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Porphyromonas gingivalis is an anaerobic microorganism that inhabits the oral cavity, where oxidative stress
represents a constant challenge. A putative transcriptional regulator associated with oxidative stress, an oxyR
homologue, is known from the P. gingivalis W83 genome sequence. We used microarrays to characterize the
response of P. gingivalis to H,O, and examine the role of oxyR in the regulation of this response. Most
organisms in which oxyR has been investigated are facultative anaerobes or aerobes. In contrast to the
OxyR-regulated response of these microorganisms to H,O,, the main feature of the response in P. gingivalis was
a concerted up-regulation of insertion sequence elements related to IS transposases. Common OxyR-regu-
lated genes such as dps and ahpFC were not positively regulated in P. gingivalis in response to H,O,. However,
their expression was dependent on the presence of a functional OxyR, as revealed by microarray comparison
of an oxyR mutant to the wild type. Phenotypic characterization of the oxyR mutant showed that OxyR plays
a role in both the resistance to H,O, and the aerotolerance of P. gingivalis. Escherichia coli and other bacteria
with more complex respiratory requirements use OxyR for regulating resistance to H,O, and use a separate
regulator for aerotolerance. In P. gingivalis, the presence of a single protein combining the two functions might
be related to the comparatively smaller genome size of this anaerobic microorganism. In conclusion, these
results suggest that OxyR does not act as a sensor of H,O, in P. gingivalis but constitutively activates

transcription of oxidative-stress-related genes under anaerobic growth.

Porphyromonas gingivalis is a gram-negative, nonmotile, pleo-
morphic rod and obligate anaerobe (35). Several studies based
on microbiological and immunological findings have classified
P. gingivalis as one of the causative agents in periodontitis (25,
36). However, P. gingivalis is also found as part of the indige-
nous supra- and subgingival microflora in healthy individuals
of all ages (40, 47, 48). During colonization of the oral tissues,
P. gingivalis is exposed to various oxidative stress conditions
(e.g., during survival in saliva) in which the presence of an
unfavorable redox potential and the damaging effects of reac-
tive oxygen species (ROS) might challenge its survival before
finding the appropriate anaerobic microenvironment in which
to establish itself and proliferate. Hydrogen peroxide, in par-
ticular, poses a problem for microorganisms in dental biofilms
as it is produced by other community members such as strep-
tococci (6) and can freely permeate the cell envelopes of ad-
jacent bacteria. Once P. gingivalis forms part of a subgingival
biofilm, lower redox potentials (17, 24) might favor its prolif-
eration, but the microorganism would still encounter other
sources of oxidative stress originating from the host defenses
(e.g., neutrophils).

ROS such as O,~, HO-, and H,O, are produced inside
bacterial cells in aerobic environments (15, 29). ROS are toxic
as they are highly reactive and can cleave nucleic acids and
oxidize essential proteins and lipids (8, 12). Obligate anaerobes
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cannot grow in the presence of oxygen but can survive transient
periods of aerobiosis (11, 42). In contrast to the increasing
knowledge of oxygen toxicity and antioxidant systems in aer-
obes, the basis for anaerobiosis and how anaerobes react to
oxidative stress are poorly understood. It is believed that
anaerobes cannot grow in the presence of oxygen due to the
inactivation of key metabolic enzymes (28) and the absence of
the adequate oxidative-stress defense systems (23). However,
some anaerobes have been shown to possess antioxidant en-
zymes and regulatory networks similar to those in their aerobic
counterparts (4, 31).

In aerobes and facultative anaerobic bacteria, the expression
of antioxidant-related genes is usually regulated by transcrip-
tional modulators that sense oxidative-stress-generating agents
(30, 38). The SoxR/SoxS and the OxyR systems are examples of
these regulators that respond, respectively, to superoxide-gen-
erating compounds and H,O,. OxyR is a redox-sensitive protein
in the LysR family of DNA-binding transcriptional modulators
(38). In Escherichia coli, OxyR is not activated (oxidized) during
aerobic growth. Rather, it requires the addition of exogenous
H,O,. The levels of OxyR, however, remain constant after
treatment with H,O, (37). Under aerobic growth of E. coli low
amounts of reduced OxyR molecules are present in the cells,
bound to the promoters of the OxyR-regulated genes. When
H,O0, is produced inside or diffuses into the cell, direct oxida-
tion of the OxyR protein induces disulfide bond formation
between two cysteine residues, C199 and C208 (19, 50), an
event that changes OxyR DNA-binding specificity and allows
recruitment of RNA polymerase, leading to the induction of a
variety of target genes (41, 43). Several approaches have con-
tributed to the identification of the E. coli OxyR regulon, which
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includes dps (a nonspecific, protective, DNA-binding protein),
ahpF and ahpC (alkylhydroperoxide reductase subunits F and
C, respectively), katG (catalase), gor (glutathione reductase),
grxA (glutaredoxin A), and #xC (thioredoxin 2), among other
genes (51). An OxyR homologue has also been identified in the
aerotolerant anaerobe Bacteroides fragilis (4, 13, 31, 33). The
OxyR regulon of B. fragilis includes katB (catalase), ahpFC,
dps, tpx (thioredoxin peroxidase), rbpA (RNA binding protein),
ftnA (ferritin), and rbr (rubrerythrin) (13, 33). In B. fragilis,
several OxyR-regulated genes are induced not only after H,O,
addition, as occurs in E. coli, but also after exposure to air.
However, oxyR is necessary only for resistance to H,O,; its
inactivation does not affect the aerotolerance of B. fragilis,
perhaps because of compensatory mechanisms that are not
OxyR dependent (32).

P. gingivalis is a catalase-negative organism (4); however,
several studies have shown that it possesses alternate antioxi-
dant defenses. These include superoxide dismutase, which ap-
pears to be protective against atmospheric oxygen (20), as well
as rubrerythrin, Dps, and AhpFC, all of which have been dem-
onstrated to be protective against exogenously added H,O,
(16, 39, 45). Furthermore, an oxyR homologue has been iden-
tified in the P. gingivalis genome sequence (26). The purpose of
the present study was to evaluate the role of oxyR in the P.
gingivalis response to H,O,. We report here that putative
OxyR-controlled genes, identified by microarray analysis, are
not inducible after H,O, treatment. However, their expression
during anaerobic growth requires the presence of a functional
OxyR. We also report that P. gingivalis oxyR is important not
only for resistance to H,O, but also for the aerotolerance of
the microorganism.

MATERIALS AND METHODS

Microorganisms and growth conditions. P. gingivalis W83 (a kind gift of M. J.
Duncan, Department of Molecular Genetics, The Forsyth Institute, Boston,
MA) and W50 (ATCC 53978) were maintained short-term on anaerobic blood
agar plates, incubated at 37°C in a Shel Lab Bactron IV anaerobic chamber
(Sheldon Manufacturing, Inc., Cornelius, OR) with an atmosphere of H,-
CO,-N, (5/5/90 ratio). All strains were grown in brain heart infusion (BHI)
medium (Becton Dickinson and Company, Sparks, MD) supplemented, after
autoclaving, with 5 mg of hemin liter ™' and 0.5 g of cysteine liter~'. For all
experiments, supplemented BHI medium was prereduced in the anaerobic cham-
ber for a minimum of 4 h prior to inoculation with P. gingivalis.

Construction of P. gingivalis W50 oxyR isogenic mutant and complemented
mutant. The P. gingivalis genome sequence (26) was accessed at http://www.tigr
.org, and all gene designations correspond to TIGR gene identification (ID)
numbers. Table 1 shows the oligonucleotides used in this study. Construction of
the P. gingivalis oxyR isogenic mutant was based on methodology previously
described (10). Primers oxyR1 and oxyR2 (Table 1) were designed from PG0270
encoding a putative OxyR in P. gingivalis W83. A 902-bp fragment was amplified
by PCR of P. gingivalis W50 genomic DNA using primers oxyR1 and oxyR2, and
the product was ligated into pPGEM-T Easy (Promega, Madison, WI) to generate
pOX1. Transformants were selected on Luria-Bertani plates supplemented with
0.5 mM IPTG (isopropyl-B-p-thiogalactopyranoside), 80 pg X-Gal (5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside) ml~!, and 100 pg ampicillin ml~!. A
2.65-kb EcoICRI TetQ fragment from Bacteroides thetaiotaomicron, conferring
tetracycline resistance to P. gingivalis, was removed from pNJR12 (22) and
ligated into a unique BsaMI site on pOXI1 to generate pOX2. The resulting
pOX2 vector was transformed into E. coli IM109 by electroporation using stan-
dard procedures. Purified, linearized (Scal) pOX2 was then electroporated into
P. gingivalis W50 as previously described (10). Electroporated cells were allowed
to recover in 1 ml BHI medium for 2 h under anaerobic conditions and plated on
blood agar containing 1 pg of tetracycline ml~!. Colonies were recovered after
5 to 6 days. Southern blot analysis was performed to confirm the construction of
the oxyR mutant.
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TABLE 1. Oligonucleotides used in this study

Oligonucleotide

Sequence 5’ to 3'¢

Construction of oxyR mutants

oxyR1 TCGAATACATAGCCGCATTG
oxyR2 CCTGTCTGCAACTTGTGCAT
oxyR3 CGAATAAAAGGTGCCGACAT
oxyR4 ATTCGTTCAAGCCAAATGCT
Northern blot hybridization
dps (PG0090) ..o GCGTATCGGTCACATTCTTCAGC
GTACTTG
ahpC (PGO618) ... GGCCGGACATACCTGACCATCGTG
AGCA
Real-time PCR
dps (PG0090) .....covvvvrrciirinnne, F: CGGTGAGGCAGGCGATGAGGTA
R: CTTGGCAGCGTAGGCAGACAGC
ahpC (PGO618).......cccvwevierrnnn F: GGCTTACCGTGGCTCTTTCGTGA

R: GGACATACCTGACCATCGTGAGCA
Hypothetical protein

(PGO42L) oo F: AATGCTGCAGTGCGAGTTATC
R: AGGGTGGGCTGGTTGAA
s0d (PG1545) ..o F: GCACGGAATTTGAAAACGCTGAC
R: CTTGCCCGGACGGAACTGAG
Ferritin (PG1286)......cccccvuvuuneee F: CAAATCAAGGCCGAAATGTGGTCT
R: TTTCCTCGAGGCTCTGCTTTTTGA
Thioredoxin (PG0275)............... F: TTGGCAGGGATTTTCGGTGTCAGA

R: GCCCATCGTTTGCGTCGGTATTC
Formate-tetrahydrofolate

ligase (PG1321) ....ccvvvuvvunnnce. F: AGGAAATATACAGCGCAGGGAGTG
R: TGGCAATACAAACGGGGAGATGAT
16S rRNA gene ......ccccuvveerucnnn F: AGGCGTGAGGAAGGTGTGGATGAC
R: CGCCCGGTAGCTGCCCTTTGT
Glucokinase (PG1737)............... F: ATGAATCCGATCCGCCACCAC
R: GCCTCCCATCCCAAAGCACT
Excinuclease (PG2210).............. F: CGGAAGGAACGGTGGAGGAAC

R: GGCATGCCCCGATAGGATTG

“F, forward; R, reverse.

To construct a complemented oxyR mutant (designated comp), primers oxyR3
and oxyR4 (Table 1) were used to amplify oxyR and flanking regions by PCR
using W50 genomic DNA as template. The PCR product was ligated into
pGEM-T Easy to generate pOX3. EcoRI inserts were excised from pOX3 and
inserted into the EcoRI site of the P. gingivalis/E. coli shuttle vector pYH411
(unpublished), a 12.3-kb vector derived from pYH400 (12.8 kb) (49) that confers
ampicillin resistance in E. coli and erythromycin resistance in P. gingivalis. Puri-
fied recombinant plasmid DNA was transferred into the electrocompetent P.
gingivalis oxyR mutant strain as previously described (27). Colonies were selected
on blood agar containing 1 ug of tetracycline ml~! and 10 pg erythromycin ml ™!
after 7 to 10 days of growth. The recombinant insert from plasmid DNA isolated
from the comp strain was sequenced with primers oxyR3 and oxyR4 and shown
to be 100% identical to wild-type oxyR.

Determination of resistance to H,0, treatment and tolerance to air. One
milliliter of an overnight culture was used to inoculate 100 ml of BHI medium
preincubated anaerobically at 37°C. Culture densities, expressed in Klett units
(KU), were registered every hour using a Klett-Summerson photoelectric color-
imeter (Arthur H. Thomas Co., Philadelphia, PA) until stationary phase was
reached (KU 210). Hydrogen peroxide (250 uM) was added at early exponential
phase (typically 9 h after inoculation).

To compare the levels of resistance of cells to killing by atmospheric oxygen,
P. gingivalis wild type and mutants were grown in BHI medium until late loga-
rithmic phase (KU 180). Serial 10-fold dilutions were performed in the same
prereduced medium, and 0.1 ml was spread on prereduced blood agar plates,
which were then exposed to air for different periods of time, followed by anaer-
obic incubation for 4 to 6 days. The CFU appearing on plates exposed to air
divided by the CFU on the control plates (not exposed to air) times 100 was
equal to the survival percentage.

RNA isolation, Northern blot hybridization, and real-time PCR. P. gingivalis
cultures, grown to mid-exponential phase, were divided in half. One aliquot was
left untreated while the other was treated with H,O,, anaerobically in most cases,
or aerobically, when indicated. RNA was isolated from treated and untreated
cultures by mixing 10 ml of culture with an equal volume of hot phenol saturated
with 0.1 M citrate buffer (pH 4.3), following conventional protocols (34).
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Genomic DNA was removed from RNA samples by treatment with RNase-free
DNase I (Promega). For Northern blot analysis, 10 pg of RNA was electro-
phoresed in 1X MOPS (morpholinepropanesulfonic acid) buffer, transferred to
a Hybond N* nylon membrane with 20X SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate) buffer, and hybridized with the [y-*P]dATP-labeled oligonu-
cleotide probe. Oligonucleotides used to detect RNA transcripts are listed in
Table 1. Membranes were exposed to a phosphoimager detection screen, and the
values were normalized to that of the respective 16S rRNA band detected on the
ethidium bromide-stained agarose gel to correct for any loading differences.

Real-time PCR relative quantification was performed using SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA) according to the man-
ufacturer’s instructions. Four micrograms of RNA was reverse transcribed in a
reaction mixture containing 2 wl random hexamers (3 mg/ml; Invitrogen, Carls-
bad, CA), 1.2 pl of a 12.5 mM deoxynucleoside triphosphate mix, 100 U RNase
inhibitor (Ambion, Austin, TX), 3 pl 0.1 M dithiothreitol (DTT), 6 nl 5X
Superscript buffer, 2 pl Superscript IT (Invitrogen), and diethyl pyrocarbonate-
treated water to a 30-pl final volume. Reaction mixtures were incubated at 42°C
for 16 h. Primer sequences for real-time PCR are listed in Table 1. The optimal
primer concentration for all genes was determined to be 300 nM. The absence of
nonspecific amplification was determined by generating dissociation curves after
PCR was complete. Amplification efficiency was determined in a reaction mix-
ture containing 0 to 20 ng cDNA template. For real-time relative quantification,
all genes were amplified for 40 cycles in a 50-pl reaction mixture containing 1<
SYBR Green PCR Master Mix, 300 nM (each) primer, and 5 ng cDNA template
wl™! with an annealing temperature dependent on the primer pair used. The P.
gingivalis 16S TRNA gene and the open reading frames (ORFs) PG1737, encod-
ing a glucokinase, and PG2210, encoding an excinuclease, were selected as
endogenous controls. The expression of PG1737 and PG2210 was shown to
remain unchanged by microarray analysis (data not shown). Target gene expres-
sion was normalized to that of the endogenous control gene which had the
amplification efficiency closest to that of the target. The comparative cycle
threshold (C;) method was used for relative quantification according to Applied
Biosystems ABI Prism 7700 Sequence Detection System User bulletin no. 2.
Briefly, the AC;, was determined by subtracting the average C; value of the
housekeeping gene from the average C value of the target gene. Then the AAC
for each condition was calculated by subtracting the AC, of the calibrator
condition (untreated wild type) from the AC; of the condition evaluated (H,O,-
treated wild type, untreated oxyR mutant, or H,O,-treated oxyR mutant). The
range for each condition relative to the calibrator was determined by evaluating
the expression 27247 with AAC; + S and AAC; — S, where S is the standard
deviation of the AAC value.

Microarray experiments. P. gingivalis 70-mer oligonucleotide-based microar-
rays were fabricated at TIGR and provided by the NIDCR through the NIAID
PFGRC facility. Arrays were based on ORFs annotated in the W83 genome
sequence with each oligonucleotide printed four times on the glass slide. Samples
for hybridization on each array were prepared in the following manner: cDNA
was generated by reverse transcription of 16 pg of total RNA in a reaction
containing 2 pl random hexamers (3 mg/ml; Invitrogen), 1.2 wl amino allyl-
deoxynucleotide triphosphate mix (12.5 mM dATP, dCTP, and dGTP; 4.16 mM
dTTP; and 8.33 mM amino allyl-dUTP), 100 U RNase inhibitor (Ambion), 3 .l
0.1 M DTT, 6 pl 5% Superscript buffer, 2 wl Superscript II (Invitrogen), and
diethylpyrocarbonate-treated water to a 30-pl final volume. Reaction mixtures
were incubated at 42°C for 16 h. RNA template was hydrolyzed at 65°C for 15
min with the addition of 10 pl 1 M NaOH and 10 pl 0.5 M EDTA. The reaction
was then neutralized by the addition of 25 ul 1 M Tris (pH 7.4), and the
aminoallyl-cDNA was cleaned using a Qiaquick PCR purification Kit
(QIAGEN). Speed-Vac-dried cDNA was resuspended in 4.5 pul 0.1 M Na,CO;
buffer, pH 9.0, and mixed with 4.5 pl N-hydroxysuccinimide-Cy5 or N-hydroxy-
succinimide—Cy3 dye (Amersham Biosciences, Piscataway, NJ) dissolved in di-
methyl sulfoxide. The coupling reaction was allowed to proceed for 1 h at room
temperature in the dark. Uncoupled Cy dyes were removed with a Qiaquick PCR
purification kit. The Speed-Vac-dried labeled samples were resuspended in 20 i
hybridization buffer and mixed for hybridization. Slides were hybridized over-
night at 42°C. Hybridization buffers and washing procedures are described at
http://www.tigr.org/tdb/microarray/conciseguide.html. Microarrays were scanned
using a GenePix 4000B (Axon, Union City, CA) scanner and analyzed using
GenePix Pro 6.0. RNA samples from three biological replicates were analyzed
with dye swapping (to avoid any differences in Cy3 and Cy5 labeling efficiency),
resulting in a total of six microarray slides for each comparison. The three
comparisons studied were (i) untreated wild-type samples compared to wild-type
samples treated with 125 uM H,O, for 5 min, (ii) untreated oxyR mutant
compared to H,O,-treated oxyR mutant, and (iii) untreated wild type compared
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FIG. 1. Effect of the addition of 250 uM H,O, (open symbols) on
the growth of P. gingivalis W50 wild type (Wt), oxyR mutant (oxyR),
and complemented oxyR mutant (comp) compared to nontreated con-
trols (closed symbols). All cultures were grown anaerobically in BHI
medium except for the oxyR complemented mutant, which also con-
tained 10 pg erythromycin ml~?.

to untreated oxyR mutant. Statistical analysis was performed by calculating the P
values in a two-tailed ¢ test.

Nucleotide sequence accession number. The GenBank accession number for
the P. gingivalis W50 oxyR homologue sequence is DQ098106.

RESULTS

Insertional inactivation of oxyR decreases P. gingivalis aero-
tolerance and resistance to H,0,. The P. gingivalis W50 oxyR
homologue was sequenced (GenBank accession no. DQ098106)
and found to be 100% identical to the oxyR homologue
(PG0270) from the P. gingivalis W83 genome sequence (26). A
PSI BLAST analysis (2) revealed that PG0270 exhibited 58%
identity to B. fragilis oxyR (accession no. AAG02619) and 34%
identity to E. coli oxyR (accession no. P11721). Importantly, the
helix-turn-helix motif region for DNA binding and promoter
recognition, present at the N-terminal domain of LysR-type
regulators (18), is highly conserved, as are the cysteine residues
in positions 199 and 208, which have been shown to be critical
for the ability of the transcription factor to sense H,O, in vivo
and in vitro (50).

Insertional inactivation of P. gingivalis oxyR had no signifi-
cant effect on the growth rate of the mutant under anaerobic
conditions. However, as shown in Fig. 1, inactivation of oxyR
reduced the ability of the oxyR mutant to recover after treat-
ment (anaerobically) with 250 uM H,0,. Complementation of
the oxyR mutant with oxyR expressed from pYH411 partially
restored the wild-type phenotype. Insert sequencing in pYH411
showed no discrepancies with P. gingivalis genomic DNA se-
quence. Furthermore, approximately 150 bp upstream of the oxyR
starting site were included to ensure complete coverage of the
promoter region. These results suggest, however, that DNA se-
quence elements outside the cloned region may be required for
efficient transcription of oxyR.

Table 2 compares the abilities of the wild type, the oxyR
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TABLE 2. Air sensitivity of P. gingivalis wild type (wt), oxyR mutant
(oxyR), and complemented oxyR mutant (comp)

Time of exposure % CFU*
to air (hours) wt I Comp
1 97 1 92 +2 96 =2
25 833 64 +3 68 +3
5 59 =1 34=1 42=1
10 39+3 4+1 17+ 4
20 34 +1 <0.05 11+3
25 16 + 4 <0.05 2+3

“ Results represent the percentage of colony-forming units appearing on plates
exposed to air compared to the control (time of exposure = 0 h) and are
presented as the mean survival percentage *+ standard deviation of duplicate
experiments with duplicate samples per experiment.

mutant, and the complemented mutant to tolerate exposure to
atmospheric oxygen for different periods of time. It was dem-
onstrated that in P. gingivalis OxyR seems to play a role in
aerotolerance, as the oxyR mutant was more sensitive to air
than the wild type and the complementation partially restored
aerotolerance.

Expression of dps and ahpFC in P. gingivalis requires OxyR
but does not increase in response to H,0,. The dps gene has
been shown to play a role in protection of E. coli from peroxide
stress, and its expression is regulated by OxyR (3). Dps is
significantly up-regulated in E. coli and B. fragilis after H,O,
exposure, increasing 180- and 37-fold, respectively, compared
to untreated cultures (31, 51). P. gingivalis possesses a Dps
homologue which has been shown to be protective against
H,O, and possibly regulated by OxyR (45). To evaluate dps
transcriptional levels in response to H,O,, P. gingivalis W50
cultures were exposed to different H,O, concentrations for 5
or 20 min. Results showed that H,O, did not have a significant
effect on the expression of dps (Fig. 2). A similar result was
obtained with strain W83 after treatment with different H,O,
concentrations for 5 min (Fig. 2). If it is assumed that in P.
gingivalis dps transcription is also regulated by OxyR, these
results would suggest that OxyR is in a constitutively active
state since the dps transcript was detected in wild-type cultures
grown anaerobically without H,O, treatment, and it did not
increase after treatment with H,O,. In order to investigate
whether BHI medium contained any H,O,, catalase was added
to the medium 4 h before inoculation with P. gingivalis; the
activity of the enzyme was verified, and it was demonstrated
that 5 wg of catalase ml~' was able to remove 20 pM H,O, to
undetectable amounts (data not shown). The effect of the
addition of catalase on the expression of dps, ahpC, and ahpF
was evaluated and compared to that for cultures grown in
growth media without catalase. Figure 3 shows that removal of
trace H,O, did not significantly affect the expression of dps,
ahpC, and ahpF, suggesting that the presence of H,O, in the
medium is not the cause of the high levels of dps transcript
seen without H,O, treatment. To test if exposure to oxygen
would further induce the expression of dps, ahpC, and ahpF, P.
gingivalis was treated with H,O, under normal atmospheric
conditions. Exposure to air had no effect on the expression of
these genes compared to H,O, treatment of anaerobically
grown cultures (Fig. 3). This finding also suggested that OxyR
is at its maximum level of activation during anaerobic growth.
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Furthermore, in contrast to the wild type, the expression of
dps, ahpC, and ahpF was greatly reduced in the oxyR mutant
under all the conditions tested, before and after H,O, treat-
ment (Fig. 3), suggesting that OxyR is indeed necessary for the
expression of these genes under anaerobic growth.

Microarray analysis of P. gingivalis response to H,0, treat-
ment. Table 3 shows the genes found to be up-regulated
greater than 2.5-fold in P. gingivalis W50 after treatment with
H,O,. Eight out of nine up-regulated genes were transposase-
related insertion sequence elements belonging to the IS7 family.
P. gingivalis DNA microarrays contain 10 different oligonucleo-
tides that correspond to IS/ transposases. The P. gingivalis ge-
nome, however, contains 32 ORFs identified as IS/ transposases
(according to TIGR annotation). The reason for this discrep-
ancy is probably the high similarity among genes, as each of the
oligonucleotide sequences present in the microarray slide
matches up to 16 ORFs for transposases in the genome, cov-
ering the 32 ORFs with minimal redundancy. The two remain-
ing oligonucleotide sequences for IS/ transposases in the mi-
croarray slides that did not yield up-regulated results with our
cutoff of more than 2.5-fold, and consequently do not appear in
Table 3, were PG0852, which increased 2.2-fold in expression
in the H,O,-treated strain, and PG(0988, which increased 1.73-
fold. These results could suggest that all transposases from the
IS! family showed some degree of up-regulation. Microarray
analysis, however, does not allow discrimination among specific
ORFs. Hydrogen peroxide treatment did not result in down-
regulation by more than 2.5-fold of any genes.

Microarray comparison of P. gingivalis W50 wild type and oxyR
mutant. Northern blot analysis of the expression of aapFC and
dps in P. gingivalis wild type and oxyR mutant suggested that

A 5 min
0 25 125 250

20 min
0 :25 125 250

W50

1 L7 0919 1 1.7 18 19

W83

1 16 1.8 1.7

FIG. 2. Northern blot analysis of the expression of dps in P. gingi-
valis W50 and W83 after treatment with different H,O, concentrations.
Panel A shows dps expression in W50 treated for 5 and 20 min. Panel
B shows expression of dps in W83 after treatment for 5 min. The probe
used was dps (Table 1). The number above each lane represents the
H,O, pM concentration. The number below each lane represents the
relative intensity of the bands compared to the untreated sample (no
H,0, added). All bands were normalized to the intensity of the cor-
responding 16S rRNA band in the ethidium bromide-stained gel photo-
graphed prior to transfer.
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FIG. 3. Northern blot analysis of the expression of dps (top panel)
and ahpFC (bottom panel) in P. gingivalis W50 wild type and oxyR
mutant. Lanes correspond to wild type grown in the presence of 5
wg/ml catalase (A), wild type grown without catalase (B), wild type
grown without catalase and treated with 125 uM H,O, in the anaer-
obic chamber (C), wild type grown without catalase and treated with
125 pM H,0, under aeration (D), oxyR mutant grown in the presence
of 5 ng/ml catalase (E), oxyR mutant grown without catalase (F), and
oxyR mutant grown without catalase and treated with 125 pM H,0, in
the anaerobic chamber (G). The probes used were dps and ahpC. The
ahpC probe recognizes polycistronic expression of aapF and ahpC and
monocistronic expression of aipC. The number below each lane rep-
resents the relative intensity of the bands compared to lane B (un-
treated wild type). All bands were normalized to the intensity of the
corresponding 16S rRNA band in the ethidium bromide-stained gel
photographed prior to transfer.

J. BACTERIOL.

these OxyR-dependent genes are expressed at their highest
levels during anaerobic growth. Therefore, in order to identify
other OxyR-dependent genes we carried out a microarray
comparison of the wild type and the oxyR mutant grown under
anaerobic conditions and without H,O, treatment. Table 4
shows the 28 genes with decreased expression (more than
2.5-fold) in the oxyR mutant. The identification of ahpC, dps,
and ahpF as the genes with the most decreased levels of ex-
pression suggested that this methodology was useful in identi-
fying OxyR-dependent genes. On the other hand, only four
genes were expressed at a higher level in the oxyR mutant than
in the wild type (Table 5). Three of these genes were trans-
posase related, and two of them were also induced in the wild
type after H,O, treatment (Table 3), suggesting that a re-
sponse seen for oxidative stress occurs in the oxyR mutant even
when grown under anaerobic conditions.

Confirmation of levels of expression of putative OxyR-de-
pendent genes by real-time PCR. Real-time PCR was used to
evaluate expression levels of the eight genes most affected by
the insertional inactivation of oxyR, as determined by microar-
ray analysis. Relative quantification confirmed that the expres-
sion of these genes was decreased in the oxyR mutant (Table 6).
Consistent with studies that suggest that DNA microarray anal-
ysis may underestimate changes in gene expression (46), the
decrease as measured with real-time PCR was in some cases
greater than the result obtained by microarray analysis. Real-
time PCR was also used to analyze the patterns of expression
of the putative OxyR-regulated genes in the wild type after
treatment with H,O,. A decrease in expression in response to
H,O, was observed for all the genes analyzed. Microarray
results also showed a decrease in expression of these genes but
less than 2.5-fold (data not shown). The only exception was
dps, where expression was slightly up-regulated (1.56-fold)
when analyzed by microarrays.

DISCUSSION

Our results show that the transcription of certain P. gingivalis
antioxidant-related genes requires the presence of a functional
OxyR within the cells. OxyR seems to operate differently in P.
gingivalis compared to facultative anaerobic or aerobic micro-
organisms in which the regulator has been studied (9, 21, 44,

TABLE 3. Microarray analysis of the effect of H,O, (125 wM) treatment on Porphyromonas gingivalis W50

Gene” Gene name/function Other matches” . FOl(.j . P value
induction
PG0460 ISPgl, transposase PG2169, PG1244, PG0549 4.28 0.0016
PG0051 ISPg1, transposase, degenerate PG1384, PG0760 4.06 0.0049
PGO0813 ISPg1, transposase, truncation 4.01 0.0008
PG0944 ISPg1, transposase, truncation 3.66 0.0022
PG2195 ISPg1, transposase, truncation 3.26 0.0083
PG0294 Glycosyl transferase, group 2 family protein 2.76 0.0172
PG0988 Transposase, ISPgl-related, authentic frameshift 2.69 0.0116
PG0184 ISPgl, transposase PG1906, PG1448, PG0184, 2.57 0.0036
PG1624, PG1197, PG117,
PG1031, PG0825
PG2169 ISPg1, transposase, degenerate 2.55 0.0268

¢ Gene number corresponds to TIGR ID.

> Matching ORF information is from The Bioinformatics Resources for Oral Pathogens (BROP) facility (http://www.brop.org). All matching ORFs correspond to

IS7-related transposases.

¢ Genes exhibiting a greater-than-2.5-fold induction in transcription only. No genes were down-regulated after exposure to H,O,.
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TABLE 4. Genes with a decreased level of expression in the oxyR mutant compared to Porphyromonas gingivalis
W50 wild type (during anaerobic growth)

Gene“ Gene name/function Fold decrease” P value
PG0618 Alkyl hydroperoxide reductase, C subunit 16.3 0.00565
PG0090 Dps family protein 6.70 0.01006
PG0619 Alkyl hydroperoxide reductase, F subunit 6.53 0.00711
PG0421 Hypothetical protein 6.34 0.00897
PG1545 Superoxide dismutase, Fe-Mn 5.73 0.01323
PG1286 Ferritin 5.57 0.03179
PG0275 Thioredoxin 4.56 0.01633
PG1321 Formate-tetrahydrofolate ligase 4.46 0.10428
PGl116 Methylenetetrahydrofolate dehydrogenase 3.86 0.01301
PG0686 Conserved hypothetical protein 3.80 0.09954
PG1540 S-Adenosylmethionine:tRNA ribosyltransferase-isomerase 3.59 0.00707
PG1124 DUF80 domain protein 3.54 0.00134
PG0257 Conserved hypothetical protein 3.27 0.03744
PGO0888 Hypothetical protein 3.20 0.02188
PG1089 DNA-binding response regulator RprY 3.04 0.00349
PG1960 Ribosomal protein 128 2.95 0.01197
PG0385 Ribosomal protein S21 291 0.09041
PG0707 Hypothetical protein 2.90 0.03812
PG1076 Acyl coenzyme A dehydrogenase, short chain specific 2.84 0.01287
PG0037 Ribosomal protein L19 2.83 0.03776
PG0595 Ribosomal protein S6 2.83 0.03506
PG2117 Ribosomal protein S16 2.82 0.11780
PG1134 Thioredoxin reductase 2.81 0.09180
PG1108 Hypothetical protein 2.62 0.01818
PG0594 RNA polymerase sigma-70 factor 2.62 0.02485
PG0193 Cationic outer membrane protein OmpH 2.56 0.03085
PG1542 Collagenase 2.53 0.02568
PG0434 Hypothetical protein 2.53 0.01712

“ Gene number corresponds to TIGR ID.
 Genes exhibiting a greater-than-2.5-fold decrease in transcription only.

51). Furthermore, our results indicate that OxyR from P. gin-
givalis differs also from that of the anaerobe B. fragilis (31, 32).
In P. gingivalis, under the conditions tested, the expression of
the OxyR-dependent genes occurs during anaerobic growth
and not in response to H,O,. The genes dependent on OxyR,
however, seem important for the resistance of the microorgan-
ism to H,O, exposure and aerotolerance. The ability to main-
tain constitutive expression of antioxidant genes might be in
fact an advantage in the oral cavity, where oxidative stress is
ubiquitous, and might represent an evolutionary adaptation to
the oral environment. We cannot rule out, however, the pos-
sibility that other environmental conditions might further in-
crease the expression of this set of genes, perhaps through
different regulatory mechanisms. For example, a recent study

has found that nine genes for which we report decreased levels
of expression in the oxyR mutant (Table 4) were up-regulated
in P. gingivalis after contact with epithelial cells (14). It was
unexpected to find that treatment with H,O, slightly decreased
the levels of expression of the OxyR-dependent genes. This
observation confirms that OxyR does not act as a sensor for
H,O, in P. gingivalis. The explanation for this effect, however,
requires further investigation.

We demonstrated that the constitutive expression of the
OxyR regulon was not a consequence of residual H,O, in the
medium, as addition of catalase did not significantly change
expression of several OxyR-dependent genes. The finding that
OxyR is constitutively active, despite anaerobic conditions,
could be explained by the possibility that P. gingivalis possesses

TABLE 5. Genes with increased level of expression in the oxyR mutant compared to Porphyromonas gingivalis
W50 wild type (during anaerobic growth)

Gene“ Gene name/function Other matches” Fold increase® P value
PG0184 ISPgl, transposase PG1906, PG1448, PG0184, PG1624, PG1197, 3.28 0.00839
PG117, PG1031, PG0825
PG0852 ISPgl, transposase, authentic frameshift PG2169, PG2059, PG1845, PG1384, PG0764, 3.24 0.01317
PGO0051, PG2193, PG2011, PG1909, PG1399,
PG1349, PG1228, PG0939, PG0845, PG0760
PG0265 Hypothetical protein 2.82 0.16103
PG0051 ISPgl, transposase, degenerate PG1384, PG0760 2.57 0.03737

¢ Gene number corresponds to TIGR ID.

> Matching ORF information from The Bioinformatics Resources for Oral Pathogens (BROP) facility (http://www.brop.org). All matching ORFs correspond to

ISI-related transposases.
¢ Genes exhibiting a greater-than-2.5-fold induction in transcription only.
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TABLE 6. Real-time PCR relative quantification of the expression of OxyR-dependent genes”

wt + H,O,

oxyR mutant oxyR mutant + H,0,

Gene ID/name wt
PG0618/alkyl hydroperoxide reductase, 1(0.7-1.3)
C subunit
PG0090/Dps family protein 1(0.9-1.1)
PG0421/hypothetical protein 1(0.8-1.4)
PG1545/superoxide dismutase, Fe-Mn 1(0.7-1.4)
PG1286/ferritin 1(0.7-1.4)
PGO0275/thioredoxin 1(0.7-1.4)
PG1321/formate-tetrahydrofolate ligase 1(0.7-1.4)

1427 (2.0-9.1)

11.25 (1.0-1.5)
13.64 (2.2-6.2)
124.25 (16.0-36.7)
12.95 (2.4-3.5)
18.41 (4.5-15.8)
13.16 (2.0-5.1)

192.00 (83.1-101.8) 159.70 (54.1-65.78)
1117 (8.2-16.5)
150.57 (41.1-62.2)

1959.41 (640.4-1,437.1)

17.7 (5.0-11.9)
1621 (5.4-7.1)
14.91 (3.2-7.4)

16.95 (6.0-8.1)
170.4 (57.1-86.7)
1749.2 (467.1-1,201.9)
117.7 (11.3-27.7)
19.2 (5.8-14.6)
13.92 (2.18-7.03)

“ All numbers represent the range of expression relative to the wild-type strain not treated with H,O, (wt). Arrows indicate a decrease in expression. Average C
values for each gene were normalized to an endogenous control with similar amplification efficiency. Range (in parentheses) was determined by evaluation of the

expression 272ACT a5 described in Materials and Methods.

an OxyR molecule with a locked-oxidized conformation. In-
deed, it has been demonstrated that certain mutations in oxyR
are capable of inducing constitutive phenotypes in B. fragilis
and E. coli (18, 32). Some of these strains have been isolated as
spontaneous mutants that showed increased tolerance to
H,O,. However, sequence analysis of P. gingivalis OxyR could
not identify any amino acid substitutions that could correspond
to those of the constitutive mutants. Since P. gingivalis oxyR
shares only about 30% and 50% identity to oxyR from E. coli
and B. fragilis, respectively, other substitutions/mutations in the
nonconserved region of the sequence may be responsible for
the constitutive phenotype. Another possible explanation for
OxyR activation under anaerobic conditions is the lack of an
effective system in P. gingivalis to maintain OxyR in its reduced
form. OxyR is activated in E. coli by two mechanisms that
include direct reaction with H,O, and a change in the thiol-
disulfide redox status of the cells (5). The latter is maintained
by small proteins such as glutaredoxin 1 (grx4) and thioredoxin
(trxA), which are able to reduce OxyR in vitro. However, it
seems that glutaredoxin 1 (grx4) is preferred in vivo as the
reductant of the disulfide bonds that lead to the deactivation of
OxyR (5). The importance of these two thiol-disulfide-reduc-
ing systems in maintaining OxyR in its reduced state in E. coli
has been confirmed by the observation that double mutants
lacking these disulfide-reducing systems have a constitutively
active phenotype whereby OxyR is activated without H,O,
treatment (5). In the P. gingivalis genome sequence, no homo-
logue of glutaredoxin is present; however, a homologue of
thioredoxin is found (50% sequence identity). Perhaps the
reason why constitutive activation occurs in this anaerobe is
the inability of the thioredoxin system to maintain the reduced
status of OxyR. Also, the induction of transposase-related
genes in the oxyR mutant under anaerobic conditions (Table 5)
might indicate that the lack of expression of the OxyR-depen-
dent genes creates an “oxidative-stress”-like response (as in
Table 3), perhaps because of a change in the intracellular
redox status.

Microarray analysis of the response to H,O, in P. gingivalis
revealed a limited ability to induce genes related to oxidative
stress compared to that in a facultative anaerobe such as E.
coli. A microarray analysis of E. coli gene expression in re-
sponse to H,O, showed induction of 140 genes more than
fourfold (51). In contrast, P. gingivalis does not seem to possess
such transcriptome versatility and a concerted up-regulation of
transposase-related insertion elements was the only feature of

the response to H,O,. Although the function of these trans-
posase-encoding genes in P. gingivalis remains largely unknown,
an increase in transposase activity in response to stress could be a
way of increasing genomic plasticity and therefore diversity of
the population, generating variants with better chances of sur-
viving the unstable environmental conditions (7). Microarray
analysis, however, does not allow determination of which spe-
cific transposase-related ORFs are up-regulated after H,O,
addition; therefore, the nature of this response requires fur-
ther investigation.

Our results demonstrate that the P. gingivalis oxyR mutant is
less resistant to oxygen and H,O, exposure than is the wild
type. However, it is interesting that both strains had the ability
to recover and resume growth when treated with a sublethal
concentration of H,O, (Fig. 1). This observation suggests that
P. gingivalis possesses OxyR-independent mechanisms for the
detoxification of H,O,. One of these mechanisms could be
rubrerythrin, which has been shown to be important for the
H,O, resistance of P. gingivalis (39) but was not identified as
OxyR dependent in the present study.

Investigation of the transcriptome of the oxyR mutant by
microarray analysis identified 28 genes that showed decreased
expression after oxyR inactivation. It is not expected that all of
these genes are directly OxyR regulated, as some are likely to
be down-regulated due to the absence of the OxyR-dependent
genes. It was nevertheless reassuring to find ahpC, dps, and
ahpF as the genes most affected by deletion of oxyR. These
three transcripts seem to be present at relatively high levels in
bacterial cells (51), and perhaps the majority of the effect of
oxyR inactivation could be attributed to their decrease. The
following genes have also been affected by oxyR inactivation:
PGO0421, a hypothetical protein with no apparent homology
to other oxidative-stress-related genes; superoxide dismutase,
which has a clear role in oxidative stress protection but has not
been demonstrated to date to be part of the OxyR regulon in
other organisms; ferritin, partially regulated by OxyR in B.
fragilis (33), possibly acting as an iron storage protein that
decreases available intracellular iron and the production of
ROS through the Fenton reaction (1); and thioredoxin, which
has been shown to be part of the OxyR regulon in E. coli (51)
and B. fragilis (31). Further studies to confirm OxyR binding
ability to the promoter region of these genes are necessary.

OxyR has a role in H,O, resistance as well as in aerotoler-
ance in P. gingivalis. This might be a consequence of the fact
that the OxyR regulon in this microorganism includes genes
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such as superoxide dismutase, regulated by SoxR in other
bacteria. No homologous equivalent of SoxR was found in
P. gingivalis. The small size of the genome of P. gingivalis (2.3 MDb)
compared to other organisms such as E. coli (4.6 Mb) and B.
fragilis (5.3 Mb) could perhaps be a result of the combination
of various functions (H,O, and O, ™ protection in this case) in
the same molecule. As opposed to anaerobic bacteria, the
amplification of control mechanisms in aerobes might reflect
the need to deal with more complex environments. Further
comparative studies of the transcriptional switches operating in
different anaerobic microorganisms might help us to under-
stand the evolution of their antioxidant defenses.
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