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Abstract

Little is known about the regulatory mechanisms that allow Porphyromonas gingivalis to survive
in the oral cavity. Here we characterize the sigma factor SigH, one of six extracytoplasmic (ECF)
sigma (o) factors encoded in the P. gingivalis genome. Our results indicate that sigH expression is
upregulated by exposure to molecular oxygen, suggesting that sigH plays a role in adaptation of ~.
gingivalisto oxygen. Furthermore, several genes involved in oxidative stress protection, such as
sod, trx, tpx, fin, feoB2 and the hemin uptake Amu locus, are downregulated in mutant deficient in
SigH designated as V2948. ECF o consensus sequences were identified upstream of the
transcriptional start sites of these genes, consistent with the SigH-dependent regulation of these
genes. Growth of V2948 was inhibited in the presence of 6% oxygen when compared to the wild-
type W83 strain, while in anaerobic conditions both strains were able to grow. In addition, reduced
growth of V2948 was observed in the presence of peroxide and thiol-oxidizing reagent, diamide
when compared to the W83 strain. The SigH-deficient strain V2948 also exhibited reduced hemin
uptake, consistent with the observed reduced expression of genes involved in hemin uptake.
Finally, survival of V2948 was reduced in the presence of host cells compared to the wild-type
W83 strain. Collectively, our studies demonstrate that SigH is a positive regulator of gene
expression required for survival of the bacterium in the presence of oxygen and oxidative stress,
hemin uptake, and virulence.
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Introduction

Regulation of gene expression in response to environmental changes is a required adaptive
response that allows bacteria to grow and survive. This is especially important for
pathogenic bacteria that have to adapt to various host environments. Adaptation to such
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changes involves differential expression of genes involved in bacterial survival and
virulence (Bashyam and Hasnain, 2004;Staron et al., 2009;Lewis et al., 2009).

Bacterial RNA polymerase (RNAP) is a multimeric protein comprised of a core polymerase
(E) that contains a beta, beta’, two alpha subunits and a dissociable specificity factor sigma
(o). While there is one core RNAP (E), there are multiple o factors that guide RNAP to
selected promoters and provide some specificity to transcription initiation. All bacteria have
one essential (housekeeping) o factor that is required for basal transcription of most genes
and activates the expression of genes required for everyday cell viability. However, many
bacterial genomes also encode alternative o factors that direct RNAP to transcribe genes in
response to environmental stimuli (Helmann, 2002b;Campbell et a/., 2008). One such factor
is o/0, the extracytoplasmic function sigma factor (ECF-o) (Potvin et al., 2008).

Ninety percent of the 1873 ECF-o sequences belong to only four bacterial phyla:
Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria (Staron et a/., 2009). Some
members of the Bacteroidetes phylum encode a large number of o factors (> 30/genome)
(Staron et al., 2009), suggesting that regulation by ECF-o factors is especially important in
these bacteria. Porphyromonas gingivalis, a gram-negative anaerobic bacterium of the
Bacteroidetes phylum, is a major etiological agent in adult-onset periodontal disease (Slots
et al., 1986). It is also an excellent model bacterium due to its similarity to other medically
significant organisms such as Bacteroides fragilis, Prevotella intermedia, and Tannerella
forsythiawhich are implicated in oral or intestinal diseases. Some of our previous work has
suggested that novel forms of regulation exist in A. gingivalis (He et al., 2006;Anaya-
Bergman et al., 2010). Indeed, the P. gingivalis W83 genome encodes six putative ECF-o
factors and recent studies have shown role of these factors in regulating response to
oxidative stress, gingipain activity and hemagglutination in P. gingivalis (Dou et al.,
2010;Kikuchi et al., 2009;Nelson et al., 2003).

One mechanism that allows P. gingivalisto sustain itself in the oral cavity is high
aerotolerance and the ability to protect itself against reactive oxygen species (ROS). ROS,
generated by the incomplete reduction of oxygen (Storz et al., 1990), are much more
reactive than molecular oxygen and can cause severe damage to nucleic acids, cell
membranes, and proteins (Farr and Kogoma, 1991), which can lead to mutagenesis and cell
death. Several enzymes involved in oxidative stress protection have been identified in ~.
gingivalis. For instance, Fe/Mn—containing superoxide dismutase has been shown to play a
role in aerotolerance in P. gingivalis (Amano et al., 1990;Nakayama, 1994) and Dps and
AphC contribute to peroxide resistance in P. gingivalis (Ueshima et al., 2003;Johnson et al.,
2004). Also, rubrerythrin (Rbr) was identified in 2. gingivalis and was shown to play a role
in protection from hydrogen peroxide and molecular oxygen (Sztukowska et al., 2002).
Both, Dps and Rbr are required for P. gingivalis virulence (Ueshima et al., 2003;Mydel et
al., 2006). Other proteins potentially involved in oxidative stress protection have been
reported in P. gingivalis, including ferritin and several thioredoxins, though the role of these
proteins in oxidative stress protection remains to be established (Kikuchi et al.,
2005;Ratnayake et al., 2000).

Although expression of most of the genes described above has been shown to be regulated
by OxyR (Diaz et al., 2006;0hara et al., 2006), here we show that OxyR is not the sole
regulator of genes involved in oxidative stress protection in 2. gingivalis. Oxidative stress
response mechanisms have been extensively studied in the related bacterium B. fragilis and
have demonstrated the presence of catalase (KatB), ferritin, and thioredoxin systems in this
bacterium (Reott et a/., 2009;Rocha and Smith, 2004;Rocha and Smith, 1997;Rocha and
Smith, 1995;Rocha ef a/., 2007). Oxygen-dependent transcription of genes of the Trx/Tpx
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system in B. fragilis was demonstrated to be OxyR-independent, suggesting that other
antioxidant homeostasis regulators must be functional in the Bacteroidetes phylum.

We hypothesized that ECF-o factors might be involved in the maintenance of oxidative
stress homeostasis in Bacteroidetes. This hypothesis was supported by our data
demonstrating that the SigH ECF-o factor (PG1827) is upregulated in the presence of
oxygen (Lewis et al., 2009). We further showed that a SigH-deficient mutant exhibits
reduced growth in the presence of oxygen and a reduced ability to survive in the presence of
host cells, which supports our hypothesis that ECF-o factors play a role in oxidative stress
protection in P. gingivalis and suggests a role for these factors in P. gingivalis virulence.
Finally, we propose a mechanism for SigH mediated adaptation to oxygen based on results
of microarray analysis.

Materials and Methods

Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Supplementary Table 1. The W83 strain was
cultured in an anaerobic atmosphere composed of 10% H,, 10% CO», and 80% N, at 37 °C.
Bacteria were maintained on either blood agar plates (TSA 1, 5% Sheep Blood) (BBL,
Cockeysville, MD) or liquid cultures prepared in brain heart infusion broth (BHI, Difco
Laboratories, Detroit, MI) supplemented with hemin (5 pg/ml) (Sigma, St. Louis, MO),
yeast extract (5 mg/ml), cysteine (1 mg/ml) (Sigma, St. Louis, MO) and vitamin K3 (1 pg/
ml) (Sigma, St. Louis, MO). Growth studies were conducted in BHI media both
anaerobically and in the presence of 6% of oxygen[conditions generated as described
previously (Lewis ef al., 2009)]. To examine growth of the parental and mutant strains
overnight cultures were used to inoculate BHI broth to an ODggonm = 0.1. One aliquot was
incubated anaerobically while the other was grown in the presence of 6% of oxygen Growth
was monitored for 24 h. Cultures to be used for harvesting of cells for subsequent RNA
isolation and microarray analysis were inoculated to an ODggonm = 0.2 and grown until they
reached logarithmic phase.

Clindamycin (0.5 pg/ml) was used for selection and maintenance of P. gingivalis sigh
mutant containing the ermfF-ermB cassette (Fletcher et al., 1995). Escherichia coli was
grown aerobically at 37 °C in Luria-Bertani (LB) broth or on solid agar. Carbenicillin (50
pg/ml) and erythromycin (300 pg/ml) were added to select for recombinant strains.

Construction of the P. gingivalis sigH mutant strain

The 639 bp sigH gene was amplified using P. gingivalis W83 genomic DNA as a template
(primers are listed in Supplementary Table 2) and cloned into a pCR®2.1 vector according
to manufacturer’s instructions (Invitrogen, Carlsbad, CA). An ermF-ermAM gene isolated
from pVA2198 (Fletcher et al.,, 1995) was blunt ended using Klenow and ligated into the
Nru restriction enzyme site located 158 bp from the 5’ end of the sigH gene. This plasmid
was linearized with £coR1 and electroporated into P. gingivalis electrocompetent cells as
described previously (Fletcher et al., 1995). Colonies were selected on BHI agar
supplemented with clindamycin (0.5 pg/ml) and screened using PCR analysis with primers
specific for sigH. Disruption of sigH in predicted mutants was verified by sequencing as
well as the absence of sigH transcript following insertion of the erm cassette at 158 bp was
confirmed by mRNA sequencing (Supplemental Fig. S1). The mutant strain containing
disrupted sigH was designated V2948.
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Microarray analysis

RNA was isolated as described previously from mid-logarithmic cultures of P. gingivalis
grown under aerobic and anaerobic conditions as described above (Lewis et al., 2009). The
concentration of RNA was measured using the NanoDrop spectrophotometer ND-1000.
Microarray analysis was conducted using arrays provided by The J Craig Venter Institute
(jevi.org) and previously published protocols were used to prepare probes for cONA
labeling (Lewis et al,, 2009). Briefly, cDNA was generated using the Stratagene®FairPlay®
I11 Microarray Labeling Kit according to the manufacturer’s protocol (Stratagene). The
cDNA was labeled with Cy-3 or Cy-5 dyes (GE Healthcare) and hybridized to glass
microarray slides. An axon 4200A microarray scanner was used to detect hybridized cDNA
(Molecular Devices). The images were analyzed and inspected using the GenePix v 6.0
software. Significant statistical differences were determined using the Significance Analysis
for Oral Pathogen Microarrays (SAOPMD) tools available at the Bioinformatics Resource
for Oral Pathogens (BROP) at The Forsyth Institute (www.brop.org) (Chen et al., 2005). All
repeats within and between arrays were combined to generate and analyze the microarray
results. Differential gene expression was evaluated based on the change in mMRNA
expression as represented by the ratio of Cy-5/Cy-3 fluorescence. Microarray results in this
study were compared to oxygen-dependent gene regulation in the parental W83 strain
published previously (Lewis et al., 2009).

Sensitivity of P. gingivalis to oxidative and thiol stress

BHI media was inoculated with actively growing overnight cultures of wild-type and mutant
P. gingivalis strains to an ODggq of 0.1. The cultures were then divided into several aliquots
and incubated for 24 hrs with various concentrations of hydrogen peroxide, diamide (thiol
oxidizing reagent), and plumbagin (superoxide stress generator) under anaerobic conditions.
Culture without oxidative or thiol oxidizing supplements served as controls. Growth was
monitored by measuring the optical density of the culture at 660nm. Growth inhibition was
assessed by comparing growth rates of bacteria in media that contained oxidative agents and
thiol oxidizing supplements to growth of bacteria in control media.

Hemin uptake

Hemin uptake in the W83 and SigH-deficient strain V2948 was measured as described
previously (Lewis et al., 2006).

Survival of P. gingivalis strains with host cells

Bacterial survival in the presence of eukaryotic cells was determined as described previously
(He et al.,, 2006;Ueshima et al., 2003). The HN4 cell line (Miyazaki et a/., 2006) was grown
at 37 °C in GIBCO® Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen; Carlshad,
CA) supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (100 U/
mL), streptomycin (100 pg/mL), 2.5 pg/mL fungizone, 10 mM HEPES buffer, 1 mM
sodium pyruvate, and 2 mM L-glutamine. HN4 cells were incubated in 90% air and 10%
COsy. For invasion and adherence assays, HN4 cells were grown in the DMEM media
described above without antibiotics. Bacterial infections were performed under anaerobic
conditions. Thus, plates containing HN4 cells were transferred to an anaerobic chamber,
media was replaced with a de-oxygenated cell media (generated by incubation of the media
in anaerobic chamber for 24hr) and the cells were infected with P. gingivalis strains at a
multiplicity of infection (MOI) of 100. The plates were incubated anaerobically at 37°C for
30min and subsequently washed. Bacteria were released from the HN4 cells by addition of
1% saponin (Riedel-de Haén 16109). The mixture was then diluted 4:1 with anaerobic BHI
media and plated on blood agar plates. Colony forming units (CFUs) were counted
following a 7 d incubation under anaerobic conditions. To account for intracellular bacteria
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the infected HN4s were treated with gentamycin (300 pg/ml) and metronidazole (400 pg/ml)
for 60 min to kill extracellular bacteria and surviving intracellular bacteria were released and
accounted for as described above.

Transcriptome analysis and determination of transcriptional start sites

Results

RNA was isolated from P. gingivalis W83 and V2948 bacterial cells that were harvested
from mid-logarithmic anaerobic cultures using the RNeasy mini kit (Qiagen) according to
the manufacturer’s protocol and depleted of ribosomal RNA using the Epicentre Ribo-Zero
kit (Epicentre). A cDNA library was constructed using the lllumina cDNA library
generation kit (MRNA-seq) as described by the manufacturer (Illumina). The cDNA library
was sequenced using the Illumina Genome Analyzer. Sequence reads were aligned to the
reference P. gingivalis W83 genome using the CLC Genomic Workbench (CLC Bio).
Transcriptional start sites for genes differentially regulated in the SigH-deficient strain
V2948 when compared to the parental W83 strain were determined using the P. gingivalis
W83 transcriptome data. Differential gene expression was determined by comparing number
of reads/gene for W83 and VV2948.

Bioinformatic characterization of P. gingivalis SigH

The sigH gene of P. gingivalis (designated as PG1595 on the Oralgen database
[oralgen.lanl.gov] and PG1827 on the JCVI database [jcvi.org] codes for a 213 aa protein.
Based on sequence similarity determined using the BLAST search (Entrez, NCBI) SigH
belongs to the RNA polymerase sigma factor 70 family (Fig. 1A). Regions 56 — 123 are
similar to the Sigma — 70 region 2, which binds the —10 promoter region upstream of the
initiation start site, while residues 159 — 207 share homology with Sigma — 70 region 4,
which binds to a p-1 flap of the RNAP as well as the — 35 promoter region (Fig. 1C)
(Murakami and Darst, 2003). The genomic region coding for the SigH protein is unusual,
however. In P. gingivalis an open reading frame, PG1826, is encoded immediately upstream
of the sigH gene in the opposite direction (Fig. 1A). Furthermore, an anti-o factor is not
encoded after the sigH gene, unlike in other bacteria where the genes encoding ECF-o
factors are flanked by genes encoding anti-sigma factors.

Blast analysis showed that residues 34 — 212 share 30% similarity with the sigH gene of
Mycobacterium tuberculosis (Manganelli et al.,, 2002) (Fig. 1B). It also has a paralog,
residues 72 — 201 are 25% identical and 49% similar to PG0148 (Oralgen annotation)
(PG0162 according to JCVI annotation) (annotated as putative RNA Polymerase ECF o
factor, 70 family and designated here as ECF1) (Fig. 1C).

Further Blast search revealed that P, gingivalis SigH shares similarity with ECF-like sigma
proteins from a variety of bacteria but is most closely related to putative o factors of the
Bacteroidetes family including B. fragilis (52% identity and 73% similarity), B.
thetaiotamicron (50% identity and 73% similarity), and 2. intermedia (27% identity and
50% similarity) (Supplementary Table S3).

The SigH-deficient strain exhibits reduced growth in the presence of oxygen

The overexpression of sigH in the presence of oxygen suggests that SigH plays a role in the
growth of P. gingivalis in the presence of oxygen (Lewis ef al,, 2009). To investigate this
further we compared the ability of the parental W83 and SigH-deficient V2948 strains to
grow under anaerobic and aerobic (6% oxygen) conditions. As shown in Fig. 2A, both
strains were able to grow in anaerobic conditions, however, growth of V2948 was slower
than the parental strain. V2948 had longer lag phase and was able to grow once it reached
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0OD660nm of 0.2. In the presence of oxygen the wild type W83 strain had longer lag phase
when compared to its growth in anaerobic conditions, however, it grew well once it entered
logarithmic phase (Fig. 2B). V2948 on the other hand, again had longer lag phase compared
to the parental W83 strain, however, it maintained significantly reduced growth thorough
logarithmic growth phase when compared to W83. The higher reduction of growth of the
SigH-deficient strain in the presence of oxygen indicates it is required for growth and
survival of P. gingivalis with oxygen. These results are consistent with a previous report that
demonstrated sigH was upregulated in the presence of oxygen in wild-type P. gingivalis
(Lewis et al., 2009).

Expression of genes involved in oxidative stress protection is reduced in the SigH-
deficient strain

In order to identify genes with altered expression levels in the SigH-deficient strain V2948
we conducted microarray analysis. The analysis was done using RNA derived from cells of
bacterial grown both in aerobic and anaerobic conditions. The growth curves of both, the
parental W83 and the mutant V2948 strains were similar when higher bacterial inoculums
were used (Supplemental Figure S2) thus enabling us to perform such analysis without the
additional confounding factor which would be reduced growth rate of bacteria. Such growth
dynamics was made possible by using high inoculum to start the cultures (see Materials and
Methods section above). Microarray analysis of gene expression in anaerobic conditions
showed that two hundred fifty genes exhibited a 1.5 fold reduction in expression in the
SigH-deficient strain compared to the wild-type strain (60 most highly regulated genes are
shown in Table 1). Some of the genes identified as downregulated were organized in
operons (PG0046-47, PG0257-258, PG0421-422, PG0432-435, PG0855-890, PG1042-1044,
PG1551-1556, PG1625-26, PG1638-42, PG1866-68, PG2134-35, PG2205-09, PG2216-17).
While two of the operons PG1042-1044 and PG1551-1556, were shown previously (Lewis
et al., 2006;Dashper et al., 2005) the remaining 11 are yet to be demonstrated and thus our
results may also aid in identification of other co-transcribed genes.

Genes involved in oxidative stress protection such as sod, tox, fin, trx, and feoBZ2 are
noticeably downregulated in VV2948. Many of the genes previously reported to be
upregulated in the presence of oxygen (Lewis et al., 2009) are downregulated in V2948 (Fig.
3). However, we also noted that a number of genes involved in oxidative stress protection
and oxygen metabolism, such as afipCF (PG0618-0619), cydAB (PG0899-0901), and the
reductase-encoding oxygen-induced operon PG2212 —2213, were not affected by the SigH
mutation in the V2948 strain, indicating that other regulatory mechanisms of oxidative stress
protection are present in P. gingivalis (Fig. 3).

We also compared the gene expression profile of W83 and V2948 strains grown in aerobic
conditions. Interestingly, many genes affected by SigH mutation in anaerobic conditions
were also affected by the mutation in the presence of oxygen (Fig. 3, V2948 + O/W83 + O).

Finally, we compared the gene expression profile of V2948 grown in aerobic conditions to
that grown without oxygen. Expression levels of many of the genes downregulated in V2948
were not significantly affected by the presence of oxygen, including genes coding for thiol
peroxidase (PG1729), thioredoxin (PG0275), superoxide dismutase (PG1545), ferritin
(PG1286), FeoB2 (PG1043), and the formate - nitrite transporter (PG0209) (Fig. 3). These
data confirms that the oxygen-dependent expression of those genes is dependent on the
presence of SigH. However, a number of oxygen-regulated genes, such as genes coding for
alkyl hydroperoxide reductase (PG0618-9), thioredoxin (PG0034), and the nitrite reductase
operon (PG2212-13), did exhibit changes in expression levels upon exposure to oxygen in
the V2948 strain, suggesting that regulation of these genes is SigH independent (Fig. 3).
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We also observed upregulation of gene expression in the absence of SigH (Table 2). Most of
the upregulated genes code for transposases. Among other significantly regulated genes are
ones coding for putative regulatory proteins (PG1497, PG1535, PG1007, PG1432, PG0928,
and PG0121). Finally, genes encoding stress response mechanisms such chaperones
(PG0520-21) and ribosomal proteins (PG1960, PG0656, PG1959) were upregulated in
V2948,

The microarray data was validated by RNAseq analysis. As shown in Supplemental Table
S4 most genes detected as regulated in our microarray analysis were also regulated using the
RNAseq comparison. Again, 252 genes were upregulated in the W83 strain compared to the
V2948 at 2 fold. Such number of regulated genes is very similar to that observed in our
microarray analysis. The only difference was the larger fold change indicating that RNAseq
is more sensitive method compared to the microarray analysis. Images of the gene-specific
reads for the most highly-regulated genes, 7 (PG1286) and PG0421 (Table 1,
Supplemental Table S4) as determined using both microarray analysis and RNAseq (Table 1
and Supplemental Table S4, respectively) are shown in Figure 4. The number of reads is
drastically reduced in the V2948 strain when compared to the parental W83 strain for both
genes. Collectively, these results not only validate our microarray analysis data but also
indicate that SigH is absolutely required for transcription of 7znand PG0421.

The SigH-deficient strain exhibits reduced survival in the presence of oxidative and thiol

stress

We further examined the ability of the W83 and V2948 strains to grow in the presence of
thiol oxidizing agent - diamide, peroxide, and superoxide-generating agent plumbagin. As
shown in Fig. 5, significant growth inhibition is observed in both strains in growth media
supplemented with diamide in a dose-dependent manner. However, the inhibition in the
presence of 1mM of diamide was 2-fold higher in the SigH-deficient V2948 strain when
compared to the wild-type strain (Fig. 5), demonstrating that V2948 is more susceptible to
thiol stress. The presence of hydrogen peroxide also inhibited the growth of both strains in a
dose-dependent manner, though growth inhibition in the V2948 strain was approximately
two-fold higher in the presence of 500 uM of peroxide (Fig. 5). Thus, SigH appears to play a
role in the upregulation of mechanisms required for growth in the presence of peroxide and
thiol oxidizing stress. Plumbagin inhibited growth of both strains; interestingly, the
inhibition of V2948 strain was lower than that of the W83 strain (Fig. 5).

Hemin uptake is reduced in the SigH-deficient mutant

Our microarray results indicate that expression of the major hemin uptake locus, Amu, as
well as other genes potentially involved in hemin uptake (PG0707, PG0644, PG2008), is
reduced in the absence of SigH in the V2948 strain. We examined hemin uptake in the
parental and mutant strains and found that hemin uptake was in fact significantly reduced in
the SigH-deficient V2948 strain (Table 3). These results are in agreement with our
microarray findings and demonstrate that the V2948 strain has a reduced ability to take up
hemin.

The SigH-deficient strain exhibits reduced survival in the presence of host cells

One mechanism by which a host organism defends against bacterial infections is by
releasing reactive oxygen species. Since our results indicate that the SigH-deficient mutant
V2948 strain had reduced expression levels of genes involved in protection from oxidative
stress, we reasoned that this strain may have a decreased ability to survive in the presence of
host cells. We incubated host cells with both the wild-type W83 and SigH-deficient mutant
V2948 strains and observed that 75% fewer colonies were recovered on plates inoculated
with bacterial samples from the incubations conducted with the V2948 strain (Fig. 6A).
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Similarly, 50% fewer colonies were recovered with V2948 compared to the W83 strain
when only internalized bacteria were accounted for (Fig. 6B). To determine whether the
ability to invade HN4s was the same for both strains we performed flow cytometry analysis
using FITC-labeled bacteria. As shown in Supplemental Table S4 the invasion efficiencies
were similar for both W83 and V2948 strains. Thus, the reduced recovery of live cells from
HN4s demonstrates that the SigH-deficient mutant strain V2948 exhibits a reduced ability to
survive in the presence of host cells.

Determination of SigH regulon

We determined the transcriptome of P. gingivalis W83 grown in anaerobic conditions. By
aligning the sequence reads to the reference P. gingivalis W83 genome, we were able to
determine the transcriptional start sites of genes (Supplemental Figure S3). To determine the
SigH regulon we examined the transcriptional start sites of genes that were downregulated in
the SigH mutant when compared to the parental W83 strain and located the promoter
sequences of these genes.

Examination of the promoter sequences of 15 genes regulated by exposure to oxygen
revealed that the putative SigH promoter sequences differ from promoters recognized by
typical primary sigma factors that bind —35 TTGACA and —-10 TATAAT sequences
(Helmann, 1995) (Fig. 7). Our study shows the presence of a “C/GAAG” motif in the —35
promoter region and “TGG” sequences in the =10 promoter region (sequences in bold and
underlined in Fig. 7A). The sequence similarity among the various promoters is illustrated in
Fig. 7B. The presence of SigH recognition sequences (Raman et al., 2001;Song et al., 2008)
upstream of genes regulated by SigH is consistent with these genes being part of SigH
regulon. However, we did not detect the consensus SigH recognition sequence upstream of
some of the genes (Fig. 7C) that had altered expression in the absence of SigH (Table 1, Fig.
3) indicating that they may not be directly regulated by SigH.

Discussion

Gene regulation mechanisms of anaerobic Bacteroidetes are not well understood. Genomic
analysis has revealed that numerous ECF o factors are encoded in Bacteroidetes species,
suggesting a significant role for these proteins in gene regulation (Staron et a/., 2009). Our
previous study has shown that P. gingivalis sigH (PG1827) coding for a putative ECF o
factor is drastically upregulated upon exposure to oxygen (Lewis et al., 2009).
Bioinformatics analysis revealed that SigH has characteristics typical of other ECF o factors
(Staron et al., 2009). Here we show that SigH plays an important role in adaptation of the
bacterium to oxygen, oxidative stress protection, metal homeostasis, and survival with host
cells. Such results indicate that SigH plays important role in P. gingivalis ability to survive
in oral cavity.

Although such results are consistent with the role of the SigH protein in protection against
oxidative stress in other bacteria such as Mycobacterium tuberculosis and Salmonella
enterica (Bang et al., 2005;Manganelli ef al., 2002), the P. gingivalis SigH shares a relatively
low degree of similarity with the mycobacterial SigH. Indeed, this o factor belongs to the
group of “unclassified” ECF o factors described by Staron et al (Staron et a/., 2009). A low
degree of similarity was also observed between SigH (PG1827) and Fecl (Braun et al,
2003). Fecl plays a role in metal homeostasis, suggesting that SigH may also have similar
role. Our observation that expression of two genes coding for metal/hemin transport feoB2
(PG1443) and the ~mu operon is reduced supports such involvement. The finding that ~.
gingivalis SigH is most similar to the SigH of the Bacteroidetes family suggests that our
results may be informative about the regulatory mechanisms of Bacteroidetes.
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Typically, ECF o factors are regulated by anti-o factors that are encoded upstream or
downstream of the o factor genes (Staron et al., 2009). The genomic organization of the
sigH locus is unconventional compared to loci of other ECF-o factors (Staron et af., 2009).
Scrutinizing microarray analysis results we noted that SigH in £. gingivalis is significantly
upregulated upon exposure to oxygen (Lewis et al., 2009) and this oxygen-dependent
regulation is still present in the SigH- and OxyR-deficient strains (Lewis et al, unpublished),
indicating that regulators other than SigH or OxyR play a role in modulating expression of
this protein. Although regulation at the transcriptional level has been observed for other ECF
sigma proteins, this regulation primarily involved an autoregulatory mechanism whereby the
o factor regulated its own promoter (Staron et al., 2009). The observation that oxygen-
dependent regulation is still present in the SigH-deficient mutant suggests that SigH is not
autoregulated. Thus, the mechanism by which SigH is regulated needs to be further
investigated.

To determine the role of SigH in P. gingivalis we characterize a mutant V2948 in which the
gene encoding SigH was disrupted by an erm cassette. We observe that the SigH-deficient
V2948 strain is significantly impaired in growth in the presence of oxygen as well as is more
sensitive to peroxide and thiol oxidizing stress. The reduced growth of V2948 with peroxide
reinforces the results of Dou et al (Dou ef a/., 2010). Importantly, such reduced growth of
the mutant strains is consistent with the observed reduction in expression levels of genes
involved in oxidative stress protection. The majority of genes involved in protection from
oxidative stress that are upregulated in the presence of oxygen in the wild-type strain, such
as superoxide dismutase (PG1545), glycerate dehydrogenase (PG1190), thioredoxins
(PG0034, PG0275, PG1134, and PG1638), are significantly downregulated in the V2948
strain. Superoxide dismutase is required for protection of P. gingivalis from atmospheric
oxygen (Nakayama, 1994). Glycerate dehydrogenase may also have an antioxidative role as
hydroxypyruvate is known to interact with peroxide (Perera et al., 1997). However, the
reduced sensitivity of V2948 to superoxide-generating reagent, plumbagin, indicates that
other mechanisms involved in protection from superoxide stress are enhanced in VV2948.

The increased sensitivity of V2948 to thiol oxidizing reagent, diamide, may be explained by
the observation that all four genes encoding the thioredoxin (Trx/Tpx) system as well as a
gene PG1729 coding for thiol peroxidase are downregulated in the V2948 strain, suggesting
that these genes are regulated by SigH. The thioredoxin system is the major player in
regulation of the redox homeostasis and thiol peroxidase was shown to have an antioxidant
role in other bacteria (Wan et al., 1997;Zhou et al., 1997). The induction of the Trx/Tpx
system in the presence of oxygen was also observed in B. fragilis (Reott et al., 2009;Sund et
al., 2008) and was OxyR-independent, similar to our observation that expression levels were
significantly altered by the absence of regulator other than OxyR, the ECF sigma factor.

Besides genes coding for oxidative stress protection mechanisms genes encoding proteins
mediating metal homeostasis were also downregulated in VV2948. We observed that ferritin-
encoding gene, PG1286, was the most downregulated gene in the SigH-deficient mutant
V2948 strain. The absence of fir+specific transcript in V2948 indicates that SigH is
absolutely required for transcription of the gene. Ferritin is an iron-binding protein protein
was shown to play a role in provision of iron in P. gingivalis grown under low-iron
concentrations (Ratnayake et a/., 2000). It is likely that iron may be required for the function
of some oxidative-stress enzymes. Other downregulated genes included the Amu operon
(Lewis et al., 2006) and the feoB2 (PG1043) locus coding for manganese transport protein
FeoB2 (He et al., 2006). While FeoB2 and manganese are required for growth of ~.
gingivalis in the presence of oxygen, elevated binding of hemin to the surface of ~.
gingivalis may also have anti-oxidant capacity (Smalley et a/., 2000). However, hemin
uptake studies showed that hemin transport was significantly reduced in the V2948 strain,
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suggesting that the intracellular concentration of iron/hemin is also affected. These results
suggest that SigH may also play a role in metal homeostasis in P. gingivalis. Since metal
homeostasis plays a significant role in oxidative stress protection in P. gingivalis and other
bacteria, it’s not surprising that these two mechanisms might be connected by a common
factor.

Our results also show that growth of V2948 is impaired under anaerobic conditions, possibly
due to a reduced ability to acquire nutrients such as hemin. This interpretation is guided by
our observation of significantly longer lag phase in VV2948. The reduction of expression of
genes coding for thioredoxins in V2948 could also lead to alteration of the intracellular
redox status thus affecting the structure and function of many proteins containing cysteines.
Furthermore, there were other genes downregulated in V2948 that code for virulence
mechanisms such as the two loci (PG0890 and PG1641) encoding phosphatases. While the
role of PepP encoded by PG890 is unknown, the phosphotyrosine protein phosphatase
encoded by PG1641 plays a role in the regulation of numerous processes in P. gingivalis
(Maeda et al., 2008).

Though many of the genes involved in oxidative stress protection exhibit reduced expression
in the SigH mutant, the antioxidative alkyl hydroperoxide reductase, shown to play a major
role in oxidative stress protection in P. gingivalis (Johnson et al., 2004), had unaltered
expression in the absence of SigH, indicating other regulatory mechanisms play a role in
modulating the oxygen-dependent expression of those genes. One of the other ECF o factors
encoded in the P. gingivalis genome could be involved in regulating this gene (Nelson et al.,
2003), possibly the ECFs encoded by PG0162 and PG1660, known to play a significant role
in growth of P. gingivalis in the presence of peroxide (Dou et al., 2010). Our results show
that SigH is similar to ECF1 protein encoded by PG0162 indicating that the protein may also
plays a role in regulating genes coding for proteins mediating oxidative stress protection.

Determining the DNA binding site of a transcription factor helps in defining the regulon of
that factor. We identified genes regulated by SigH using microarray analysis and combined
this with transcriptome data to identify the transcriptional start sites for these genes. In many
cases, upstream of the start sites we detected typical ECF sigma factor binding sites (Raman
et al., 2001;Song et al., 2008), supporting our hypothesis that the genes identified in the
microarray analysis are directly regulated by SigH. We identified a consensus binding site
for SigH by aligning putative promoter sequences of genes that exhibited reduced
expression in the absence of SigH. The SigH consensus sequence of P. gingivalisis similar
to that of other sigma factors (Staron et a/., 2009; Helmann, 2002b) and contains the typical
“C/GAAG” motif in the —35 region as well as “GTT” rich sequences in the —10 region. We
continued to observe expression of genes regulated by SigH, although at low levels, in the
SigH-deficient strain. This low level expression may be due to activation by other o factors.
Indeed, overlapping activation by multiple o factors has been described in other bacteria
(Wade et al., 2006).

It is known that P. gingivalis RNA polymerase differs from that of £. co/i (Klimpel and
Clark, 1990). Also, the primary o differs in the Bacteroidetes phylum when compared to
other bacterial species (Vingadassalom ef a/., 2005). This, combined with the fact that
multiple o factors are involved in gene regulation, complicates the identification of promoter
sites in the phylum. Promoter sites in P. gingivalis have been predicted using consensus
promoter sequences of the primary o factor (=35 “TTGACA” and —10 “TATAAT”)
(Helmann, 1995). However, as the o factor dictates promoter specificity, such predictions
based on primary o factor from other species may not be the best way to identify promoters
in P. gingivalis. Indeed, the significant difference of the SigH consensus promoter sequence
and the consensus P. gingivalis promoter sequence as identified by Jackson et al (Jackson et
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al., 2000) highlights the limitations of predicting consensus sequences when using the
known consensus sequence of only one o factor. Elucidating the role that the numerous ECF
o factors of P. gingivalis play in gene regulation and defining their regulons will be a
significant advancement in our understanding of the regulatory networks in this bacterium.

Understanding how P. gingivalis adapts to the presence of oxygen is an important biological
question as the oral environments inhabited by P. gingivalis are not completely anaerobic
(Mettraux et al., 1984;Hanioka ef al., 2000;Tanaka ef al., 1998). Indeed, higher oxygen
levels would be expected in supragingival environments which would inhibit growth of the
bacterium. Also, reactive oxygen and nitrogen species are secreted by host cells and other
oral bacteria. We show that the SigH-deficient V2948 strain has a reduced ability to survive
in the presence of eukaryotic cells. This suggests that SigH plays a particularly important
role when the bacterium is present in the periodontal pocket in contact with host cells
mounting an ROS response to fight the invading bacteria. Such response would be expected
to include mechanisms directly removing the oxidizing reagents as well as repairing
oxidized molecules (thioredoxin system). Taken together, our results demonstrate that SigH
plays an important role in protecting P. gingivalis from stresses encountered in the oral
environment and that inhibition of this factor could lead to reduction of P. gingivalis growth
and survival in both supragingival and subgingival locations.
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Fig. 1. Characteristics of P. gingivalis SigH

A. P. gingivalis W83 genomic locus coding for SigH (Oralgen). The grey and open arrows
indicate two open reading frames (ORFs), PG1827 (sigH) and PG1826, respectively, and
their direction of transcription. Intergenic regions (IRG) flank the two ORFs. The location of
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start and stop codons as well as the location of the Nru site are expressed in bp. Functional
assignments of two regions encoded by sigH based on similarity to Sigma 70 (predicted
using Entrez, NCBI) are shown underneath the schematic. B. Alignment of SigH protein
sequences from P. gingivalis W83 (P.g. SigH) and Mycobacterium tuberculosis (M.t. SigH).
C. Comparison of two putative ECF proteins from P. gingivalis W83, SigH (~.g. SigH) and
a protein encoded by PG0162 (ECF1).
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Fig. 2. Effect of oxygen on growth of P. gingivalis strains

P. gingivalis parental W83 (W83) and SigH-deficient mutant (VV2948) were inoculated in
BHI media and grown anaerobically (Panel A) as well as in the presence of oxygen (6% of
oxygen) (Panel B). Bacterial growth was monitored by measuring optical density of the
cultures at 660 nm. Means and standard deviations from two experiments are shown.
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Fig. 3. Microarray analysis of oxygen and SigH-dependent gene expression in P. gingivalis
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Expression of the fifty genes most upregulated in the parental strain (P. gingivalis\W83) in
the presence of oxygen (W83+0/W83-0) was compared to that of; a SigH-deficient mutant
(V2948 strain) grown anaerobically (V2948 — O/W83-0), V2948 grown erobically (V2948
+ O/W83 + 0), and V2948 grown in the presence and absence of oxygen (V2948+0/
V2948-0). Ratios of gene expression are shown in graphical form on the left and in
numerical form on the right. A value greater than one indicates an increase in mMRNA
expression for the strain labeled with Cy-5 (red color) and conversely, a value less than 1
indicates a decrease in expression for the Cy-5 labeled strain. mMRNA probe labeled with
Cy3 is designated in green.
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using RNAseq are shown below each ORF. Expression of PG0421 is shown in Panels A and

deficient mutant (V2948) (Panels B and D) was examined using RNAseq. The green arrows
indicate open reading frames (ORFs) and their direction of transcription. Reads derived
B. Expression of fin (PG1286) is shown in Panels C and D.

Gene expression in P. gingivalis wild-type strain (W83) (Panels A and C) and SigH-

Fig. 4. Verification of SigH —dependent expression of ftn and PG0421

1
& LARERRNNT
£ ft"

-
_H Zwm_.”?:*ﬁ*:::” _:,.:—:».
_«Lmt il Tyeeeaiiil
h—lhrﬁl
un 9 M7 FTET LTI
it “_m‘ 238280, 41N 1l
| EM b ﬂ:_:.._..__::
it R ._______:___:
§, 12 ..u_.»._q 77T
__‘__:»t—?wfnw-:T:.J nn hw Vi _TLWMT i
HAL G g [ b i
_ __.___:bhh~:44 | _ ..«.«._4.*__w ##4_«““"«uh
* i taasding
it on i LU LI LT
= errer TITE HH Hn
g 7
2 o o
~
o
o

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Mol Oral Microbiol. Author manuscript; available in PMC 2013 June 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Yanamandra et al.

Page 20

Percentage Inhibition

100
90
80
70 |
60
50
40
30
20
10

0

500uM 1mM 500uM H202 1mM H202 500uM 1mM
Diamide Diamide Plumbagin  Plumbagin

Concentration of Reagent

Fig. 5. Sensitivity of P. gingivalis strainsto thiol and oxidative stress

P. gingivalis wild-type strain (W83) and SigH-deficient mutant (VV2948) were inoculated in
BHI media and divided into aliquots that were then supplemented with various
concentrations of diamide, hydrogen peroxide, or plumbagin. Unsupplemented BHI cultures
served as controls. The ability of the various compounds to inhibit microbial growth was
determined following a 12 hr anaerobic incubation by comparing growth of the bacteria in
the presence and absence of the compound. Mean and error bars indicating standard
deviations using triplicate samples are shown. Experiments were conducted three times with
similar results.
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Fig. 6. Role of SigH in survival of P. gingivaliswith host cells

P. gingivalis wild type (W83) and SigH-deficient mutant (\VV2948) strains were incubated for
30 min with HN4 cells. Total bacteria (extracellular and intracellular) (Panel A) or
intracellular bacteria (Panel B) recovered from host cells were plated on blood agar plates
and incubated for 7 days anaerobically. The number of colony forming units/ml (number of
colonies on blood plates) from the host-bacteria mixture is shown. Mean and error bars
indicating standard deviations from triplicate samples are shown.
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A -35 Nis_19 -10 Gene ID
TGAACAAAAGGGGATATTTTTCG--GTTAGA PG1286

CCAAGATACAACAGGGGGCGCAGA-GTTTTC PG0421
AGAAGGCATGATGTGTGGCG———-—- GTTGTG PG1l642
CCAAGATTCGAACCTTTTTNCC---GTTCAT PG1545
ACAACCGATTACTTCTTTTTTT---GTTATA PG1321
GCAACAACCAAAAGGGCTATGCT--GTTTCA PG1190
TGAACAATAAGACGAACTCCTT---GTTTTA PG1729
ACAAGCTCCAATACTCCACC-———— GTTGTG PG2205
TGAAACTTTTTCGGTGTTAAAGN--GTGTTT PG1841
TGAACTTTTTGGCCGCTTTTCC---GTTTTT PG0275
AGAACAATATATTCTGTGATTN---GTTATA PG0686
CGAATCCCGGAGTCAGCCCTCAATCGTTTTC PG0434
GCAAGAATCCTGCTGCACGGNN---GTTTCG PG1124
CGAATATGCTATTCAGTACTTTTN-GTTTCG PG0889
TGAACACCCGCCAAACGGTCATT--GTTATG PG0O010
B GTAAACGAAAAGGCTACTATATTT-GTTTCA PG1134

ymNmYeerceoan et o2 RNRRRRKNERSS

C ACAAATTGGGATTGCTCGTTTTTTGTGAAC PG1551
GAAGACTTATGAGATTAACTTTGCACTTGA PG0034
GGAAAGTGGTTGAAAGAGATATTNGGGAAA PG2209
GCAAAGGGATATATATTTGCAGCTGTAACT PG0209
GCAATAGCGGCCACGGCTATCACCCTGCTG PG1638

Fig. 7. SigH target promotersin P. gingivalis W83

A. 16 genes downregulated in the SigH mutant V2948 were used to determine
transcriptional start sites using transcriptome analysis data. Regions upstream of start sites
were examined for the presence of promoter sequences. Putative —35 and —10 sequences are
in bold and underlined.

B. Consensus sequence of P. gingivalis SigH-dependent promoters. Sequence logo was
generated using WebLogo (http://weblogo.berkley.edu). The height of the letters
corresponds to their conservation within promoter sequences. C. Alignment of promoter
sequences of 5 genes downregulated in V2948 that do not have the consensus sequence as
shown in panel B.
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Table 3

Hemin uptake in P. gingivalis strains

Strain  Hemin uptake” at 10min  Hemin uptake” at 30 min

W83 1010 +55.9 1365 +48.0
V2498 281 +52.6 506 +53.4

*
the numbers show hemin uptake that was calculated by subtracting passive hemin binding/uptake (done by performing the assay on ice) from total
hemin uptake (done by performing the assay at 37°C).
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