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref51
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref51
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref52
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref52
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref52
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref53
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref53
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref54
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref54
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref55
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref55
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref55
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref55
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref56
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref56
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref56
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref56
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref56
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref57
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref57
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref58
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref58
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref58
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref58
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref59
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref59
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref60
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref60
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref60
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref61
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref61
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref61
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref61
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref62
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref62
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref62
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref63
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref63
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref63
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref64
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref64
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref64
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref64
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref65
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref65
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref65
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref66
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref66
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref66
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref66
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref67
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref67
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref68
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref68
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref69
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref69
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref69
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref69
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref70
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref70
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref70
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref71
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref71
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref71
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref71
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref72
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref72
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref72
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref72
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref72
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref73
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref73
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref73
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref74
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref74
http://refhub.elsevier.com/S2211-1247(18)30837-4/sref74

