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Abstract

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:DNA methylation plays central roles in diverse cellular processes, ranging from error-correc-

tion during replication to regulation of bacterial defense mechanisms. Nevertheless, certain

aberrant methylation modifications can have lethal consequences. The mechanisms by

which bacteria detect and respond to such damage remain incompletely understood. Here,

we discover a highly conserved but previously uncharacterized transcription factor (Cada2),

which orchestrates a methylation-dependent adaptive response in Caulobacter. This

response operates independently of the SOS response, governs the expression of genes

crucial for direct repair, and is essential for surviving methylation-induced damage. Our

molecular investigation of Cada2 reveals a cysteine methylation-dependent posttransla-

tional modification (PTM) and mode of action distinct from its Escherichia coli counterpart, a

trait conserved across all bacteria harboring a Cada2-like homolog instead. Extending

across the bacterial kingdom, our findings support the notion of divergence and coevolution

of adaptive response transcription factors and their corresponding sequence-specific DNA

motifs. Despite this diversity, the ubiquitous prevalence of adaptive response regulators

underscores the significance of a transcriptional switch, mediated by methylation PTM, in

driving a specific and essential bacterial DNA damage response.

Introduction

Information regarding biological processes is primarily encoded in the genomes of living

organisms. Functional modalities are further enhanced via modulation of the epigenetic states

of DNA [1–4]. For example, methylation of DNA occurs in organisms across all domains of

life. In bacteria, physiological DNA methylations at N5-meC, N4-meC, and N6-meA nucleo-

tide positions play diverse functions ranging from defensive roles involving immunity against

invasive genetic elements to regulatory roles in cell cycle and transcriptional control [2,5]. In

contrast to these physiological modifications, certain types of methylations can be aberrant.

DNA methylations on O6-meG and O4-meT positions act as a potent source of mutagenesis,

while N3-meA, N1-meA, and N3-meC block DNA replication and transcription [6–9].
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Bacteria cope with this threat of aberrant methylations via eliciting 2 DNA damage

responses (DDRs). The first response is the well-characterized and ubiquitously conserved

SOS response that consists of 2 regulatory units, RecA and LexA [10]. The transcriptional

repressor LexA occupies lexA boxes present in the promoter regions of SOS genes and inhibits

their expression. Upon DNA damage, an activated RecA nucleoprotein filament triggers the

autocleavage of LexA leading to de-repression of the SOS response [11–13]. Three distinct fea-

tures are hallmarks of this response: (a) It is induced under all forms of DNA damage and is

not specific to methylation damage alone [14]; (b) the response has leaky expression even in

the absence of damage [15,16]; and (c) the response can result in mutagenesis due to expres-

sion of translesion synthesis polymerases [17]. Thus, SOS response induction is a trade-off

between its essentiality and its cost.

The SOS response is the primary response of bacteria to DNA damage. However, recent

studies indicate that the SOS response is often complemented by SOS-independent DNA dam-

age response pathways [18]. The PafBC response was discovered in Mycobacterium tuberculo-
sis and is essential for inducing a majority of the genes under mitomycin C exposure [19,20].

Induction of this response relies on the PafBC heterodimer which is suggested to exhibit an

ssDNA-dependent activation similar to the SOS response [21]. The DriD response of Caulo-
bacter also exhibits a similar mode of activation [22]. The inhibition of cell division by didA
(belonging to the DriD regulon) under DNA damage is well characterized [23]. However,

recent studies also suggest that DriD may play a role beyond DDR pathway activation [24].

Both DriD and PafBC belong to the WYL-dependent family of transcription factors that is

widely conserved across bacteria [25]. These pathways seem to be induced prominently by

DNA double strand breaks but their role in the repair of methylation DNA damage remains to

be uncovered [23,26].

A temporally delayed DDR subsequent to the SOS response, known as the adaptive

response to methylation damage (or the Ada response) has also been reported in Escherichia
coli [27–29]. This response exhibits key distinguishing features compared to the SOS response:

(a) It is activated independent of the SOS response and is specific to methylation damage only

[30]; (b) the response is adaptive; i.e., exposure to a sublethal dose of methylation damage

encodes for memory that allows cells to adapt and survive formerly lethal levels of DNA meth-

ylation damage [27,30]; (c) the response exhibits bi-stability [31], a subpopulation of cells do

not induce the response even under continuous exposure to methylation damage; and (d)

repair via this response is non-mutagenic [27,32].

The master regulator of this DDR is the methyltransferase EcAda, comprising of an AdaA

domain in its N-terminus (which associates with “A” and “B” DNA boxes located upstream of

EcAda-regulated promoters) and a C-terminal methyltransferase domain [28]. EcAda expres-

sion is tightly regulated, with only 0–2 molecules of Ada present in cells in the absence of dam-

age [31]. Posttranslational modification (PTM) via methylation of a conserved cysteine in

N-Ada is crucial for activating EcAda as a transcription factor [33–35]. Once activated, EcAda

drives its own expression as well as expression of genes involved in direct repair of methylation

lesions.

How prevalent is the risk of methylation damage, which could have resulted in the evolu-

tion of a methylation-specific DDR? Instances of encountering methylation DNA damage are

not infrequent, and bacteria often face methylation stress. Intrinsic factors, such as insidious

metabolic byproducts (e.g., lipid peroxidation) pose a prominent risk for DNA methylation

damage [9,28]. Environmental factors including halocarbons and methylating agents pro-

duced by bacteria as instruments of inter-microbial warfare also contribute to this damage

[36,37]. Additionally, infected mammalian cells subject invading bacteria to methylation stress

[38]. More recently, studies have reported instances where physiological DNA
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methyltransferases, which are otherwise innocuous, erroneously inflict methylation damage

on genomic DNA [39]. Thus, given the prevalence of methylation stress, it is likely that many

bacteria have evolved unique systems such as the Ada response to protect their genomes.

Intriguingly, despite the simultaneous discovery of the adaptive response to methylation

damage alongside the SOS response [27,40], our knowledge of this pathway is presently

restricted only to the E. coli paradigm. Thus, the significance and conservation of a methyla-

tion-based PTM in the regulation of a damage-specific bacterial DDR remains unknown.

Indeed, a limited number of computational studies suggest only sporadic conservation of

EcAda across the bacterial kingdom [41–43], and many bacteria, such as Caulobacter crescen-
tus, are reported to lack an inducible adaptive response altogether [44,45].

In this work, we discover a methylation-specific DDR in Caulobacter crescentus, which

showcases key features of an adaptive response. This pathway is regulated by a conserved but

uncharacterized transcription factor ccna_03845 (“Cada2” henceforth). Detailed molecular

characterization reveals a novel sequence-specific DNA-binding domain in this protein, as

well as a methylation-based PTM required for activation of Cada2 as a transcription factor in a

manner that is distinct from its E. coli counterpart. Despite the contrasting mechanistic fea-

tures of EcAda and Cada2, we observe remarkable similarities in the defining characteristics of

the downstream response. Phylogenetic distribution of adaptive response regulatory proteins

further reveals their widespread prevalence across the bacterial kingdom, with ubiquitous con-

servation of key residues required for methylation-dependent activation (either in an EcAda-

like or Cada2-like form). Collectively, our work highlights the importance of a transcriptional

switch mediated by methylation PTM in activating an essential bacterial response to methyla-

tion DNA damage.

Results

A methylation-specific DNA damage response in Caulobacter
We undertook a comprehensive transcriptomic approach to identify whether Caulobacter
induces an SOS-independent transcriptional response specific to methylation damage. For

this, we treated Caulobacter cells with agents that predominantly induce 1 specific form of

DNA damage (methyl methane sulphonate (MMS), a causative agent of methylation DNA

damage [46], mitomycin-C (MMC) that induces intra-strand crosslinks and mono-adducts

[47], and norfloxacin that induces double-strand breaks [48]). We collected samples at 0, 20,

and 40 min post damage exposure for RNA sequencing (Figs 1A and S1A). Our analysis

revealed several genes that were induced in all conditions (“universal”) and a set of genes that

were specifically induced under MMS treatment, but in none of the other damaging conditions

(methylation-specific) (S1A Fig).

We next asked whether the expression of these genes was independent of the SOS response.

We subjected recA deleted cells to MMS treatment and carried out RNA sequencing in this

background. Comparing wild type to recA deletion cells showed that the methylation damage-

specific genes were induced in a recA-independent manner (SOS-independent) (Fig 1A). In

contrast, genes that were induced under all DNA damaging conditions in wild type back-

ground remain uninduced in recA deletion cells (SOS-dependent) (Figs 1A and S1A).

We identified ccna_00745 to be the highest induced under methylation damage in the tran-

scriptome analysis (Fig 1A). This gene is co-operonic with a second gene ccna_00746, that is

also induced in a methylation DNA damage-specific manner (S1A Fig). ccna_00745 is Bioin-

formatically predicted to be a 2-oxoglutarate, Fe2+-dependent dioxygenase, similar to E. coli
alkB, while ccna_00746 is predicted to possess an Ada-like methyltransferase domain

(PF01035) [9].
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To further corroborate the RNA-seq observations, we constructed a fluorescence-based

readout for promoter activity of these genes (Pccna_00746-yfp). No significant expression of yfp
was detected in the absence of damage (Fig 1B). We observed YFP expression from this con-

struct only in cells treated with MMS, and not other DNA damaging agents MMC, norfloxacin

Fig 1. A methylation-specific DNA damage response in Caulobacter. (A) [Left] Schematic summarizing the RNA-

sequencing experiment is provided. Wild-type and ΔrecA (SOS-deficient) cells were exposed to 1.5 mM MMS for 40 min.

[Centre] Volcano plots representing differentially expressed genes in comparison to cells exposed to no damage for wild-type

(top) and ΔrecA (bottom) cells, respectively. Genes up-regulated in wild-type cells (log2FC> 2 and–log10(p-value)> 2) are

highlighted in blue, while genes highlighted in red represent genes up-regulated in wild-type but down-regulated in ΔrecA
cells. [Right] Heat maps represent log2FC values for individual genes induced in wild-type and ΔrecA cells under MMS

exposure. (B) Wild-type Pccna_00746-yfp reporter (schematic inset) was exposed to 1.5 mM MMS or 0.5 μg/ml MMC,

respectively for 2 h. Representative cells are shown on the left (scale bar: 2 μm, cell boundaries are marked by white dotted

outline, here and in all other images). Violin plots show fluorescence intensity distribution normalized to cell area from single

cells (n = 300, from 3 biological replicates). The underlying data are available in S1 Data. (C) [Top] Schematic of the

experimental protocol comparing induction kinetics of the Caulobacter SOS and methylation-specific response via time lapse

microscopy. [Bottom] Fluorescence intensity normalized to cell area for Pccna_00746-yfp and PsidA-yfp cells over 3 h of exposure

to 1.5 mM MMS. The underlying data are available in S1 Data.

https://doi.org/10.1371/journal.pbio.3002540.g001
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and hydroxyurea (HU) (Figs 1B and S1B). We additionally utilized a second methylation dam-

aging agent, streptozotocin (STZ), a naturally occurring antibiotic produced by Streptomyces
achromogenes var. streptozoticus [36,37]. In this case as well, we observed YFP expression from

the methylation damage-specific promoter (S1B Fig). These observations were distinct from

those seen for a fluorescence reporter for the promoter of sidA, a known SOS-dependent gene

[49], that has been reported to be induced under other types of DNA damage in a RecA-

dependent manner [49,50]. Additionally, the Pccna_00746-yfp reporter exhibited methylation

damage-dependent induction in cells lacking the driD transcription factor as well (S1C Fig).

Thus, Caulobacter elicits a transcriptional response to methylation damage that is independent

of the SOS as well as the DriD-dependent DNA damage responses.

We next investigated the temporal kinetics of the methylation-specific response in relation

to the SOS response. For this, we carried out time-lapse imaging of cells carrying either the

Pccna_00746-yfp or the PsidA-yfp reporter after MMS exposure. We observed that expression of

yfp from the methylation damage-specific promoter expression was temporally delayed when

compared to the SOS reporter (Fig 1C). Finally, we tested whether the induction kinetics of

this response is adaptive. For this, we first exposed our promoter fusion strain to a low (0.5

mM) dose of MMS. This led to only a modest increase in the expression of Pccna_00746-yfp (S1C

Fig). Consistent with an “adaptive” response [51], these pre-treated cells were able to induce

Pccna_00746-yfp significantly faster as compared to untreated cells upon exposure to a higher

dose (1.5 mM) of MMS (S1C Fig). Together, the Caulobacter methylation damage-specific

response showcases key features of an adaptive response to methylation damage as reported in

E. coli. Based on these observations, we henceforth refer to this response as the Caulobacter
adaptive response to methylation damage.

Caulobacter adaptive response to methylation damage is regulated by

Cada2

Given the striking similarity between the adaptive responses of Caulobacter and E. coli, we

wondered whether the Caulobacter response was regulated by an EcAda-like protein [52].

While we could not identify any EcAda-like protein in Caulobacter, we observed that 3 adap-

tive response candidates (ccna_00746, ccna_03845, and ccna_00725) possessed an Ada-like

methyltransferase domain (PF01035) in their C-terminus region (Fig 2A). Intriguingly,

domains corresponding to N-Ada of EcAda protein (required for forming sequence-specific

interactions with the cognate Ada promoters) were split between ccna_00746 (with A box-

binding domain) and ccna_03845 (with B box-binding domain) (Fig 2A). We thus annotated

these as “cada” (Caulobacter adaptive response) genes cada1, cada2, and cada3.

Next, we asked whether Cada1, Cada2, or Cada3 regulated the adaptive response. We

deleted all 3 cada genes individually and assessed the activity of the Pccna_00746-yfp reporter. We

found that only cells lacking cada2 were unable to induce Pccna_00746-yfp under methylation

damage (Fig 2B). In support, RNA-sequencing analysis revealed that other MMS-specific,

RecA-independent genes were also not induced in cells lacking cada2, but were unaffected in

cells lacking cada1 (Fig 2C). Thus, A-box containing Cada1 does not drive gene expression

under the adaptive response, while Cada2 possessing solely the B-box binding domain is

required for response activation. We next tested cell survival upon exposure to MMS as well as

STZ. We found that survival was significantly compromised specifically under STZ damage in

cells lacking cada2 (Figs 2D and S1E), suggesting that the Cada2-dependent adaptive response

to methylation damage was an essential DDR pathway in Caulobacter. The difference in sur-

vival between the 2 methylating agents can be attributed to distinct patterns of methylation

modifications induced by STZ and MMS [53]. Thus, it is possible that the extent of essentiality
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is nuanced and dependent on the proportions of various base modifications that a given meth-

ylating agent induces.

Cada2 associates with adaptive response promoters in a sequence-specific

manner

To determine whether Cada2 was directly responsible for the induction of the adaptive

response genes under methylation damage, we performed ChIP-sequencing experiments (Fig

3A). For this, cells expressing cada2-3x-flag from its endogenous promoter were used. The

flag-tagged strain resembled survival of wild-type cells under methylation DNA damage and

damage-dependent expression of Cada2 was detected via western blot (S2A and S2B Fig).

Using this strain, we carried out ChIP-seq experiments in the presence or absence of methyla-

tion damage (Fig 3A). We estimated Cada2-3xFlag enrichment across the Caulobacter genome

under damage using untagged wild-type cells as control. This allowed us to identify bona fide

Cada2-binding sites.

Fig 2. Caulobacter adaptive response to methylation damage is regulated by Cada2. (A) Comparative analysis of high-

confidence Alphafold structural models of EcAda, Cada1, Cada2, and Cada3 proteins along with their domain

organizations. (B) [Left] Representative cells showing Pccna_00746-yfp reporter induction in wild type (from Fig 1B) and

individual deletion strains of the cada genes under 1.5 mM MMS damage. [Right] Violin plots showing fluorescence

intensity distribution normalized to cell area from single cells (n = 300, from 3 biological replicates). The underlying data are

available in S1 Data. (C) Heat map of log2FC values from RNA-seq experiments for genes up-regulated in wild type, Δcada1
and Δcada2 cells following 1.5 mM MMS treatment. (D) Survival assay of individual deletions of cada genes with and

without methylating agent (STZ) (5 μg/ml).

https://doi.org/10.1371/journal.pbio.3002540.g002
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Under damage, we observed Cada2 enrichment at its own promoter as well as at other pro-

moters of the adaptive response (Figs 3A, S2C, and S2D). This autoregulation of its own

expression appears to be a conserved feature between EcAda [54] and Cada2. To further assess

the methylation damage-dependent transcription of these genes, we performed ChIP-seq with

flag-tagged RNA polymerase subunit C (RpoC-3xflag) construct. We did not observe localiza-

tion of RpoC to the cada2-associated promoters in the absence of methylation damage (Figs

3A, S2C, and S2D). Upon exposure to damage, RpoC signal could be detected at the cada2 pro-

moter, as well as other adaptive response promoters (Figs 3A, S2C, and S2D). ChIP-seq results

overlapped significantly with the Cada2-dependent up-regulated genes identified using RNA-

Fig 3. Cada2 associates with adaptive response promoters in a sequence-specific manner. (A) [Top left] Schematic of

the ChIP-sequencing protocol. [Bottom left] Table showcasing the Cada2 regulon. Gene names and predicted functions

are listed. [Top right] Normalized reads (in rpm) for Cada2-3x-Flag ChIP-seq represented ±2.5 kb around the CDS of the

Cada2 regulon genes in the presence/absence of 1.5 mM MMS damage. [Bottom right] Data represented in a similar

fashion for RpoC-3x-Flag ChIP-seq. (B) Binding consensus motif for Cada2 and EcAda derived from the promoters of

the respective constituents of their regulon. (C) Representative cells showing induction of variants of the Pccna_00746-yfp
reporter (scramble/EcAda-like) compared to wild type under 1.5 mM MMS damage. [Bottom right] Half-violin plots

show fluorescence intensity distribution normalized to cell area from single cells for the reporter variants in the presence

(dark) and absence of damage (light) (n = 300, from 3 biological replicates). Wild-type data are represented again from

Fig 1B. The underlying data are available in S1 Data.

https://doi.org/10.1371/journal.pbio.3002540.g003
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seq experiments (approximately 83%). Superimposing the 2 datasets allowed us to describe the

Cada2 regulon comprising 6 genes (Fig 3A), most of which appear to have direct repair-associ-

ated activities.

We carried out MEME analysis of Cada2-bound regions to identify any sequence-specific

DNA-binding motifs. This revealed 2 sequences consistent across all promoters of the Caulo-
bacter adaptive response (Fig 3B). One of these sequences, “GCAA,” was identical to the B-

box sequence motif bound by the B-box binding domain of EcAda (Fig 3B). Thus, we annotate

it as the B-box motif in case of Caulobacter as well. We did not detect an A-box sequence motif

(“AAT,” bound by EcAda A-box binding domain). We instead identified a second recurrent

motif that was GC-rich (“CGG”). We annotated this as “X-box” sequence motif. These 2

sequence motifs were separated by a 3-base pair spacer that exhibited no recurrently conserved

sequence, but seemed to be consistently AT-rich. Together, we annotated the B-box and X-

box motif, separated by the AT-rich spacer as the Cada2 binding sequence motif (Fig 3B).

To assess whether this sequence is required for Cada2-mediated regulation, we scrambled

the complete sequence in our Pccna_00746-yfp reporter construct. We found that such a reporter

was no longer induced under methylation damage (Fig 3C). We next asked whether an

EcAda-like DNA-binding motif comprising of an “A-box” instead of the “X-box” DNA motif

could drive promoter activity by Cada2. Here too we observed that our reporter construct car-

rying an A and B box DNA motif was not responsive to methylation damage (Fig 3C). This

suggests that the newly identified B+X-box motif is essential for the induction of the Caulobac-
ter adaptive response.

Cada2-like proteins are widespread and encode a novel DNA-binding

domain

The absence of the A-box DNA motif as well as the A-box protein domain in case of Cada2 led

us to hypothesize that the X-box DNA motif must likely have a cognate DNA binding region

in the Cada2 protein. We thus performed a comprehensive computational search for all

Cada2-like methyltransferases across the bacterial kingdom. For this, we built a hidden Mar-

kov model (HMM) [55] profile from a multiple-sequence alignment of Cada2-like proteins. As

comparison, we followed the same process to identify EcAda-like [28,35] and AdaA-like [42]

proteins as well. Phylogenomic distribution of these proteins across a curated, nonredundant

database of diverse bacterial species showcased that they are abundant and widespread across

all major bacterial phyla (Figs 4A, S3D, and S3E). Furthermore, Cada2-like proteins infre-

quently co-occurred with EcAda-like proteins in the same genome (approximately 7%,

S3F Fig).

We zoomed into the DNA-binding (regulatory) regions of EcAda and Cada2-like proteins

to identify conserved and unique features. As anticipated, both classes of proteins encoded the

B-box binding domain (marked by the conserved “SPHFQR” amino acid residues (Fig 4B)). It

is likely that this region associates with the B-box DNA motif that can be found in both EcAda

and Cada2 regulons. The 2 proteins deviated with regards to the A-box, with A-box (marked

by the 4 cysteine residues) being conserved in all EcAda-like proteins (Fig 4B), but absent in all

Cada2-like proteins. Instead, proximal to the putative B-box binding domain, Cada2-like pro-

teins possessed a unique and highly conserved “RLHD” sequence domain (Fig 4B). We high-

light here that the conservation of the RLHD domain is even more than that of the B-box.

AlphaFold [56,57] model of the Cada2 protein predicted that this RLHD domain falls in a

helix-turn-helix domain similar to the B-box binding domain (S3A Fig).

In support of the significance of these putative DNA-binding regions of Cada2, mutation of

the conserved arginine (usually associated with DNA binding) in both domains to an alanine
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Fig 4. Cada2-like proteins are widespread and encode a novel DNA-binding domain. (A) Phylogenetic distribution at the genus level of EcAda-like (black),

Cada2-like (gray), and AdaA-like (brown) proteins across the genomes of 4 bacterial phyla: proteobacteria (red), firmicutes (yellow), actinomycetes (blue), and

bacteriodetes (green). Presence/absence is shown on a 16S rRNA-based phylogenetic tree of bacterial genomes. (B) [Top] MEME motif derived from the

regulatory domain of 1,000 EcAda-like proteins. [Bottom] MEME motif derived from 1,000 Cada2-like proteins reveal conserved residues in the regulatory

domain. (C) [Left] Representative images showing Pccna_00746-yfp reporter induction in wild type and cada2 mutant (cada2R68A and cada2R114A) background

under 1.5 mM MMS damage. [Right] Half-violin plots show fluorescence intensity distribution normalized to cell area from single cells in the presence (dark)

and absence of damage (light) (n = 300, from 3 biological replicates). Wild-type data are represented again from Fig 1B. The underlying data are available in S1

Data. (D) ChIP-qPCR comparing wild-type Cada2, Cada2R68A, and Cada2R114A enrichment at cada1 and cada3 promoters following exposure to 1.5 mM

MMS. In all cases, flag-tagged version of protein is expressed from a xylose-inducible promoter on a high-copy replicating vector (in a Δcada2 background).

Bar graphs represent mean fold enrichment in comparison to wild-type cada2 (n = 3 independent repeats, error bars represent standard error). The underlying

data are available in S1 Data.

https://doi.org/10.1371/journal.pbio.3002540.g004
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residue (B-box cada2R68A and RLHD-motif cada2R114A) abrogated Pccna_00746-yfp reporter

activity under methylation damage (Fig 4C). The 2 mutants were not compromised in expres-

sion and phenocopied the cada2 deletion when assessed for survival under methylation dam-

age (S3B and S3C Fig). Promoter binding was also compromised in both mutants as seen from

ChIP-qPCR experiments for Cada2 association at promoter regions of genes belonging to the

Cada2 regulon (Fig 4D). We conclude that the B-box and the novel and conserved “RLHD”

domains on the Cada2 protein enable it to associate with its promoters in a sequence-specific

manner.

Cada2 is a methylation-responsive transcription factor

We noticed in the ChIP profiles that Cada2 appeared to be modestly enriched at its own pro-

moter even in no damage conditions (Figs 3A, S2C, and S2D). This was in contrast to RNA

polymerase that was observed to bind to the cada2 promoter region only in the present of

methylation damage (Figs 3A, S2C, and S2D). Indeed, Caulobacter induced the adaptive

response only upon exposure to DNA methylation damage (Fig 1B), and overexpression of

cada2 from a xylose-inducible promoter was insufficient to induce expression from the

Pccna_00746-yfp reporter in the absence of damage (Fig 5A).

We asked whether RNA polymerase recruitment to the promoter regions by Cada2 was

mediated by physical interaction between Cada2 and the RNA polymerase holoenzyme, and if

this step could be methylation dependent. We thus carried out bacterial-two-hybrid interac-

tion analysis of Cada2 against various RNA polymerase holoenzyme subunits (RpoA, RpoB,

RpoC, RpoD, and RpoZ). As a positive control, we used the helicase-nuclease protein complex

components AddA and AddB [58]. In the presence of methylation damage, we observed inter-

action signal between Cada2 and RNA polymerase subunit A (S4A Fig).

How does methylation damage activate Cada2 function? Under damage, EcAda is posttran-

slationally methylated at conserved cysteine residues in its A-box binding and methyltransfer-

ase (“PCHR”) domains, respectively [59,60]. However, it is the methylation of Cys38 in the A-

box binding domain that is required for its activation as a transcription factor via modulation

of sequence-specific DNA binding affinity of EcAda [35]. While Cada2 lacks the A-

box binding domain, it does possess the methyltransferase domain (in its C-terminus)

(Fig 5B). Hence, we tested whether Cada2 is methylated post exposure to methylation DNA

damage.

Using mass spectrometry, we identified a methylation modification on a cysteine residue

(Cys267, part of the “PCHR” methyltransferase domain) of Cada2 in cells treated with methyla-

tion damage, with no detectable methylation in the absence of damage (Fig 5B). We mutated

the Cys267 residue to an alanine to disrupt the methylation modification. This mutant,

cada2C267A, was unable to drive the induction of the Pccna_00746-yfp reporter and phenocopied

a cada2 deletion under streptozotocin treatment (S4B and S4C Fig). Significantly, mutations

in the promoter-binding domains of Cada2 (B-box cada2R68A and RLHD-motif cada2R114A)

did not affect the ability of Cada2 to act as a methyltransferase, suggesting that this activity

occurred in a DNA sequence-independent manner (S4D Fig), and that methylation likely pre-

cedes the transcriptional response regulated by methylated Cada2.

To test if methylation of Cada2 was sufficient for its activation, we mutated the Cys267 resi-

due to a glycine (cada2C267G). Such a mutation in the A-box of EcAda results in its constitutive

activation as a transcription factor [35]. In contrast to the alanine mutant which abrogated

cada2 activity, we found that the cada2C267G exhibited constitutive expression of the complete

Cada2 regulon (S4E Fig). Consistent with this, the Pccna_00746-yfp reporter showed robust

expression even in the absence of methylation damage (Fig 5C). Furthermore, cada2C267G did
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not display growth defects associated with the cada2 deletion or cada2C267A under methylation

damage (Figs 5D and S4C). Thus, it is likely that Cada2 is activated as a regulator of the Caulo-
bacter adaptive response via methylation of the conserved cysteine in its methyltransferase

domain (PF01035).

Fig 5. Cada2 is a methylation-dependent transcription factor. (A) [Top] Schematic representing experimental protocol for cada2 overexpression analysis

(see main text for details). [Bottom] Representative images and normalized fluorescence intensity for Pccna_00746-yfp expression where cada2 is overexpressed

from a xylose-inducible promoter in a Δcada2 background in presence/absence of 1.5 mM MMS damage (n = 300, from 3 biological replicates). The underlying

data are available in S1 Data. (B) (Top left) Alphafold structure of Cada2 highlighting the presence of the methyltransferase domain is schematized. (Top right)

MEME generated from 1,000 bacterial Cada2 proteins indicate conservation of the “PCHR” motif across methyltransferase domains. (Bottom) Zoomed in

mass spectrometry fragmentation spectrum of a methylated peptide detected from a cada2-flag strain under 1.5 mM MMS exposure. The peptide (inset)

includes the conserved “PCHR” motif of the Cada2 methyltransferase domain. Representative spectrum from 8 fragments across 2 biological replicates is

shown. Methylation modification on Cys267 was detected in 6 out of 8 fragments. (C) [Left] Representative cells showing Pccna_00746-yfp reporter induction in

wild type (from Fig 1B) and cada2C267G mutant under 1.5 mM MMS damage. [Right] Violin plots show fluorescence intensity distribution normalized to cell

area from single cells (n = 300, from 3 biological replicates). The underlying data are available in S1 Data. (D) Survival assay of cada2C267G mutant in the

presence and absence of streptozotocin (5 and 25 μg/ml) and mitomycin C (0.5 μg/ml) damage.

https://doi.org/10.1371/journal.pbio.3002540.g005
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Given that the adaptive response was constitutively ON in cada2C267G cells, we asked

whether such cells would perform better that wild type under methylation damage (as they

would resemble cells “primed/adapted” to methylation damage). Indeed, in comparison to

wild-type cells, the cada2C267G mutant had a significant growth advantage under methylation

damage and appeared to have no growth defect in untreated conditions (Fig 5D). However,

despite this growth advantage, sequence analysis of the “PCHR” domain in Cada2-like pro-

teins showed that a constitutive “ON” version of this protein is not found in nature (Fig 5B,

1,000 nonredundant genomes analyzed). We thus wondered whether there could be growth

conditions where such a response must remain repressed. To test this, we subjected wild-type

and cada2C267G mutant cells to MMC-treatment, an unrelated DNA damage condition where

Cada2 activity is not essential and would ordinarily be in an “OFF” state. In contrast to the

growth advantage under methylation damage, we observed that cada2C267G cells were consid-

erably compromised in growth in comparison to wild type when exposed to MMC (that

induces mono-adducts and intra-strand crosslinks) (Fig 5D). While the molecular mechanism

underlying Cada2 activation under methylation damage as well as the crosstalk in case of the

cada2C267G mutant requires further investigation, these observations support the possibility

that methylation-specific regulation of Cada2 is important, due to antagonistic effects associ-

ated with this response being mis-regulated in other stress conditions.

Regulatory features of Cada2 are conserved across bacteria and distinct

from the EcAda paradigm

Taken together, the following regulatory features constitute the Caulobacter adaptive response:

(a) Promoter regions of genes under this regulon carry a B-box motif (GCAA) and an X-

box motif (CGG). (b) Cada2 protein N-terminus encodes B-box binding and RLHD domains

that enable it to interact with promoter regions in a sequence-specific manner. (c) Cada2 pro-

tein C-terminus encodes a methyltransferase domain. Methylation of the conserved cysteine

in this domain activates Cada2 as a transcription factor, likely via enabling interaction with

RNA polymerase.

We asked how extrapolatable these observations would be across bacterial species. For this,

we collated the presence or absence of the features listed above for a set of bacteria (including

closely related and unrelated) that carry either an EcAda-like or Cada2-like protein (Fig 6A).

To our surprise, we found that every organism that encoded an EcAda-like protein carried all

the associated regulatory features for an E. coli-like adaptive response (Fig 6A), while organ-

isms with Cada2-like protein had regulatory features observed in case of the Caulobacter adap-

tive response (Fig 6A).

The conservation of the protein and promoter sequence across Cada2-like proteins moti-

vated us to test whether these proteins are functionally inter-changeable. For this, we expressed

a Cada2-like protein from Myxococcus xanthus (Cada2myxo) in Caulobacter lacking its own

cada2. Cada2myxo has overall low identity (44%) to the Caulobacter Cada2 protein; however, it

shares high similarity in terms of conserved regulatory features (Fig 6A). As a control, we

expressed EcAda in the same background to assess whether EcAda could complement the

absence of Cada2. We found that Cada2myxo was able to fully complement the absence of Cau-
lobacter cada2 under methylation damage, as assessed by cell survival as well as promoter

activity of Pccna_00746-yfp (Figs 6B and S5A). In contrast, EcAda was not able to complement a

cada2 deletion phenotype (Fig 6B). This protein, expressed in Caulobacter, was fully proficient

in driving expression of yfp from a promoter carrying the EcAda DNA binding sequence in a

methylation-dependent manner (Fig 6B). However, the Cada2myxo showed Cada2-specific

activity and could not induce yfp expression from the EcAda reporter (Fig 6B). Together, these
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data illustrate the specificity, sufficiency, and necessity of the identified regulatory features in

the control of the adaptive responses across bacteria.

Discussion

In this study, we identify Cada2, a novel methylation damage-specific transcription factor con-

served across all major phyla of bacteria. We further implicate a critical and conserved role for

PTM-based activation of this class of bacterial transcription factors, albeit with varying mecha-

nisms of action (Cada2 versus EcAda). We hypothesize that the organizational diversity

observed across regulators of the adaptive response pathways are likely an adaptation to the

physiological features of bacteria. The downstream adaptive response is, however, robust to

this variability.

Diverse mechanisms, unifying function

The mechanistic differences between Cada2 and EcAda would suggest that the response

dynamics would also be dissimilar. Cada2 and EcAda use distinct DNA-binding domains to

associate with their cognate promoters (B-box and “RLHD” domains versus A and B-

box binding domains, respectively [35]). The 2 proteins are also activated as transcription

Fig 6. Regulatory features of Cada2 are conserved across bacteria and distinct from the EcAda paradigm. (A) Regulatory Ada methyltransferases such as

EcAda and Cada2 are auto-regulatory; as represented in schematics, these proteins regulate activity of their own promoters (in a methylation-dependent

manner). This allowed us to predict presence/absence of regulatory features in their respective promoters. The table represents conservation of regulatory

features in the protein (A, B, or RLHD amino acid sequences) and in the cognate promoter sequences (A, B, or X Box DNA motif) of identified EcAda-like and

Cada2-like proteins. Presence (gray) or absence of features (blank) is indicated along with % protein sequence. (B) Cada2 from Myxococcus (MyxoCada2) can

drive Pccna_00746-yfp induction in Δcada2 in response to MMS damage, but cannot drive yfp expression from the EcAda promoter. Conversely, Ada from E. coli
can activate expression of yfp from the EcAda promoter, but not from the Pccna_00746 promoter. The underlying data are available in S1 Data.

https://doi.org/10.1371/journal.pbio.3002540.g006
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factors in non-overlapping ways: In case of EcAda, methylation of the cysteine residue within

the sequence-specific DNA-binding A-box domain activates it as a transcription factor

[59,61]. In contrast, Cada2 activation occurs via PTM of the cysteine in its methyltransferase

domain that is distally located from the sequence-specific DNA-bindings domain. Further-

more, unlike EcAda, unmethylated Cada2 appears to form sequence-specific interactions with

its own promoter (Figs 3A and S2A). Presence of electrostatic repulsion (as in EcAda) would

hinder this interaction. This would suggest that Cada2 acts via an alternate, non-electrostatic

mechanism.

Yet despite these contrasts, the response kinetics are invariant between the 2 organisms.

The adaptive response of Caulobacter is tightly regulated, showing low levels of expression

(Ada OFF) in the absence of methylation DNA damage. Upon exposure to methylating agents,

Caulobacter cells also elicit a delayed adaptive response, subsequent to the SOS response. Simi-

lar to the E. coli Ada response [31], the Caulobacter response exhibits bi-stability with a sub-

population of cells resembling expression of Ada OFF cells even in the presence of DNA

methylation damage. Interestingly, the OFF population is abolished in a strain overexpressing

Cada2, mirroring observations made in case of EcAda [31] (Figs 1B and 5A). The factors influ-

encing the differences in the mechanisms of action of the response regulators, while retaining

the defining features of the response itself are an important and exciting avenue for future

investigations.

Requirement for a methylation damage-specific response in bacteria

How pervasive is the adaptive response to methylation damage? Our computational analysis

reveals that the regulatory Ada methyltransferase is widely conserved, but it appears to have

diverse domain organizations (S3D and S3E Fig). Given the apparent modularity of these

domains (S3D and S3E Fig), it is tempting to speculate that such diverse organizations arise as

a result of domain-shuffling from a common ancestor protein [62–64]. Despite their preva-

lence, multiple regulators rarely occur on the same genome. A case in point is the comparison

between EcAda and Cada2. We were able to detect only approximately 7% of genomes possess-

ing both proteins. The genomes that encoded both EcAda and Cada2 displayed varied and

unique regulatory circuits, including autoregulation as well as cross-regulation (S3F Fig).

What drives the observed diversity? Comparison of EcAda and Cada2 might provide a

compelling hypothesis. Both EcAda and Cada2 share the B-box motif in their cognate promot-

ers. However, instead of the AT-rich A-box motif observed in the promoters of EcAda regulon

genes, Cada2 binds to a GC-rich X-box motif. This correlates well with the GC-content of the

genomes that encode these proteins. The GC-content of the E. coli genome is approximately

50% (low), while the GC-content of the Caulobacter genome is approximately 67% (high).

This hypothesis is consistent with previous studies that have also suggested the interdepen-

dence of genome GC-content and presence/absence of specific DNA repair pathways [65–68].

Thus, it is likely that distinguishing physiological characteristics of bacteria warrant organi-

zational adaptation and domain reorganizations of regulatory Ada methyltransferases. How-

ever, regardless of the diversity observed at a regulator level, the adaptive response-like

pathways seem to retain certain characteristics as emphasized previously. In this context, we

highlight the PTM-based transcriptional switch required for activation and regulation of the

response. It is possible that costs (e.g., Fig 5D) or fitness advantages associated with this

response serve as constraining forces that render this system robust to variations in regulator

organization, and yet drive the retention of key regulatory features. Together, the conservation

of bacterial adaptive response mechanisms, albeit in diverse regulatory forms, underscores the

fundamental requirement for a dedicated methylation-specific DNA damage response.
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Materials and methods

Bacterial strains and growth conditions

All strains, plasmids, and oligos used in this study are listed in S1–S3 Tables, respectively. Cau-
lobacter crescentus cells were grown at 30˚C in peptone yeast extract (PYE) media (0.2% pep-

tone, 0.1% yeast extract, and 0.06% MgSO4) and supplemented with antibiotics or inducers, as

required, at suitable concentrations. For induction of cada2 expression, 0.3% xylose was intro-

duced into the cultures, unless otherwise stated.

Fluorescence microscopy and image analysis

Imaging was performed on an epifluorescence, wide-field microscope (Eclipse Ti-2E, Nikon)

with a 60×/1.4 NA oil immersion objective and a motorized stage. pE-4000 (CoolLED) was

used as the LED excitation source. Exposure times for all yfp samples (λ = 490nm) was 500 ms

and exposure was maintained at 50% of LED power. Images were captured using a Hamama-

tsu Orca Flash 4.0 camera. Focus was ensured via an infrared-based Perfect Focusing System

(Nikon). Samples were prepared as detailed in [69]. For time course microscopy, 1 ml of cul-

tures were aliquoted at various time points, pelleted and resuspended in appropriate volume of

growth media, and 2 μl of the resuspended cells were spotted on 1% agarose (Invitrogen ultra-

pure) pads and imaged. For time lapse microscopy, 2 μl of culture were spotted on 1.5% low-

melting GTG agarose pads supplemented with PYE media and 1.5 mM MMS damage.

Throughout the duration of the time lapse, samples were grown in an OkoLab incubation

chamber maintained at 30˚C and imaged at regular intervals. Cell segmentation and fluores-

cence intensity analysis was carried out via Oufti software [70].

RNA-sequencing

Sample collection. Overnight cultures of Caulobacter cells were back-diluted to 0.025

OD600 and grown at 30˚C for 3 h. When OD600 of culture was approximately 0.1, DNA dam-

age (MMS (1.5 mM)/MMC (0.25 μg/ml)/norfloxacin (8 μg/ml)) was introduced. Samples from

4 biological replicates were collected for no damage conditions and 2 biological replicates for

samples in the presence of damage, and 2 ml of Caulobacter cells were harvested and spun at

10,000 g for 5 min. Supernatant was then discarded and the cell pellets were snap frozen with

liquid nitrogen and stored at –80˚C until the samples were further processed. Cells were har-

vested at 0, 20, and 40 min post DNA damage exposure.

RNA-extraction. RNA was extracted from the cell pellets according to a previous study

[58]. Cells were lysed using 400 μl of pre-heated Trizol in a thermomixer at 65˚C, 2000 rpm.

The lysed cells were transferred to –80˚C for a minimum of 30 min and were then centri-

fuged at 4˚C. The supernatant was carefully transferred to 100% ethanol of equivalent vol-

ume. RNA was then extracted via the protocol mentioned in the Direct-zol RNA MiniPrep

(Zymo, Cat. no. R2052) kit. The extracted RNA was then subjected to DNAse treatment in

order to remove any genomic DNA from the sample. Total RNA from the samples was puri-

fied using the RNA Clean & Concentrator-25 (Zymo, Cat. no. R1018) kit. Integrity of the

RNA was tested using Bioanalyzer instrument. mRNA was isolated from the total sample

using the RiboMinus kit (Thermo, Cat. no. K155004) and submitted for RNA-seq at the

NCBS next generation sequencing facility. Details regarding kits used for RNA library prep-

aration and the sequencing platform used for the RNA-seq experiment are summarized in

S4 Table.
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RNA-sequencing analysis

Raw reads for the sequencing results were obtained as fastq files. The reference genome

sequence (.fna) and annotation (.gff) files for the Caulobacter crescentus NA1000 strain (acces-

sion number: NC_011916.1) were downloaded from the NCBI file transfer protocol (ftp) web-

site (“ftp.ncbi.nlm.nih.gov”). The raw read quality was checked using the FastQC software

(version 0.11.5). Burrows–Wheeler Aligner (BWA) (version 0.7.17-r1188) was used to index

the reference genome. Reads with raw read quality > = 20 were aligned to the indexed genome

using the BWA aln -q option. Samtools (version 0.1.7) was used to filter out multi-mapped

reads. Bedtools (version 2.26.0) was used to calculate the reads count per gene using the anno-

tation file (.bed) [71]. The normalization and differential gene expression analysis for the sam-

ples with replicates were carried out using edgeR [72]. Samples were grouped together with

their cognate biological replicates. To estimate differential gene expression, a quasi-likelihood

F-test was applied comparing normalized read values from no damage samples to samples

exposed to DNA damage. For cada2C267G data, samples were normalized by calculating Reads

per Kilobase per Million mapped reads (RPKM) along with a corresponding wild-type control.

Fold change for cada2C267G samples was calculated by comparing RPKM values with the wild-

type control (in the absence of damage). A gene was defined as up-regulated based on 2 thresh-

olds; in a certain condition if the log2 fold change (from control) of the gene is greater than or

equal to 1 (i.e., the gene content has doubled in this condition) and if the false discovery rate

across replicates was less than 0.05. Similarly, a gene was down-regulated in that condition if

the gene’s log2 fold change from control was less than −1 and the false discovery rate across

replicates is less than 0.05. DGE analysis was done using Google Colab with R version 4.2.3

(2023-03-15).

Western blotting

Western blotting was performed as described in a previous study [73]. Briefly, overnight cul-

tures in PYE media was back-diluted to 0.025 OD600 and grown at 30˚C for 3 h. At approxi-

mately 0.1OD600, 1.5 mM MMS was added to the culture; 0, 2, and 4 h post introduction of

DNA damage, cells corresponding to 0.6 OD600 were harvested. The culture was pelleted fol-

lowing which supernatant was discarded. The pelleted cells were resuspended in 200 μl of lysis

buffer [500 mM Tris-HCL (pH 6.8), 8% SDS, 40% glycerol, 2-Mercaptoethanol, and sufficient

amount of bromophenol blue] and heated at 95˚C for 3 min. This was followed by 2 rounds of

30 s vortex spins, each followed by short spins. The resuspended cells were again heated to

95˚C post which samples were loaded on to a 10% SDS-PAGE gel and subjected to electropho-

resis. The resolved protein bands were then transferred on to a PVDF membrane and probed

with anti-flag antibodies for estimation of Cada2 levels. The same samples were also probed

with anti-RpoA antibodies in order to verify uniform loading of samples. The blots were devel-

oped using SuperSignal West PICO PLUS chemiluminescent substrate.

Mass spectrometry

Sample collection. Cells overexpressing flag-tagged wild-type cada2 or its mutants

(cada2R68A, cada2R114A) from a xylose-inducible promoter in a Δcada2 background were used.

Overnight cultures grown in PYE media containing gentamycin was back-diluted to 0.025

OD600 and grown at 30˚C for 3 h. At approximately 0.1OD600, 1.5 mM MMS and 0.3% xylose

were added to the culture and culture volume corresponding to 0.6 OD600 was collected after 4

h of treatment. The culture was pelleted following which supernatant was discarded. The pel-

leted cells were resuspended in 200 μl of lysis buffer [500 mM Tris-HCL (pH 6.8), 8% SDS,

40% glycerol, 2-Mercaptoethanol, and sufficient amount of bromophenol blue] and heated at
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95˚C for 3 min. This was followed by 30 s vortex spin, followed by a short spin. The above 2

steps were repeated twice. The resuspended cells were again heated to 95˚C post which samples

were loaded on to a 10% SDS-PAGE gel and subjected to electrophoresis. The gel was appro-

priately resolved and stained with Coomassie dye. Bands corresponding to the size of Cada2-

3x-Flag (approximately 37 kDa) were excised from the gel, resuspended in milliQ water, and

submitted to the NCBS mass spectrometry facility for further processing.

Sample preparation and mass spectrometry. The excised gel fragments were first washed

thrice with LC-MS water post which the supernatant water was discarded. Next, the gel pieces

were chopped followed by destaining with 1:1 100 mM Triethyl ammonium bicarbonate

(TEAB) with 100% acetonitrile (ACN). Post destaining, the supernatant was discarded.

Approximately 200 μl of 100% ACN was then added and the sample was kept at room temper-

ature till the gel pieces shrunk, following which the supernatant was discarded. The previous

step of ACN addition was repeated for a second time. The gel pieces were allowed to dry for a

few minutes at room temperature. Next, the gel was suspended in a minimum of 500 ng of

Trypsin with 100 to 200 μl of 100 mM TEAB. The samples were then kept for overnight trypsin

digestion at 37˚C, and 100 μl of 100% ACN with 0.1% formic acid was then introduced to the

digested sample and the digested sample were sonicated for 5 min. The supernatant was then

collected into a fresh tube. The post-digestion step was repeated for a second time. The col-

lected supernatant was then dried using a SpeedVac vacuum concentrator and reconstituted

in 0.1% formic acid. This was followed by desalting post which samples were injected into

Orbitrap Fusion Tribrid Mass Spectrometer coupled to a Thermo EASY nanoLC 1200 chro-

matographic system for mass spectrometry. The results were analyzed using the PeakStudio

8.0 for identifying peptide fragments and their associated PTMs (if any).

Chromatin immunoprecipitation sequencing (ChIP-Seq)

Fifty ml PYE was sub-inoculated with overnight Caulobacter crescentus cultures to OD600 of

0.025, cultures were grown at 30˚C for another 3 h with shaking at 250 rpm until reaching

OD600 of 0.1. MMS (final concentration of 1.5 mM) was then added, and the cultures were out-

growth for another 2 or 4 h before fixation with formaldehyde. Controls of no MMS treatment

were also included. Cells were fixed with formaldehyde (final concentration of 1%) at room

temperature for 30 min, then quenched with 0.125 M glycine for another 15 min at room tem-

perature. Cells were washed 3 times with 1× PBS (pH 7.4) and resuspended in 1 ml of lysis

buffer [20 mM K-HEPES (pH 7.9), 50 mM KCl, 10% glycerol, and Roche EDTA-free protease

inhibitors]. ChIP-seq was performed as described previously in Tran and colleagues [74].

Briefly, the cell suspension was sonicated on ice using a Soniprep 150 probe-type sonicator (11

cycles, 15s on, 15s off, at setting 8) to shear the chromatin to below 1 kb, and the cell debris

was cleared by centrifugation (20 min at 13,000 rpm at 4˚C). The supernatant was then trans-

ferred to a new 2 ml tube and the buffer conditions were adjusted to 10 mM Tris-HCl (pH 8),

150 mM NaCl, and 0.1% NP-40. Fifty microliters of the supernatant were transferred to a sepa-

rate tube for control (the input fraction) and stored at −20˚C. Meanwhile, antibodies-coupled

beads were washed off storage buffers before being added to the above supernatant. α-M2

FLAG antibodies coupled to sepharose beads (Merck, United Kingdom) were employed for

ChIP-seq of Cada2-FLAG and RpoC-FLAG. Briefly, 100 μl α-FLAG beads were washed off the

storage buffer by repeated centrifugation and resuspension in IPP150 buffer [10 mM Tris-HCl

(pH 8), 150 mM NaCl, and 0.1% NP-40]. Beads were then introduced to the cleared superna-

tant and incubated with gentle shaking at 4˚C overnight. Beads were then washed 5 times at

4˚C for 2 min each with 1 ml of IPP150 buffer, then twice at 4˚C for 2 min each in 1× TE buffer

[10 mM Tris-HCl (pH 8) and 1 mM EDTA]. Protein-DNA complexes were then eluted twice
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from the beads by incubating the beads first with 150 μl of the elution buffer [50 mM Tris-HCl

(pH 8), 10 mM EDTA, and 1% SDS] at 65˚C for 15 min, then with 100 μl of 1X TE buffer + 1%

SDS for another 15 min at 65˚C. The supernatant (the ChIP fraction) was then separated from

the beads and further incubated at 65˚C overnight to completely reverse the crosslink. The

input fraction was also de-crosslinked by incubation with 200 μl of 1X TE buffer + 1% SDS at

65˚C overnight. DNA from the ChIP and input fraction were then purified using the PCR

purification kit (Qiagen) according to the manufacturer’s instruction, then eluted out in 40 μl

water. Purified DNA was then made into libraries suitable for Illumina sequencing using the

NEXT Ultra II library preparation kit (NEB, UK). ChIP libraries were sequenced on the Illu-

mina Hiseq 2500 at the Tufts University Genomics facility.

ChIP-seq analysis

Raw reads for the ChIP-seq results were obtained as fastq files. BWA was used in order to align

the reads to the Caulobacter genome similar to analysis of RNA-seq data. The aligned reads in.

bam format were converted into a .bed file format using the bamtobed option of Bedtools.

Coverage at each nucleotide position was calculated using the Bedtools genomecov command.

Subsequently, ChIP-seq profiles from these coverage files were plotted using a custom python

script. Pearson correlation between ChIP-seq profiles for cada2 flag and rpoC flag was calcu-

lated using Numpy [75]. Peakzilla was used in order to identify bona fide enrichment peaks

[76], and.bed files from cada2 3xflag or rpoC 3xflag ChIP-seq under MMS exposure were com-

pared to untagged wild type cells treated under identical conditions for peak-calling.

ChIP and quantitative PCR analysis

For quantitative-PCR (q-PCR) analysis of cada1 and cada3 promoter enrichment in ChIP

experiments, purified DNA from both input and ChIP fractions was diluted 1:4 in water and

1 μl was used for qPCR using a SYBR Green JumpStart Taq ReadyMix (CAT S4438, Merck,

UK) and a BioRad CFX96 instrument. Fold enrichments were calculated using the compara-

tive Ct method (ΔΔCt) and represent the relative abundance of cada1 and cada3 promoter

DNA compared to rpoD DNA as a negative control. All fold enrichment values represent the

average of 3 biological replicates.

The following oligos were used in qPCR reactions:

cada1 (fw, TAGGACGCGACTGCTGA, rv, TCCTTTCGTGAGGAGACCA)

cada3 (fw, ATCGCCCGCATGGAATAC, rv, AGAAGGAAGCTACTACCGGAT)

rpoD (fw, TCAGGCCAAGAAGGAAATGG, rv, GCCTTCATCAGGCCGATATT).

Survival assay

Overnight cultures of Caulobacter strains were back-diluted to OD600 0.1. The cultures were

incubated at 30˚C for 3 h. All cultures were then normalized to 0.3 OD600 and serially diluted

in 10-fold increments (10−1–10−8), and 6 μl of each dilution was spotted on PYE plates con-

taining appropriate chemicals (DNA damaging agents/antibiotics/inducer). The plates were

incubated at 30˚C for 48 h post which survival of the respective strains was determined by

counting the number of spots.

Computational predictions of protein structures via AlphaFold

Three-dimensional structural predictions for EcAda, Cada1, Cada2, and Cada3 were made by

ColabFold (AlphaFold2 coupled with MMSeq2 hosted on Google Colaboratory) [56,57]. Pri-

mary sequence of each protein was used as query sequence. Default parameters were used for
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other settings. Structural models shown in this paper are models with the highest pLDDT

score.

Computational analysis of protein conservation

All “complete” and “latest” (assembly_summary.txt; as of January 2017) genome information

files for approximately 6,000 bacteria were downloaded from the NCBI ftp website using in-

house scripts for whole-genome sequences (.fna), protein coding nucleotide sequences (.fna),

RNA sequences (.fna), and protein sequences (.faa). All the organisms were assigned respective

phylum based on the KEGG classification (https://www.genome.jp/kegg/genome.html; as of

May 2018).

For identification of Ada domains and Ada variants, initial blastp was run using each of the

4 protein domain sequences of EcAda from Escherichia coli MG1655 as the query sequence

against the UniprotKB database with an E-value cutoff of 0.0001. The 4 domains of Ada

include A-box, B-box, RNAse-like, and repair. The top 1,000 full-length sequence hits were

downloaded from UniProt for all the 4 domains. A domain multiple sequence alignment

(MSA) was made using phmmer–A option with the top 1,000 hits as the sequence database

and E. coli domain sequences as the query. An hmm profile was built using the hmmbuild

command for the MSA obtained in the previous step. To find domain homologs, hmmsearch

command with an E-value cutoff of 0.0001 was used with the hmm profile as the query against

a database of 5,973 bacterial genome sequences. These homolog searches were done using

HMMER package v3.3. Different Ada variants were identified based on the assignment of the

different combinations of Ada domains to the same protein.

A phylogenetic species tree was constructed using 16S rRNA sequences. One sequence per

genome was extracted from a multi-fasta file. An MSA was built using muscle v3.8.31 with

default options, followed by alignment trimming using BMGE v1.12. Using IQTREE v1.6.5, a

maximum likelihood-based phylogeny was built with the best model chosen using ModelFin-

der (-m MF option) against 285 other models. Branch supports were assessed using both 1,000

ultrafast bootstrap approximations (-bb 1,000 –bnni option) and SH-like approximate likeli-

hood ratio test (-alrt 1,000 option). Final tree for visualization was pruned to contain 4 major

phyla—Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes. Online tool Itol [77]

was used for visualization and EcAda and Cada2 presence/absence was overlaid on the

phylogeny.

For identification of essential regulatory motifs of Cada2 and EcAda, protein blast was run

on the coding sequences of EcAda or Cada2 against the UniprotKB database with an E-value

cutoff of 10. The top 1,000 full-length sequence hits were downloaded from UniProt for both

proteins and were submitted to the MEME discovery program in order to identify conserved

features.

Supporting information

S1 Fig. A methylation-specific DNA damage response in Caulobacter. (A) Heat map of

log2FC values for genes up-regulated in wild-type cells following MMS, MMC, or Norfloxacin

treatment. (B) [Left] Representative cells showing Pccna_00746-yfp reporter induction upon

exposure to STZ, MMC, norfloxacin, and HU. [Right] Violin plots show fluorescence intensity

distribution normalized to cell area from single cells (n = 300, from 3 biological replicates).

The underlying data are available in S1 Data. (C) [Left] Representative cells showing

Pccna_00746-yfp reporter induction in ΔdriD background under 1.5 mM MMS damage. [Right]

Violin plots showing fluorescence intensity distribution normalized to cell area from single

cells (n = 300, from 3 biological replicates). The underlying data are available in S1 Data. (D)
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[Top] Schematic of the experimental protocol for testing the adaptive property of the Caulo-
bacter methylation-specific damage response. Cultures of Pccna_00746-yfp cells were exposed to

a sublethal dose of 0.5 mM either MMS (adapted) or no MMS (non-adapted). The cells were

subsequently exposed to a higher dose of 1.5 mM MMS on agarose pads supplemented with

PYE medium. [Bottom] Normalized fluorescence intensity kinetics was measured via time

lapse microscopy over 3 h of lethal MMS exposure. Dotted lines (in dark) indicate mean time

trace of induction kinetics while the shaded region (in light) indicates the standard deviation

of all time traces for the respective conditions (here and for all other time lapse data) (n = 25).

The underlying data are available in S1 Data. (E) Survival assay of individual deletions of cada
genes with and without MMS exposure (1.5 mM).

(TIF)

S2 Fig. Cada2 associates with adaptive response promoters in a sequence-specific manner.

(A) Survival assay of cada2-3x-flag strain in the presence or absence of STZ damage (5 μg/ml).

(B) Western blot showing Cada2-3x-flag levels at 0, 2, and 4 h after 1.5 mM MMS exposure.

As a loading control, RpoA is probed. (C) ChIP-seq profiles for wild type (control), Cada2-3x-

Flag, or RpoC-3x-Flag ±2.5 kb around cada2 CDS before (no damage) and after (+damage)

exposure to 1.5 mM MMS. (D) Zoomed-in ChIP-seq profiles for Cada2-3x-Flag and RpoC-

3x-Flag ±2.5 kb around cada2 CDS before and after exposure to 1.5 mM MMS.

(TIF)

S3 Fig. Cada2-like proteins are widespread and encode a novel DNA-binding domain. (A)

(Top) Domain organization and predicted Alphafold structure of Cada2 and EcAda is indi-

cated. (Bottom) Closeup of the EcAda and Cada2 regulatory domain reveals that the Cada2 B-

box binding domain (possessing the “SPFHQR” amino acid sequence) and the newly identi-

fied sequence-specific binding domain of Cada2 (possessing the “RLHD” amino acid

sequence) are part of a helix-turn-helix domain similar to the B-box binding domain of

EcAda. The position of these conserved motifs are highlighted and labeled as a ball-and-stick

in the overall ribbon representation of the models. (B) Western blot of flag-tagged Cada2

mutants (Cada2R68A and Cada2R114A) overexpressed in a Δcada2 strain from a xylose-induc-

ible promoter treated with MMS damage. (C) Survival assay of cada2R68A and cada2R114A with

or without STZ damage. (D) [Left] Prevalence of EcAda-like, Cada2-like, and AdaA-like pro-

teins estimated from a curated, nonredundant database of bacterial genomes is analyzed at the

genus level. Numbers represent the presence of these proteins for the major bacterial clades.

[Right] domain organization of the respective adaptive response regulatory proteins analyzed

here. (E) [Left] As (D) for a curated, nonredundant database of bacterial genomes at the spe-

cies level. [Right] Prevalence of other adaptive response methyltransferases estimated from a

curated, nonredundant database of bacterial genomes is analyzed at the species level. (F)

Table represents presence and absence of EcAda-like and Cada2-like proteins and their co-

occurrence. In the instances of Cada2-EcAda co-occurrence, potential regulatory circuits pre-

dicted via identifying Cada2 and EcAda binding motif in their cognate promoters are shown.

(TIF)

S4 Fig. Cada2 is a methylation-dependent transcription factor. (A) Bacterial two-hybrid

assay to test interaction between Cada2 and RNA polymerase subunits. T18-Cada2 was tested

for interaction with T25-RNA polymerase holoenzyme subunits with and without 1.5 mM

MMS. The presence of red colonies indicated positive interaction. As a positive control AddA

(T18) and AddB (T25) are used, and empty vectors (T18 and T25) are used as negative control.

Representative images from 2 independent repeats are shown. (B) [Left] Representative cells

showing Pccna_00746-yfp reporter induction in wild type and cada2267A mutant background
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under 1.5 mM MMS damage. [Right] Violin plots showing fluorescence intensity distribution

normalized to cell area from single cells in the presence (dark) and absence of damage (light)

(n = 200, from 2 biological replicates). Wild-type data are represented again from Fig 1B. The

underlying data are available in S1 Data. (C) Survival assay of the cada2 mutants (cada2C267A

or cada2C267G) with and without STZ damage (5 μg/ml). (D) [Above] Table representing pep-

tides corresponding to the Cada2 methyltransferase domain bearing the “PCHR” motif as

identified via mass spectrometry. In the absence of MMS, peptides corresponding to wild-type

Cada2-flag are unmethylated. Upon exposure to MMS damage, peptides corresponding to

wild type as well as mutant Cada2-3x-Flag exhibit methylation at the Cys267 residue. [Below]

Representative mass spectrometry fragmentation patterns for peptides in the above table. In

case of wild type (no damage) representative spectrum from 3 fragments across 2 biological

replicates is shown. No methylation modification on Cys267 was detected. In case of Cada2R68A

representative spectrum from 4 fragments across 2 biological replicates is shown. Methylation

modification on Cys267 was detected in 3 out of 4 fragments. In case of Cada2R114A representa-

tive spectrum from 7 fragments across 2 biological replicates is shown. Methylation modifica-

tion on Cys267 was detected in 5 out of 7 fragments. (E) Heat maps represent log2FC values for

Cada2 regulon genes in wild type and cada2C267G cells under MMS exposure.

(TIF)

S5 Fig. Regulatory features of Cada2 are conserved across bacteria and distinct from the

EcAda paradigm. (A) Survival assay of Δcada2 strain overexpressing cada2caulo or cada2myxo

(from xylose-inducible promoter) under methylation damage (5 μg/ml STZ). Survival of these

strains was compared to a control strain comprising of an empty vector in a Δcada2 back-

ground.

(TIF)

S1 Table. Strains used in present study.

(DOCX)

S2 Table. Plasmids used in present study.

(DOCX)

S3 Table. Oligos used in present study.

(DOCX)

S4 Table. Kits used for preparing RNA libraries and sequencing platform used for the

RNA-seq experiment.

(DOCX)

S1 Data. Numerical data underlying graphs and plots shown in main and supplementary

figures.

(XLSX)

S1 Raw Images. Uncropped images for western blot in S2B and S3B Figs.

(PDF)
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