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ABSTRACT

Aag from Bacillus subtilis has been implicated in in vitro removal of hypoxanthine and alkylated bases from DNA. The regula-
tion of expression of aag in B. subtilis and the resistance to genotoxic agents and mutagenic properties of an Aag-deficient strain
were studied here. A strain with a transcriptional aag-lacZ fusion expressed low levels of 3-galactosidase during growth and
early sporulation but exhibited increased transcription during late stages of this developmental process. Notably, aag-lacZ ex-
pression was higher inside the forespore than in the mother cell compartment, and this expression was abolished in a sigG-defi-
cient background, suggesting a forespore-specific mechanism of aag transcription. Two additional findings supported this sug-
gestion: (i) expression of an aag-yfp fusion was observed in the forespore, and (ii) in vivo mapping of the aag transcription start
site revealed the existence of upstream regulatory sequences possessing homology to ¢“-dependent promoters. In comparison
with the wild-type strain, disruption of aag significantly reduced survival of sporulating B. subtilis cells following nitrous acid or
methyl methanesulfonate treatments, and the Rif* mutation frequency was significantly increased in an aag strain. These results
suggest that Aag protects the genome of developing B. subtilis sporangia from the cytotoxic and genotoxic effects of base deami-

nation and alkylation.

IMPORTANCE

In this study, evidence is presented revealing that aag, encoding a DNA glycosylase implicated in processing of hypoxanthine
and alkylated DNA bases, exhibits a forespore-specific pattern of gene expression during B. subtilis sporulation. Consistent with
this spatiotemporal mode of expression, Aag was found to protect the sporulating cells of this microorganism from the noxious

and mutagenic effects of base deamination and alkylation.

he integrity of genomes of organisms is constantly compro-

mised by intracellular and extracellular factors that have the
potential to generate different base modifications, including,
oxidations, alkylations, and deaminations (1). These types of
nonbulky genetic insults are detected primarily by specific
DNA glycosylases and eliminated through the base excision
repair (BER) pathway (2). DNA deamination is a major type of
spontaneous genetic damage with which cells must contend
(3), and the spontaneous loss of the exocyclic amino groups in
cytosine, guanine, and adenine yields the bases uracil, xan-
thine, and hypoxanthine (HX), respectively (4, 5). HX in DNA
is potentially mutagenic, since it can pair not only with thy-
mine but also with cytosine and therefore would result in AT-
to-GC transitions after DNA replication (6). Organisms such
as Escherichia coli and Saccharomyces cerevisiae employ the
3-methyladenine DNA glycosylases AlkA and MAG, respec-
tively, to process HX and the modified bases 3-methyladenine,
7-methylguanine, and 7-methyladenine (7, 8). Other enzymes
of mammalian origin, which are structurally unrelated to E. coli
AlkA, include alkyl-adenine-DNA glycosylase (AAG), alkyl-N-
purine-DNA glycosylase (ANPG), and N-methylpurine-DNA
glycosylase (MPG) from human, mouse, and rat, respectively, and
these also can excise alkylated and deaminated bases from DNA
(7, 9-16). The physiological relevance of eliminating the base an-
alog HX from DNA is evidenced by the mutator phenotype exhib-
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ited by bacteria and mammals deficient in these glycosylases
(6,17).

Deaminated bases can also be excised from DNA by endonu-
clease V (EndoV), an endonuclease that hydrolyzes the second
phosphodiester bond located at the 3’ end of the modified base,
and homologs of such enzymes have been described in bacteria,
archaea, and eukaryotes (18-21).

A recent report revealed that Bacillus subtilis employs uracil
DNA glycosylase (Ung) as well as YwqL, an EndoV homolog, to
contend with the mutagenic effects of base deamination (22).
However, HX can be processed by another repair protein, termed
Aag; this alkyl adenine glycosylase is encoded in the genome of B.
subtilis by aag (formerly yxIJ), and its product possesses functional
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TABLE 1 B. subtilis strains and plasmids used in this study

Strain or plasmid Genotype or description”

Reference or sourceb

Strains
168 trpC2 (wild type) Laboratory stock
WN118 sigGAI trpC2 30
PERM791 ywqL::lacZ Er* 22
PERM1246 aag:lacZ Er* pPERM1243—168
PERM1286 aag:yfp Cm" pPERM1283—168
PERM1322 sigGAI trpC2 Aaag::lacZ Cm"* pPERM1318—WN118
PERM1374 sigGAT trpC2 Aaag:lacZ Cm* (pDG148 [P, -empty Kan']) pDG148—PERM1322
PERM1375 sigGAI trpC2 Aaag::lacZ Cm" (pDG298 [pDG148::P,, -sigG Kan']) pDG298—PERM1322
PERM1385 Aaag:lacZ Cm" AywqL::lacZ Er* pPERM1318—PERM791
Plasmids
pDG148 Shuttle IPTG-inducible P, vector; Amp" Kan" Laboratory stock
pDG298 pDG148 containing P, -sigG gene; Amp’ Kan" 30
pMUTIN4 Integrational lacZ fusion vector; Amp" Er" 28
pMUTIN4cat Integrational lacZ fusion vector; Cm" 29
pSG1187 Integrational yfp fusion vector; Amp" Cm"* 31
pPERM1243 pMUTIN4 containing an internal region (360 bp) of aag; Er" This study
pPERM1283 pSG1187 containing the RBS and ORF (606 bp) of aag; Amp* Cm" This study
pPERM1318 pMUTIN4cat containing an internal region (360 bp) of aag; Er* This study

“ Selection markers: Amp, ampicillin; Cm, chloramphenicol; Er, erythromycin; Kan, kanamycin.

® X—Y indicates that strain Y was transformed with DNA from source X.

and structural similarity with human AAG (23). In addition, a
biochemical study indicated that the purified Aag protein prefer-
entially eliminates HX from DNA over alkylated bases (23). In the
genome of B. subtilis, aag is oriented adjacent to but in the oppo-
site orientation from katX, a gene expressed only in the developing
forespore compartment of sporulating cells and encoding a cata-
lase that protects germinating spores against hydrogen peroxide
(24). Despite studies reporting induction of aag as part of the
general stress response (25, 26), inspection of the katX-aag inter-
genic region does not reveal DNA sequences with obvious homol-
ogy to vegetative or sporulation promoters that may regulate aag
expression. Therefore, the molecular mechanisms involved in reg-
ulating the expression of aag during the life cycle of B. subtilis were
studied in this work. Our results demonstrated a forespore-spe-
cific mode of expression of aag. In addition, exposure of B. subtilis
sporulating cells lacking Aag to deaminating and alkylating chem-
icals resulted in increased mutagenesis and more cell killing than
for wild-type cells. We propose that aag is expressed during spo-
rulation and that its protein product counteracts the mutagenic
effects of hypoxanthine and alkylated bases that may potentially
interfere with spore morphogenesis.

MATERIALS AND METHODS

Strain construction and culture conditions. The strains of B. subtilis and
plasmids used in this work are listed in Table 1 and were constructed using
standard molecular biology techniques (27).

To obtain strains harboring a transcriptional aag-lacZ fusion, the in-
tegrative vector pMUTIN4 (28) or a chloramphenicol-resistant variant of
this plasmid, pMUTIN4cat (29), was utilized. For recombinant plasmid
construction, a 360-bp HindIII/BamHI internal fragment of aag (posi-
tions +121 to + 480 relative to the aag start codon) was amplified by PCR
using chromosomal DNA of B. subtilis 168 and Vent DNA polymerase
(New England BioLabs, Ipswich, MA). The oligonucleotide primers used
for the amplification of the aag fragment were 5'-GCAAGCTTTATATT
GTGGAAACAGAGG (forward) and 5'-GCGGATCCGTACCCGCTTTC
GATGTAA (reverse), including the restriction sites (underlined) for
cloning the amplified aag product between the HindIII/BamHI sites
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of pMUTIN4 or pMUTIN4cat. The resulting constructs, termed
pPERM1243 (aag:lacZ, obtained in pMUTIN4) and pPERM1318 (aag:
lacZ, obtained in pMUTIN4cat) were propagated in E. coli XL10-Gold
cells (Stratagene, La Jolla, CA). Plasmid pPERM 1243 was used to trans-
form competent cells of B. subtilis 168, generating strain PERM 1246 (aag-
lacZ), and plasmid pPERM 1318 was used to transform competent cells of
B. subtilis WN118 (sigGAI trpC2) (30), generating strain PERM1322
(sigGA1 trpC2 aag-lacZ). The correct integration of the constructions into
the aag locus was corroborated by PCR using specific oligonucleotide
primers (data not shown).

To investigate the subcellular localization of Aag during sporulation, a
translational aag::yfp fusion was constructed by employing the integrative
plasmid pSG1187 (31). In this construction, a 606-bp-long Kpnl/Clal
fragment of aag (positions —18 to +588 relative to the aag start codon)
including the entire open reading frame (ORF) and the ribosome binding
site (RBS) of the aag gene was amplified by PCR using chromosomal DNA
of B. subtilis 168. The oligonucleotide primers used for the amplification
of this aag fragment were 5'-GCGGTACCAAAAGGAGAGGTCGATT
CGTG (forward) and 5'-GCATCGATCGACACGTACCTGTTTCCCGT
(reverse), including the restriction sites (underlined) for cloning the am-
plified products of aag between the Kpnl/Clal sites of pSG1187. The re-
sulting construct, designated pPERM 1283 (aag::yfp), was propagated in E.
coli GM161 cells. This plasmid was used to transform competent cells of B.
subtilis strain 168, generating strain PERM1286 (aag-yfp). The correct
integration of constructions into the corresponding aag locus was verified
by PCR using specific oligonucleotide primers (data not shown).

To complement the o deficiency of B. subtilis strain PERM1322 bearing
achromosomal copy of the aag-lacZ fusion, plasmid pDG298 (30), carrying a
copy of sigG under the control of the IPTG (isopropyl-f-p-thiogalactopyra-
noside)-inducible P, promoter in plasmid pDG148, was transformed into
competent cells of B. subtilis PERM1322, generating strain PERM1375
[sigGAT trpC2 aag-lacZ(pDG298, pDG148::P,,, ~sigG)]. As a control, the
empty pDG148 vector (P, -empty) was also used to transform strain
PERM1322, generating strain PERM1374 [sigGAI trpC2 aag-lacZ(pDG148::
Py, -empty)]. The aag ywqL strain (PERM1385) was obtained by transfor-
mation of the ywqL strain (PERM791) (22) with pPERM1318.

Liquid cultures of B. subtilis were grown in Luria-Bertani (LB) me-
dium, Difco antibiotic no. 3 (PAB) medium, or Difco sporulation me-
dium (DSM) (32). When required, erythromycin (Er) (5 wgml '), chlor-
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amphenicol (Cm) (5 ugml '), kanamycin (Kn) (10 pgml '), or IPTG (1
mM) was added to media. E. coli cultures were grown in LB medium
supplemented with ampicillin (Amp) (100 g ml™") or Cm (25 wgml ™).
Solid media were obtained by adding bacteriology agar (15 g liter ') to
the liquid media. For all experiments, strains were grown overnight in
liquid LB medium at 37°C and then diluted 100-fold into appropriate
medium. All liquid cultures were incubated at 37°C with vigorous aera-
tion. Cultures on solid media were incubated at 37°C in the dark.
B-Galactosidase assay. All B. subtilis strains harboring the aag-lacZ
fusion were grown in either liquid PAB medium (to avoid sporulation) or
liquid DSM (to promote sporulation) at 37°C. Cells from 1-ml samples
were harvested by centrifugation during vegetative growth and through-
out sporulation when appropriate. Cell pellets were immediately frozen
and stored at —20°C prior to determination of 3-galactosidase activity as
previously described (33). The level of 3-galactosidase during sporulation
was determined as follows. Cells collected from the different sporulation
stages were treated with lysozyme and centrifuged (14,500 X g, 2 min),
and B-galactosidase in the supernatant was assayed using ortho-nitrophe-
nyl-B-p-galactopyranoside (ONPG) as the substrate, and this value was
assigned to the mother cell fraction. The pellet fraction (lysozyme-resis-
tant forespores containing spore coats) from sporulation stages T, (4 h
after the onset of sporulation) to Ty was subjected to spore coat removal
(33), washed five times with TS buffer (25 mM Tris-HCI [pH 7.4], 0.1 M
NaCl), and subjected to lysozyme treatment, and the 3-galactosidase as-
say was repeated to determine the (3-galactosidase activity inside fores-
pores. The 3-galactosidase activity was expressed in Miller units (34). The
endogenous ONPGase-specific activity expressed by the wild-type strain
without a lacZ fusion during growth and sporulation was determined in
parallel and subtracted from the data obtained for strains carrying the
aag-lacZ tusion. This correction was at most ~2 Miller units.
Microscopy. B. subtilis containing the aag::yfp fusion was sporulated
in DSM. FM4-64 (5 pg ml~"') was added to sporulating cells at stage T, to
stain membranes. At the appropriate times, samples of 0.5 ml of the cul-
ture were harvested by centrifugation (14,500 X g, 1 min) and resus-
pended in 50 pl of fresh DSM. Cells from 5 pl of this concentrated cell
suspension were immobilized on an agarose spot (20 mg ml~") placed on
a microscopy slide and covered with a coverslip prior to microscopic
analysis. Fluorescence microscopy was performed with a Zeiss Axioscope
A1 microscope equipped with an AxioCam ICcl. Images were acquired
and adjusted only for brightness and contrast with the AxioVision V 4.8.2
software. Exposure times were typically 2 s for Aag-yellow fluorescent
protein (Aag-YFP) and 0.5 s for FM4-64. Samples of the wild-type paren-
tal strain were collected at the same stages of the sporulation process as
described for the strain carrying the aag:yfp fusion and processed for
microscopic analysis. No fluorescent background corresponding to the
YFP channel was detected in the sporangia analyzed (results not shown).
Primer extension. The 5’ end of aag mRNA was mapped by primer
extension of aag transcripts produced during wild-type B. subtilis sporu-
lation or following induction of sigG expression during logarithmic
growth of strain PERM1375 as follows. Samples of total RNA (40 wg),
isolated as previously described (35), were hybridized with the 20-mer
oligonucleotide 5'-TAGCCTGACGCTGTGCCTTC-3’, which was com-
plementary to the aag mRNA from nucleotide +103 to +122 relative to
the translational start codon of aag. The oligonucleotide primer was ra-
diolabeled on its 5’ end with [y->*P]ATP (PerkinElmer, Foster City, CA)
and T4 polynucleotide kinase (New England BioLabs, Ipswich, MA), and
the primer was extended with 40 units of Moloney murine leukemia virus
(M-MLV) RNase H Minus reverse transcriptase (Promega, Madison,
WI). The position of the extension product was determined by running a
DNA sequencing reaction generated with the same 20-nucleotide (nt)
primer and a 1-kb PCR product extending from bp —412 to +588 relative
to the aag start codon using a Thermo Sequenase dye primer manual cycle
sequencing kit (Affymetrix-USB, Cleveland, OH). The extension prod-
ucts and the sequencing DNA ladder were separated by electrophoresis
through an 8 M urea—6% polyacrylamide DNA sequencing gel and ana-
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FIG 1 Expression of aag during B. subtilis growth and sporulation. (A) B-Ga-
lactosidase activity from an aag-lacZ fusion during vegetative growth. B. sub-
tilis strain PERM 1246 harboring an aag-lacZ fusion was grown in PAB me-
dium and the OD,, measured (®). Cells were collected at various times, and
the B-galactosidase activity of growing cells (A) was determined as described
in Materials and Methods. Values for B-galactosidase specific activity are the
averages of values from three independent experiments = standard deviations
(SD). (B) B-Galactosidase specific activity from an aag-lacZ fusion during
sporulation. B. subtilis strain PERM1246 harboring an aag-lacZ fusion was
induced to sporulate in DSM and the ODg,, measured (@). Time zero of
sporulation (T,) is defined as the time when log-phase cell growth stops. Cells
were collected at various times, and (3-galactosidase assays were conducted in
both mother cell (A) and forespore (A) fractions as described in Materials and
Methods. Values for B-galactosidase specific activity are the averages of values
from three independent experiments = SD.

lyzed using a personal molecular imager (Bio-Rad Laboratories, Hercules,
CA) and Quantity-One software.

Determination of sporangial sensitivity to HNO, and MMS. The
sensitivity of B. subtilis sporulating cells to HNO, or methyl methanesul-
fonate (MMS) was determined from dose-response curves for the wild-
type strain and the aag, ywqL, and aag ywqL strains. Cells of various strains
were sporulated in liquid DSM, collected by centrifugation (5,000 X g, 10
min) at 4.5 h after the onset of sporulation (T, s, with T, the time when
exponential growth of cultures stopped), washed twice with phosphate-
buffered saline (PBS) (0.7% Na,HPO,, 0.3% KH,PO,, 0.4% NaCl [pH
7.5]), and adjusted to an optical density at 600 nm (ODy,) of 1.0. Two-
milliliter samples of cellular suspension were treated with different con-
centrations of either HNO, (0, 2.5, 5, or 7.5 mM), prepared as was previ-
ously described (36), or MMS (0, 30, 60, or 90 mM) and incubated for 1 h
at room temperature with shaking. After treatment, cells were washed
again with PBS, and cell viability was determined by plating aliquots of
serial dilutions on LB agar plates that were incubated overnight at 37°C
and counting colonies.
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FIG 2 Localization of Aag-YFP during B. subtilis sporulation. B. subtilis strain PERM1286 harboring a translational in-frame aag-yfp fusion was grown and
sporulated in DSM. At 2, 4.5, 6, and 8 h after the onset of sporulation, sporulating cells were analyzed by bright-field (BF) and fluorescence (YFP and FM4-64)
microscopy as described in Materials and Methods. Overlain images of YEP and FM4-64 at each time point are depicted as merge. MC, mother cell; FS, forespore

compartments. Scale bar, 5 .M.

Two-milliliter aliquots of T, 5 sporulating cells of all strains adjusted to
an ODy, of 1.0 were treated for 1 h at room temperature with the 50%
lethal dose (LD5,) of HNO, or MMS calculated for wild-type cells and
washed twice with PBS, and 10-fold serial dilutions were spot plated on
solid LB medium. The plates were incubated overnight at 37°C and then
photographed in a Gel-Doc EZ imaging system (Bio-Rad Laboratories,
Hercules, CA).

Determination of HNO,- or MMS-induced mutagenesis. Cells of
different strains were sporulated in liquid DSM and collected by centrif-
ugation (5,000 X g, 10 min) at stage T, 5, and each culture was divided in
half and washed with PBS. One of the cultures was untreated, and the
other was treated for 1 h at room temperature with the LD, of either
HNO, or MMS (calculated for each strain from the survival curves in Fig.
6A and 7A). Mutation frequencies were calculated by plating aliquots on
six LB plates containing 10 ug ml~ " of rifampin (Rif) as well as plating
aliquots of the appropriate dilution on LB plates to determine the total
viable count. Rif" colonies were counted after 48 h of incubation at 37°C.

Statistical analyses. Differences between lethal doses obtained from
survival curves for HNO, and MMS treatments were calculated by per-
forming one-way analysis of variance (ANOVA) followed by Tukey’s post
hoc analyses, with a P value of <0.05 considered significant. For HNO,- or
MMS-induced mutagenesis, results were tested by the Mann-Whitney U
test, and analyses were done using Minitab17 software.
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RESULTS

Expression of aag is primarily during spore development. To
analyze the expression of aag during the life cycle of B. subtilis, a
recombinant strain bearing a transcriptional in-frame aag-lacZ fu-
sion (PERM1246) was inoculated in liquid PAB medium to promote
vegetative growth. Under these conditions, aag-directed [3-galactosi-
dase activity was very low during exponential growth and stationary
phase (Fig. 1A). This aag-lacZ fusion was also used to measure aag
expression during the differentiation process of sporulation. Cells of
strain PERM 1246 were sporulated in liquid DSM, and samples har-
vested at various times during growth and sporulation were assayed
for B-galactosidase. These assays showed low levels of expression of
the reporter gene during exponential growth and early sporulation
(Fig. 1B). Cell fractionation experiments with cell samples collected
from sporulation stages T, to Ty revealed that whereas (3-galactosi-
dase activity from the aag-lacZ fusion decreased in the mother cell
compartment, the levels of this enzyme activity increased signifi-
cantly in the forespore fraction (Fig. 1B). Together these results sug-
gest that aag is expressed primarily during sporulation and in the
forespore compartment of the sporulating cell.
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Expression of a chimeric Aag-YFP protein occurs mainly
inside the forespore compartment. To further confirm the fore-
spore-specific transcription of aag, we analyzed the compartmen-
tal synthesis of a chimeric Aag-YFP protein during sporulation
of a B. subtilis strain bearing a translational in-frame aag-yfp
fusion in the aag locus (PERM1286). Samples of sporulating
cells stained with FM4-64, a lipophilic dye that strongly ad-
heres to the cell membrane and allows discernment of both
compartments of sporangia (mother cell and forespore), were
collected from stages T,, T, 5, T, and Ty of sporulation. Each
sample was examined by epifluorescence microscopy. The re-
sults revealed that the Aag-YFP protein was present in the fo-
respore compartment but absent from the mother cell com-
partment (Fig. 2). These results further support the concept
that aag is transcribed in the forespore compartment during
late stages of sporulation.

Expression of aag is dependent on the forespore-specific
sigma factor ¢S, The forespore-specific pattern of expression ex-
hibited by aag was reminiscent of a group of genes, the o regulon,
that are transcribed during late stages of sporulation exclusively in
the forespore compartment by RNA polymerase with the fore-
spore-specific sigma factor ¢ (37, 38). To investigate whether aag
expression was indeed dependent on ¢, the transcriptional aag-
lacZ fusion was inserted into the aag locus of a B. subtilis AsigG
strain (WN118) (30) by homologous recombination. The result-
ing strain (B. subtilis PERM1322) was sporulated in liquid DSM,
and the aag-directed B-galactosidase activity was determined
from various samples collected during growth and sporulation.
Notably, expression of the aag-lacZ fusion was almost completely
abolished inside the forespore compartment in the AsigG genetic
background (Fig. 3A), strongly suggesting that aag transcription is
o dependent. To further test this suggestion, strain PERM1322
was transformed with the self-replicating plasmid pDG298 har-
boring a copy of sigG under the control of an IPTG-inducible
Pspac promoter (30), giving strain PERM1375. As a control, strain
PERM1322 was also transformed with plasmid pDG148 (empty
vector), generating strain PERM1374. Both the PERM1374 and
PERM1375 strains were grown in PAB medium to an ODy, 0f 0.5,
and IPTG was added to 1 mM. As shown in Fig. 3B, the addition of
IPTG induced the expression of the aag-lacZ fusion in the strain
that contained the Pspac-sigG cassette but not in the control strain
bearing the empty vector pDG148.

Mapping the 5’ ends of aag mRNA. The genetic arrangement
of the aag locus reveals that this gene is preceded by katX, encod-
ing the major catalase in dormant spores and transcribed diver-
gently with respect to aag (Fig. 4A) (24), and followed by yxzF,
which codes for an uncharacterized protein. The aag and yxzF
genes are separated by only 28 bp, and there is not an apparent
transcriptional terminator in this intergenic region, suggesting
that these two genes are in a bicistronic operon (Fig. 4A). As dem-
onstrated in this work, the expression of aag was dependent on the
forespore-specific sigma factor 6. Therefore, the likely promoter
sequence recognized by ¢ to activate aag transcription was lo-
cated by mapping the 5’ end of aag mRNA produced in vivo. Total
RNA isolated from the wild-type strain during stage T of sporu-
lation as well as from vegetative cells of PERM 1375, 3 h after IPTG
induction of sigG, was hybridized with a 19-nt-long radioactive
primer complementary to aag mRNA from nt +103 to +122 rel-
ative to the aag translational start codon and subjected to primer
extension analysis. This analysis revealed the synthesis of an ex-
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FIG 3 ¢ dependence of aag-lacZ expression. (A) B-Galactosidase activity of
aag-lacZ during sporulation of the AsigG strain. B. subtilis strain PERM1375
harboring an aag-lacZ fusion in a AsigG genetic background was sporulated in
DSM and the ODy,, measured (®). Cells were collected at various times, and
B-galactosidase activity was assayed in mother cell (A) and forespore (A)
fractions as described in Materials and Methods. Values for (3-galactosidase
specific activity are the averages of values from three independent experi-
ments = SD. (B) B-Galactosidase activity from an aag-lacZ fusion induced by
overexpression of sigG during vegetative growth. B. subtilis strains PERM1375
and PERM 1374 harboring an aag-lacZ fusion in a AsigG genetic background
containing either a P, ::5igG gene fusion (@) or the empty vector (O) were
grown in PAB medium and induced with IPTG (1 mM) when an OD, of 0.5
was reached. The ODgs of cultures were measured (@ and O), cells were
collected at various times, and (3-galactosidase assays from cells that were (A)
or were not (A) complemented with sigG were conducted as described in
Materials and Methods. Values for B-galactosidase specific activity are the
averages of values from three independent experiments * SD.

tension product beginning 69 bp upstream of the aag translation
start codon using mRNAs from either sporulating cells of the
wild-type strain or vegetative cells of the strain overexpressing
sigG (Fig. 4B, lanes 1 and 2).

Having found that an adenine located 69 nt upstream of the first
codon of the aag ORF functions as the transcription start for the
synthesis of aag mRNAs, we inspected the sequences preceding this
site to identify possible ¢ promoter sequences (39). Notably, regions
located at —10 and —35 with respect to the transcription start site,
and separated by 18 nt, exhibited a good level of homology with the
consensus — 10 and —35 regions of 6-dependent promoters (Fig. 5).

Aag and YwqL protect sporulating B. subtilis cells from cy-
totoxic and genotoxic effects of HNO,. The forespore-specific
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FIG 4 Genetic map of the aag region and mapping of the aag promoter. (A)
The B. subtilis chromosomal region around aag. The katX gene is divergently
transcribed upstream of aag, and aag and yxzF may comprise a bicistronic
operon. Hairpin structures denote putative transcriptional terminators. The
drawing is to scale. (B) Primer extension analysis to identify the 5" end of aag
mRNA. Total RNA was isolated from T sporulating cells of B. subtilis strain
168 (wild type) grown in DSM (lane 1) or vegetative cells of strain PERM1375
grown in PAB medium, induced with IPTG, and harvested 3 h after IPTG
addition (lane 2). Primer extension was performed as described in Materials
and Methods. The asterisk indicates the position of the primer extension prod-
uct relative to the DNA sequencing ladder (lanes C, T, A, and G). The position
of the mapped 5’ end of aag mRNA is denoted with an asterisk. “GTG” indi-
cates the position of the aag translation start codon.

expression exhibited by aag prompted us to investigate the DNA
repair functions of Aag during B. subtilis spore development. To
this end, sporangia from wild-type and aag strains collected at T, 5
of sporulation were challenged with increasing doses of nitrous
acid (HNO,), an agent that promotes deamination of adenine to
HX (40). Notably, the Aag-deficient sporangia were only slightly
more susceptible to the genotoxic effects of HNO, than sporangia
from the parental wild-type strain (Fig. 6), although the LD, val-
ues for HNO, were significantly different between wild-type and
aag sporangia (Table 2). The relatively small differences seen in
the latter experiment suggested the existence of additional path-
ways involved in counteracting HNO,-induced base deamination
in these sporulating cells. In agreement with this notion, disrup-
tion of ywgL, encoding an endonuclease capable of processing a
wider range of deaminated bases (22; V. M. Ayala-Garcia and M.
Pedraza-Reyes, unpublished data), generated sporangia that were
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oG-dependent promoter consensus sequence:

Paag sequence:

*
GAACGGTAACAATATTCCCTGAATGGAAAGATTTTAAAACAGC
-35 -10
FIG 5 Comparison of the consensus ¢ (39) promoter sequence with the
putative promoter sequences (Paag) upstream of the aag ORF. Perfect matches

are in bold. The position of the aag transcription start site is denoted with an
asterisk. Abbreviations: H, A or C; R, A or G; and X, A or T.

significantly more sensitive to HNO, than those of the Aag-defi-
cient strain (Fig. 6; Table 2). Importantly, disruption of aag did
not significantly increase the sensitivity of the ywqL sporangia to
the genotoxic effects of HNO, (Fig. 6; Table 2). Together, these
results suggest that YwqL rather than Aag is most important in
eliminating HX and probably other deaminated bases from DNA
during B. subtilis sporulation.
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FIG 6 Sensitivity of sporulating cells to HNO,. (A) Survival of B. subtilis wild-
type (@), aag (®), ywqL (A), and aagywqL (M) strains following HNO, treatment.
Cells from various strains were sporulated in liquid DSM and treated with different
concentrations of HNO, at 4.5 h after the onset of sporulation, and cell viability
was determined as described in Materials and Methods. Results are expressed as
averages * SD from at least three independent experiments. (B) Resistance of B.
subtilis wild-type (WT), aag, ywqL, and aag ywqL strains after exposure to HNO,
Cells from all strains were sporulated in liquid DSM, treated with the LDy, of
HNO, (calculated from the dose-response curve in panel A for the wild-type
strain) at 4.5 h after the onset of sporulation, spot plated, grown, and photo-
graphed as described in Materials and Methods.
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TABLE 2 LD, and LDy, values for wild-type and mutant sporulating cells treated with HNO, and MMS

HNO, MMS
Strain LD, (mM)” LDy, (mM) LD;, (mM) LDy, (mM)
WT 347 £0.11a 7.49 * 0.06 a 38.86 £ 0.30a 71.20 £ 0.57 a
PERM1246 (aag) 292 £0.05a 6.82 = 0.09b 15.16 = 0.17 b 32.69 + 0.37b
PERM791 (ywqL) 2.17 £ 0.09b 5.14 £0.10 ¢ 37.93 £ 0.61 a 69.49 = 0.67 a
PERM1385 (aag ywqlL) 1.90 = 0.06 b 4.80 = 0.08 ¢ 14.94 £ 0.31b 32.47 £ 040b

“ Values are means * standard errors of the means (SEM). Letters indicate statistically significantly different values between strains as determined by one-way analysis of variance

(ANOVA) followed by Tukey’s post hoc tests (P < 0.05).

Aag protects sporulating B. subtilis cells from cytotoxic and
genotoxic effects of MMS. In addition to processing HX, Aag also
can remove 3-mA and 3-mG from DNA (23). Therefore, we com-
pared the abilities of wild-type and mutant sporangia lacking Aag
and/or YwqL to survive treatment with the alkylating agent MMS.
Interestingly, the absence of Aag but not YwqL sensitized sporu-
lating cells to the genotoxic effects of MMS, and this effect did not
increase in cells deficient for both repair proteins (Fig. 7; Table 2).
Taken together, these results suggest that Aag is primarily involved
in eliminating alkylated DNA bases during spore development.

Aagand YwqL counteract the mutagenic effects of HNO, and

A 100

10 -

% Survival

0,01

0 30 60 90
MMS [mM]

FIG 7 Sensitivity of sporulating cells to MMS. (A) Killing of B. subtilis wild-
type (@), aag (®), ywqgL (A), and aag ywqL (M) strains by MMS. Cells from all
strains were sporulated in liquid DSM and treated with different concentra-
tions of MMS at 4.5 h after the onset of sporulation, and cell viability was
determined as described in Materials and Methods. Results are expressed as
averages = SD from at least three independent experiments. (B) Resistance of
B. subtilis wild-type (WT), aag, ywqL, and aag ywqL strains after exposure to
MMS Cells from all strains were sporulated in liquid DSM, treated with the
LD, of MMS (calculated from the dose-response curve in panel A for the
wild-type strain) at 4.5 h after the onset of sporulation, spot plated, grown, and
photographed as described in Materials and Methods.
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MMS. We next investigated whether Aag and/or YwqL was in-
volved in preventing the mutagenic effects promoted by HNO,
and MMS during spore development. To this end, sporulating B.
subtilis wild-type, aag, ywgL, and aag ywqL cells at T, 5 were treated
or not with the LDy, of HNO, or MMS, and the mutation fre-
quency for colonies resistant to rifampin (Rif") was determined
for each strain. With respect to wild-type sporulating cells, the lack
of Aag or YwqL alone did not increase the spontaneous Rif' mu-
tation frequency. However, this parameter increased significantly
when both aag and ywqL were absent (Fig. 8). HNO, treatment
increased mutagenesis in sporangia of all the strains tested, but the
effect was maximal in strains that were deficient for either Aag or
YwqL and did not increase in aag ywqL sporangia (Fig. 8A). In
contrast, MMS had a large mutagenic effect on sporulating cells of
the aag and aag ywqL strains but not those of the ywgL strain (Fig.
8B). Overall, Aag and YwqL both seem to participate in counter-
acting the mutagenic effects promoted by factors that damage the
DNA of sporulating cells through deamination and alkylation of
bases.

DISCUSSION

The soil bacterium B. subtilis may be exposed to a plethora of
environmental pollutants, including reactive nitrogen species
(RNS) generated by oxidation or reduction of nitric oxide (NO-).
RNS resulting from microbial denitrification (41) include nitro-
gen dioxide (NO,-), peroxynitrite (ONOO ™), and peroxynitrous
acid (ONOOH) (42), all of which are potent triggers of DNA base
deamination, generating, among others, the base analog HX (40).
In vegetative cells of B. subtilis, HX may potentially be removed
from DNA by the endonuclease YwqL (22). However, this organ-
ism also possesses aag, encoding a DNA glycosylase that operates
on HX as well as alkylated adenine derivatives (23).

In contrast to alkA, B. subtilis aag does not seem to be under the
control of the Ada response (43); however, aag expression is reg-
ulated in concert with the general stress o regulon (25, 26). Fur-
thermore, inducible levels of expression of this gene were detected
during spore germination/outgrowth (44). Our analysis using a B.
subtilis strain carrying a transcriptional aag-lacZ fusion revealed
that aag transcription is very low during exponential growth and
early stages of sporulation but increases significantly during late
stages of this developmental process. Of note, genes encoding a
number of DNA repair proteins, including spIB, ywjD, mfd, uvrA,
and recA, exhibit similar expression patterns (45-48). In addition,
results from one transcriptomic study did report aag expression
associated with sporulation stages T, and Ty (49). In the current
work, results from fractionation of sporulating cells of the aag-
lacZ strain and microscopic analysis of sporangia carrying an aag-
yfp gene fusion provided strong evidence that transcription of aag
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FIG 8 Frequencies of mutation to Rif". Cells of B. subtilis wild-type, aag, ywqL,
and aag ywqL strains were sporulated in liquid DSM and treated with the LD,
for each strain of either HNO, (A) or MMS (B) at 4.5 h after the onset of
sporulation. The levels of Rif" cells with (+) or without (—) treatment expo-
sure were determined. Each bar represents the mean of data collected from
three independent experiments, and error bars represent the standard error of
the mean (SEM). %, P < 0.05; **, P < 0.01 (by the Mann-Whitney U test).

takes place mainly in the forespore compartment of B. subtilis
sporangia. Furthermore, genetic evidence showing that expres-
sion of aag-lacZ was eliminated in a ¢°-deficient strain and re-
stored by in trans expression of ¢ strongly supports the notion
that aag is expressed in the forespore compartment under the
control of RNA polymerase with ¢“. Based on an in silico analysis,
a previous report proposed that common regulatory elements
may direct the expression of the katX and aag genes (23). How-
ever, primer extension analysis detected specific regulatory re-
gions directing aag that are different from those described for katX
(24). Indeed, the localization of the 5’ end of aag mRNA allowed
the identification of DNA sequences centered at —10 and —35
relative to the transcription start site that exhibited a reasonable
level of homology to —10 and —35 sequences of ¢“-dependent
promoters (39). Based on these results, we postulate that aag is an
additional member of the ¢ regulon. Of note, katX was also re-
ported to be part of the ¢® regulon (25, 26), and previous work
also demonstrated that o* directs katX expression inside the fore-
spore compartment during B. subtilis sporulation (24).
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In agreement with the forespore-specific expression of aag, B.
subtilis aag sporangia exhibited slight but significantly increased
susceptibility to HNO,; however, sporangia deficient for the en-
donuclease YwqL were more severely sensitized to this genotoxic
chemical. These results are in agreement with the ability of YwqL
to process the full range of deaminated bases generated by nitrous
acid (V. M. Ayala-Garcia and M. Pedraza-Reyes, unpublished
data), while Aag acts specifically on HX (23). Interestingly, these
two DNA repair proteins played equivalent roles in counteracting
the mutagenic effects of HNO,, since compared to the wild-type
strain, the aag and ywqL strains exhibited higher but almost iden-
tical levels of HNO,-induced mutagenesis. Therefore, Aag and
YwqL may work together to protect sporulating cells of B. subtilis
from the genotoxic, cytotoxic, and mutagenic effects of base
deamination.

In a marked contrast, aag but not ywqL sporangia exhibited
increased sensitivity to the alkylating agent MMS. This alkylating
agent also induced mutagenesis in the aag sporangia but not in
ywqL sporangia, confirming that YwqL does not act on alkylated
DNA. Interestingly, although B. subtilis possesses additional path-
ways to process alkylated bases, including AlkA and the products
of the adaA-adaB operon (50-53), our results showed that the
absence of Aag alone generated sporangia that were more suscep-
tible to the cytotoxic and mutagenic effects of MMS. However, the
following observations may explain the latter, somewhat anoma-
lous results: (i) MMS mainly induces the formation of the non-
bulky DNA lesions 3-mA, 3-mG, and 7-mG (54, 55), while (ii) the
products of the adaA-adaB operon and AlkA are more important
in removing bulky alkylated lesions generated by N-methyl-N’-
nitro-N-nitrosoguanidine (MNNG) and N-propyl-N'-nitro-N-
nitrosoguanidine (PNNG) (43).

Finally, as shown in this work, the synthesis of a chimeric Aag-
Yfp protein took place inside the forespore compartment, strongly
suggesting that Aag is packaged in the dormant spores putatively
to eliminate alkylated DNA during spore germination/outgrowth.
Indeed, B. subtilis spores are not resistant to the genotoxic effects
of alkylating agents like MMS (56). Therefore, experiments are
under way to explore the contribution of Aag in ensuring the
successful return to life of B. subtilis spores.
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