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Porphyromonas gingivalis, a gram-negative anaerobic bacterium, is a recognized periodontopathogen. It
exhibits a high degree of aerotolerance and is able to survive in host cells, indicating that efficient oxidative
stress protection mechanisms must be present in this organism. Manganese homeostasis plays a major role in
oxidative stress protection in a variety of organisms; however, the transport and role of this metal in P.
gingivalis is not well understood. Analysis of the genome of P. gingivalis W83 revealed the presence of two genes
encoding homologs of a ferrous iron transport protein, FeoBl and FeoB2. FeoB2 has been implicated in
manganese accumulation in P. gingivalis. We sought to determine the role of the FeoB2 protein in metal
transport as well as its contribution to resistance to oxygen radicals. Quantitative reverse transcriptase PCR
analyses demonstrated that expression of feoB2 is induced in the presence of oxygen. The role of FeoB2 was
investigated using an isogenic mutant strain deficient in the putative transporter. We characterized the
FeoB2-mediated metal transport using *Fe?* and **Mn?*. The FeoB2-deficient mutant had dramatically
reduced rates of manganese uptake (0.028 pmol/min/10” bacteria) compared with the parental strain (0.33
pmol/min/107 bacteria) (after 20 min of uptake using 50 nM of *Mn>*). The iron uptake rates, however, were
higher in the mutant strain (0.75 pmol/min/10” bacteria) than in the wild type (0.39 pmol/min/107 bacteria).
Interestingly, reduced survival rates were also noted for the mutant strain after exposure to H,O, and to
atmospheric oxygen compared to the parental strain cultured under the same conditions. In addition, in vitro
infection of host cells with the wild type, the FeoB2-deficient mutant, and the same-site revertant revealed that
the mutant had a significantly decreased capability for intracellular survival in the host cells compared to the
wild-type strain. Our results demonstrate that feoB2 encodes a major manganese transporter required for
protection of the bacterium from oxidative stress generated by atmospheric oxygen and H,0O,. Furthermore, we
show that FeoB2 and acquisition of manganese are required for intracellular survival of P. gingivalis in host

cells.

Reactive oxygen species (ROS), including the superoxide
anion (O, ), hydrogen peroxide (H,O,), and the hydroxyl
radical (HO-), are generated by the incomplete reduction of
oxygen. A variety of living cells, including bacterial and eukary-
otic cells, produce ROS (45). ROS are much more reactive
than molecular oxygen and can cause severe damage to nucleic
acids, cell membranes, and proteins (15). Virtually all organ-
isms have evolved complex defense and repair mechanisms to
protect them from the damaging effects of ROS (15). Although
the mechanisms are especially important for strict anaerobes
and “nanaerobes” (defined as demonstrating growth inhibition
by 5 uM of dissolved oxygen), little is known about ROS
protection in these organisms.

Porphyromonas gingivalis is a gram-negative, nanaerobic bac-
terium (3) whose role in the onset and progression of peri-
odontal disease has been established (14, 31). The organism
normally grows without oxygen (or in the presence of a mini-
mal concentration of oxygen) and is found in anaerobic peri-
odontal pockets. However, to reach the periodontal pocket, it
is transferred through different sites in the oral cavity (saliva,
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tongue, and buccal mucosa) where it is exposed to oxygen (10,
32, 53). Furthermore, P. gingivalis has been demonstrated to
invade and survive within eukaryotic cells where it is exposed
to intracellular ROS (30, 37, 43). Lastly, reactive oxygen spe-
cies are generated by macrophages and neutrophils upon en-
counter with bacterial cells (5). Thus, in order to survive oxy-
gen exposure, P. gingivalis has had to develop efficient oxidative
stress protection mechanisms. Although important for P. gin-
givalis virulence, the mechanisms of oxygen tolerance are not
well known in this organism.

Manganese homeostasis plays a major role in oxidative
stress protection of a variety of bacteria (21, 26, 46, 47, 57);
however, the effect of manganese on the protection of P. gin-
givalis from oxidative stress has not been investigated. Further-
more, the mechanisms involved in transport of the metal in P.
gingivalis are not well defined. FeoB protein was initially iden-
tified and characterized as a cytoplasmic membrane ferrous
iron transporter in Escherichia coli K-12 (23, 50). Currently,
genes encoding homologs of the FeoB protein are present in a
number of bacteria. Also, FeoB proteins of several bacteria
were demonstrated to be required for high-affinity ferrous-iron
uptake (23, 41, 50, 54). Interestingly, in the P. gingivalis W83
genome two gene products exhibited sequence similarity to the
FeoB of E. coli K-12. FeoBl1, encoded by PG1138, is 844 amino
acids in length and shows 52.6% similarity and 39.2% identity
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TABLE 1. Strains and plasmids used in this study

Strain Plasmid Description Reference
Or source

P. gingivalis

W83 Parental strain 33

V2814 Em"; FeoB2-defective mutant This study

V2831 Complemented strain of feoB2 mutant This study
E. coli

One Shot Top 10 Chemically competent cell Invitrogen

pCR 2.1 Invitrogen
V2198 pVA2198 Carries 2-kb ermF-ermAM cassette between Kpnl and BamHI 16
V2762 pVA2762 Ap"; pCR 2.1 containing the 2.2-kb feoB2 fragment PCR amplified from P. gingivalis This study
W83 genomic DNA
V2760 pVA2760 Ap" Em"; pVA2762 with the ermF-ermB cassette inserted at the Nrul site of feoB2 This study

to the E. coli FeoB. FeoB2, encoded by PG0930, is 725 amino
acids in length and exhibits 40% similarity and 31% identity
with the E. coli FeoB. While P. gingivalis FeoB1 was shown to
transport iron, FeoB2 has been implicated in manganese ac-
cumulation (11). Surprisingly, the protein designated FeoB2
had only a minor contribution to the protection of P. gingivalis
from oxidative stress. In the present study, we show that FeoB2
is a major manganese transporter protein in P. gingivalis and
plays a role in oxidative stress protection and survival of the
bacteria in host cells.

MATERIALS AND METHODS

Bacterial strains and plasmids. All bacterial strains and plasmids used in this
study are listed in Table 1.

Media and growth conditions. Porphyromonas gingivalis W83 was grown and
maintained as described previously (33). Briefly, P. gingivalis cultures were pre-
pared in an anaerobic atmosphere composed of 10% H,, 10% CO,, and 80% N,
at 37°C. Blood agar plates (TSA II, 5% sheep blood; BBL, Cockeysville, MD)
were used for maintenance of P. gingivalis. 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 K; (1 pg/ml; Sigma, St. Louis, MO) were used for preparation of
liquid cultures of P. gingivalis.

For growth and metal transport studies, P. gingivalis cultures were prepared
using BHI that was depleted of divalent and transition metals by treatment with
Chelex 100 chelating ion-exchange resin (Bio-Rad, Hercules, CA). MgSO,,
CaCl,, ZnCl, (100 wM for each metal), and protoporphyrin IX (5 wg/ml) were
then supplemented into Chelex-treated BHI.

Growth studies were performed as described below using Chelex-treated BHI.

Transport studies were carried out as described below using mycoplasma broth
(BBL, Cockeysville, MD) also treated with Chelex to limit the availability of
metal ions.

Escherichia coli was grown at 37°C in Luria-Bertani (LB) medium or on LB
agar. Clindamycin (0.5 pg/ml), erythromycin (300 pg/ml), and carbenicillin (50
ng/ml) were used as required for selection and maintenance of strains.

Analysis of bacterial growth. Growth studies were performed with bacterial
inocula at an optical density at 660 nm (ODyg) of 0.15 using Chelex-treated BHI
supplemented with various concentrations of manganese (25 pM, 200 nM).
Medium without manganese served as a negative control. Bacterial cultures were
incubated anaerobically and in the presence of 6% oxygen. In addition, a further
set of cultures was incubated in the presence of 50 uM hydrogen peroxide.
Bacterial cell densities were monitored spectrophotometrically at various time
intervals.

Exposure of P. gingivalis W83 cultures to oxidative stress and metal chelators
for quantitative RNA analysis. Anaerobic overnight cultures (ODgg, 1.3 to 1.5)
were diluted in an anaerobic chamber with anaerobic growth medium (BHI) to
an ODygg of 0.2 and incubated anaerobically to an ODjg of 0.4. The culture was
divided into four aliquots that were then incubated under various conditions: (i)
anaerobically, (ii) aerobically with shaking, (iii) anaerobically with the addition of
200 pM hydrogen peroxide, or (iv) anaerobically with the addition of 5 mM

EDTA. Cells were harvested by centrifugation, and RNA was isolated using the
TRIzol Max bacterial RNA isolation kit (Invitrogen, San Diego, CA).

Quantitative RT-PCR analysis. Quantitative RT-PCR was carried out using
the TagMan One-Step PCR master mix kit (Applied Biosystems, Foster City,
CA) according to the manufacturer’s instructions. DNA-free total RNA isolated
from bacterial cultures grown as described above served as a template. Probe
(5'-ACACGGGCTACGGGTTTCCTGCC-3") and primers (forward, 5'-AGGT
ATTCTCCATCCTTTGCTGAA-3'; reverse, 5'-GAGGAATCCGCTCAACCA
ATC-3") were used to study FeoB2 expression. A calibration curve was con-
structed using serial fivefold dilutions of 100 ng total RNA. Experimental
samples were tested in triplicate under the conditions recommended by the
manufacturer using 20 ng of total RNA (except for 16S rRNA, where we used 0.2
ng of total RNA). Reverse transcriptase was omitted in samples serving as
negative controls. The experiments were performed in the ABI Prism 7900
sequence detection system (Applied Biosystems, Foster City, CA) with the ther-
mal profile consisting of 1 cycle of 30 min at 48°C to synthesize cDNA, 1 cycle of
10 min at 95°C, and 40 cycles each consisting of 15s at 95°C and 1 min at 60°C.
The threshold cycle was determined to provide the optimal standard-curve values
(0.98 to 1.0). To control for RNA quantity, a probe specific for 16S rRNA was
used. As a control for constitutive expression of mRNA, we used PG1357, which
encodes a major outer membrane protein.

Construction of FeoB2-deficient mutant. A DNA fragment containing the
feoB2 gene (PG0930) disrupted by the ermF-ermB (ermB previously named
ermAM) (40) cassette (inserted into the Nrul site located at 300 bp of feoB2) was
used to electroporate P. gingivalis W83 as described previously (16). A double-
crossover mutant strain containing an insertionally inactivated feoB2 gene was
selected using BHI plates supplemented with clindamycin. Genomic DNA from
the parental and mutant strains was isolated and analyzed by PCR (forward
primer, 5'-CCGAAGGTGCATTCTCGTATG-3' located at 215 to 235 bp of
feoB2; reverse primer, 5'-CAGTACCGATACTTGTCACTC-3' located at 612 to
632 bp of feoB2) and Southern blotting to confirm the predicted disruption of the
feoB2 gene by the antibiotic resistance cassette. The feoB2 mutant of P. gingivalis
W83 was designated V2814.

Generation of same-site revertant. A 2-kb DNA fragment carrying the intact
feoB2 gene from P. gingivalis W83 was used to electroporate V2814 (P. gingivalis
W83 feoB2 mutant). Immediately after electroporation, 1 ml of prereduced
medium was added directly to the cuvette. Following anaerobic incubation at
37°C for 18 h, 1 mM hydrogen peroxide was added, and the cultures were
incubated at 37°C anaerobically for an additional 40 min (since feoB2 mutant
cells are extremely sensitive to hydrogen peroxide, this additional step was used
to select revertants). Two hundred microliters of the mixtures was spread on BHI
agar plates. The resulting colonies were tested for abolished clindamycin resis-
tance on BHI plates supplemented with clindamycin (0.5 pg/ml). The intact
feoB2 in the clindamycin-sensitive colonies was confirmed by PCR.

Metal transport assay. P. gingivalis cultures were started from colonies grown
on TSA II blood agar plates. Strains were grown anaerobically at 37°C for 48 h
in enriched BHI until turbid growth was observed. One hundred microliters of
this culture was used to prepare 3 ml of overnight culture in Chelex-treated BHI
medium supplemented with Mg>*, Ca®*, Zn?>*, and protoporphyrin IX (pre-
pared as described above). This culture was passaged twice into Chelex-treated
BHI medium using a 1:10 dilution. Cells were then harvested by centrifugation
at ambient temperature and suspended to an ODgg4, of 0.7 in Chelex-treated
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mycoplasma broth. Uptake studies were performed with 3Fe?* (103.46 mCi/mg)
and >*Mn?" (86.7 mCi/mg) (Perkin-Elmer/NEN, Boston, MA).

(i) Iron uptake study. The MultiScreen assay system (Millipore, Bedford, MA)
was used for uptake studies. The 96-well plate was prewetted with 150 ul of
Chelex-treated mycoplasma broth to prevent nonspecific binding of iron to the
filter membranes. Fifty microliters (2 X 107 cells) of bacterial cells was then
added to selected wells. A stock solution of *FeCl, (0.1 p.Ci/pl) was prepared
immediately before the assay. >>FeCl, (1.0 wCi) was then added to selected wells
of the plate. The final concentration of >>FeCl, in each sample was 0.9 uM.
Triplicate samples were prepared for each time point. The plates were incubated
anaerobically at 37°C for 1 min, 5 min, 10 min, and 20 min. As a control for
energy-independent binding and uptake, cells incubated anaerobically for 20 min
with the proton ionophore carbonyl cyanide m-chlorophenylhydrazone (CCCP;
210 pg/ml) were used for the assay. Liquid was then removed by vacuum aspi-
ration. The plates were washed three times with Tris-buffered saline (125 mM
NaCl, 25 mM Tris [pH 8.0]) to remove any free >>Fe?*. Filters were air dried and
isolated with a MultiScreen punch (Millipore, Bedford, MA). The filters were
collected in scintillation vials, and 2 ml of BioSafe II scintillation cocktail (Re-
search Products International, Inc., Mount Prospect, IL) was added to each vial.
The samples were counted in a Beckman LS6500 liquid scintillation counter
(Beckman Coulter, Fullerton, CA). >>Fe®* uptake was measured by detection of
beta radiation in channel 350 (25, 36). Active binding and uptake were deter-
mined by subtracting counts-per-minute values obtained from experiments per-
formed using cells treated with CCCP from those obtained using untreated cells.

(ii) Manganese uptake assay. This assay was carried out as described above
(iron uptake assay) with some modifications. Manganese stock solution (0.01
wCi/ul) was prepared immediately before the assay. Solution (0.1 pCi) was
added to selected wells at a final >*Mn?" concentration of 0.05 wM. The plates
were incubated at room temperature for periods ranging from 1 min to 20 min.
Parallel uptake experiments were carried out using cells that were kept on ice as
a control for energy-independent binding. Radioactivity was determined as de-
scribed above, using channel 850 to detect gamma emission (25).

Sensitivity of P. gingivalis to air with and without hydrogen peroxide. Over-
night P. gingivalis cultures were diluted with enriched BHI to an ODgg of 0.3 and
grown anaerobically at 37°C until they reached an ODg4, of 0.5. The mid-
logarithmic cultures were divided into three groups. The first was incubated
anaerobically at 37°C and served as a control. The second was grown aerobically
at 37°C with 0.5 mM hydrogen peroxide and agitation (200 rpm). The third was
also incubated aerobically with agitation, but without hydrogen peroxide. Culture
samples were withdrawn at various time intervals and placed in an anaerobic
chamber, and serial dilutions were made using anaerobic BHI. Appropriate
dilutions were plated on blood agar plates; the plates were then incubated
anaerobically at 37°C for 7 days.

Infection of host cells with P. gingivalis. Assays were carried out as described
by Ueshima et al., with some modifications (52). Human umbilical vein endo-
thelial cells (HUVECs) were maintained in endothelial growth medium (EGM;
Cambrex Corporation, Walkersville, MD) at 37°C in 95% air-5% CO, under
standard conditions. For experiments, cells were seeded at 2.5 X 10* cells/well in
12-well tissue culture plates. P. gingivalis cells from mid-logarithmic growth phase
(ODgg0, 0.5) were harvested, washed twice with phosphate-buffered saline (PBS),
and suspended in oxygen-depleted serum-free EGM. Bacterial cells were added
to host cell-containing wells at a multiplicity of infection of 100 (30). Plates were
incubated anaerobically at 37°C for 30 min. After washing in EGM, extracellular
bacteria were killed by incubation of the infected cells with medium containing
300 wg/ml of gentamicin and 400 pg/ml of metronidazole for periods of time
ranging from 1 h to 4 h. The infected cells were washed in PBS and suspended
in 500 wl of anaerobic BHI medium. Following three freeze-thaw cycles, an
additional 500 wl of enriched anaerobic BHI was added to selected wells of the
culture plate. The total 1 ml of the mixture was then mixed with 3 ml of enriched
anaerobic BHI, and 200 I of the diluted mixture was plated on blood agar plates
and incubated anaerobically at 37°C for 11 days. The ability of the bacteria to
survive in host cells was determined by counting the colonies formed.

Confocal laser scanning microscopy. Confocal imaging was performed as
described previously with some modifications (52). Briefly, cells from overnight
cultures of P. gingivalis W83 were harvested, washed twice in PBS, and resus-
pended in PBS. The cells were then labeled by the addition of 2,7-bis-(2-car-
boxyethyl)-5 (and 6-)-carboxyfluorescein (BCECF) to a final concentration of 5
M and incubated anaerobically at 37°C for 30 min. Cells were harvested and
suspended in EGM. HUVECs were prepared on glass coverslips and infected
with labeled P. gingivalis as described above. After specific time periods, HU-
VECs were fixed in 10% formaldehyde in PBS at an ambient temperature for 15
min, washed in PBS, and treated with PBS containing 50 mM NH,CI and 0.3%
Tween 20 for 10 min at ambient temperature. Following PBS washes, coverslips
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FIG. 1. Growth curves for P. gingivalis strains. Overnight cultures
were diluted in an anaerobic chamber to an ODy, of 0.15 with Chelex-
treated anaerobic medium (A) or saturated with 6% oxygen (B and C)
growth medium. Cultures were incubated in the presence or absence of
manganese anaerobically (A), aerobically (in the presence of 6% ox-
ygen) (B), and anaerobically in the presence of peroxide (100 nM)
(C) at 37°C. Growth was monitored as the increase in ODjg, versus
time. Error bars indicate standard deviations for triplicate samples.
feoB2, feoB2 mutant.
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FIG. 2. Iron uptake assay. >>Fe®* uptake was measured in pico-
moles per 107 cells using a range of extracellular radiolabeled iron
concentrations and various incubation periods. Active uptake was cal-
culated by subtracting the values of experiments performed in the
presence of CCCP from the values of experiments performed in the
absence of the protonophore. Error bars indicate standard deviations
from triplicate samples. feoB2, feoB2 mutant.

were mounted in Antifade (Molecular Probes, Eugene, OR) and examined using
a Carl Zeiss LSM 510 Meta confocal imaging microscope with a Zeiss PlanApo
63X%/1.4 oil objective. The gain settings and intermediate magnifications were
optimized for the first image and then kept constant. Serial sections were ob-
tained at 0.5-pm intervals for single HUVECs. The number of intracellular
bacteria was quantified on the image of the central section and the top 2-um
section beneath the cell membrane.

RESULTS

Effect of manganese and feoB2 disruption on anaerobic and
aerobic growth. Both anaerobic and aerobic growth of the
parental strain, P. gingivalis W83, and the feoB2 mutant were
compared in the presence and absence of manganese. As
shown in Fig. 1A, manganese had no effect on the growth of P.
gingivalis W83 in anaerobic conditions. Also, no differences
were found between the growth of the parent and the feoB2
mutant; both the shapes of the growth curves and the cell
densities after 33 h are similar. These results indicate that
manganese is not required for growth of P. gingivalis in anaer-
obic conditions. In addition, insertion of the ermF-ermB cas-
sette into the genome of P. gingivalis W83 did not change the
ability of the strain to grow under anaerobic conditions. More
importantly, they demonstrate that FeoB2 is not required for
anaerobic growth of the bacteria. However, manganese-depen-
dent differences in P. gingivalis W83 growth were noted when
the strain was incubated in the presence of 6% O,. No growth
was observed in both the parental and the mutant strains in the
absence of manganese (Fig. 1B). Addition of 200 nM Mn** to
the culture medium restored the growth of the parental strain,
thus indicating that manganese is required for aerobic growth
of P. gingivalis. The observation that the growth of the mutant
strain was not restored in the presence of 200 nM Mn*" sug-
gested that manganese was not being transported at such low
concentrations and that the FeoB2 protein may be a high-
affinity manganese transporter. Growth of the mutant strain
was partially restored in the presence of 25 uM of manganese,
suggesting that other lower-affinity manganese transporters
may be functional in P. gingivalis. However, the 30% and 20%
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FIG. 3. Manganese uptake assay. >*Mn>* uptake was measured in
picomoles per 107 cells using 50 nM radiolabeled manganese over a
20-min incubation period. Active uptake was calculated by subtracting
the values of experiments performed on ice (4°C) from the values of
experiments performed at 37°C. Error bars indicate standard devia-
tions from triplicate samples. feoB2, feoB2 mutant; rev, same-site
revertant.

reductions in the growth rate of the mutant strain after 9 h and
14 h of incubation, respectively, indicated FeoB2 is required
for optimal growth of P. gingivalis in the presence of oxygen,
even at high manganese concentrations.

We also investigated the role of manganese and FeoB2 on
the growth of P. gingivalis in the presence of peroxide. As
shown in Fig. 1C, addition of 25 wM of Mn?™ to the culture
medium rescued the growth of both strains, suggesting that this
metal plays a role in protection of P. gingivalis from peroxide
stress. The 30% and 40% reductions in growth of the mutant
strain after 9 h and 14 h of incubation, respectively, indicated
that the FeoB2 protein is required for optimal growth of the
bacteria in the presence of peroxide with the high manganese
concentrations. Furthermore, whereas the parental strain grew
in the presence of 200 nM of Mn**, no growth was observed in
the mutant strain, indicating that FeoB2 is also indispensable
for protection of the bacteria from peroxide in the presence of
low manganese concentrations (Fig. 1C).

FeoB2 is a major manganese transporter in P. gingivalis. To
investigate the role of the P. gingivalis FeoB2 protein in diva-
lent metal cation transport, the feoB2 mutant V2814 and wild-
type W83 were examined for their ability to acquire *>Fe** and
3*Mn?*. Iron uptake in P. gingivalis occurred very rapidly and,
whereas saturation was not reached in the mutant strain, the
parental W83 strain showed saturation after 5 min of incuba-
tion (Fig. 2). Both mutant and wild-type strains exhibited sig-
nificant iron uptake after 20 min of incubation (Fig. 2). Inter-
estingly, the iron uptake level was 1.5- to 2-fold higher in the
mutant strain throughout the experiment than in the parental
strain, indicating that FeoB2 is not a major iron transporter in
P. gingivalis.

Next, we investigated the involvement of FeoB2 in manga-
nese transport. As shown in Fig. 3, uptake of manganese was
accomplished in P. gingivalis W83 using 50 nM of extracellular
3*Mn?*. These data indicate that a high-affinity manganese
transporter is present in the bacteria. Interestingly, the feoB2
mutant exhibited a decrease in the uptake of **Mn** through-
out the course of the experiment compared to the wild-type
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TABLE 2. Effects of various growth conditions on feoB2 expression

Conditions feoB2 expression” 16S rRNA expression” feoB2/16S ratio” Fold change®

Anaerobic incubation (—0,) 14.4 = 0.682 0.22 = 0.011 65.45 1

Exposed to air for 5 min 16.7 = 0.215 0.20 = 0.024 83.50 1.28
Exposed to air for 15 min 57.8 = 4.187 0.35 £ 0.011 165.14 2.52
Exposed to air for 30 min 100.4 = 10.27 0.28 = 0.068 358.57 5.48
Anaerobic incubation with 200 uM H,O, for 5 min 21.1 + 2.605 0.22 = 0.030 95.91 1.47
Anaerobic incubation with 200 uM H,O, for 15 min 22.8 = 1.917 0.15 = 0.01 152.00 2.32
Anaerobic incubation with 5 mM EDTA for 15 min 10.0 = 0.557 0.13 = 0.006 76.92 1.17

“ Expression rates were determined by real-time RT-PCR using fivefold serial dilutions of 100 ng of total RNA. Means and standard deviations of experiments

performed in triplicate are shown.

b Expression rates were normalized using 16S as an internal standard and are designated as feoB2/16S ratios.
¢ The normalized feoB2 expression rate that was derived from anaerobically incubated cells (—O,) serves as the control and its fold change is designated as 1. Fold
changes for feoB2 expression under different growth conditions were determined by dividing their corresponding normalized values by that of the control (—O,).

strain (approximately 12-fold reduction observed after 20 min
of incubation) (Fig. 3). To further confirm that feoB2 mutation
played a role in the reduction of manganese uptake, we exam-
ined a same-site revertant (V2831) for its ability to transport
manganese. As shown in Fig. 3, this strain transports manga-
nese similarly to the parental strain. Thus, we conclude that
FeoB2 is a major manganese transporter in P. gingivalis.

Induction of feoB2 transcription in response to oxidative
stress. The effects of oxygen, hydrogen peroxide, and divalent
metals on expression of feoB2 are shown in Table 2. In the
presence of oxygen, elevated expression of feoB2 was observed.
Expression was time dependent, and 1.28-fold, 2.52-fold, and
5.48-fold increases were observed after 5 min, 15 min, and 30
min, respectively, of exposure of P. gingivalis cultures to atmo-
spheric oxygen. Elevated expression of feoB2 was also observed
in the presence of hydrogen peroxide, with 1.47-fold and 2.32-
fold increases in the feoB2 transcript after 5 min and 15 min,
respectively, of peroxide challenge. Addition of EDTA (a che-
lator of divalent ions) as well as dipyridyl (a chelator of iron) to
the culture medium did not significantly alter the expression of
feoB2. Thus, we conclude that in P. gingivalis W83, expression
of feoB2 is regulated by oxygen and hydrogen peroxide but it is
not metal dependent.

feoB2 mutation imparts increased sensitivity to oxidants.
The growth kinetics of the mutant strain incubated anaerobi-
cally were similar to those of the wild-type bacteria (Fig. 1).
Therefore, in order to determine whether FeoB2 contributes
to the high aerotolerance observed in P. gingivalis, we incu-
bated the mutant and the wild-type strains under aerobic con-
ditions. While no viability loss was observed in the wild-type
and revertant strains after 90 min of atmospheric oxygen ex-
posure, the FeoB2 mutant showed 95% viability loss after 90
min aerobic incubation (Fig. 4A). The viability loss was even
more marked when the FeoB2 mutant was incubated aerobi-
cally in the presence of hydrogen peroxide. Few surviving bac-
teria were detected after incubation under these conditions
(Fig. 4B). Viability loss was also observed in the wild-type and
FeoB2 revertant strains; however, it was delayed compared to
the mutant strain (Fig. 4A and B).

FeoB2 plays a role in P. gingivalis survival in host cells. P.
gingivalis can invade a variety of host cells (12, 13). Since all
eukaryotic cell types (including endothelial cells, vascular
smooth muscle cells, and adventitial fibroblasts) (48) can gen-
erate intracellular ROS, effective oxidative stress defense
mechanisms must be present in P. gingivalis to enable it to

survive within the host cells. Our results above indicated that
FeoB2 protects the bacteria against atmospheric oxygen and
hydrogen peroxide. Therefore, it was plausible that the trans-
porter might have a role in protecting P. gingivalis against
oxidative stress encountered in host cells. To determine the
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FIG. 4. Survival of P. gingivalis strains in atmosphere and atmo-
sphere supplemented with hydrogen peroxide. P. gingivalis strains were
incubated aerobically (A) and aerobically in the presence of hydrogen
peroxide (B). Culture samples were withdrawn at 30 min, 90 min, and
180 min and plated on blood agar plates after adequate dilution. The
plates were incubated anaerobically at 37°C for 7 days. Data are rep-
resented relative to the control at 30 min, which is set as 1. feoB2, feoB2
mutant; rev, same-site revertant.
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HUVEC invaded with WT (W83)
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HUVEC invaded with feoB2 mutant (V2814)

Strain Number of bacteria/ HUVEC (Mean £ SD) at a depth of 2.0um Number of bacteria / HUVEC
beneath the membrane of single HUVEC (Mean + SD) at middle section

W83 22.1 £13.31 31.0+11.84

feoB2 mutant 22.1 +£13.82 30.8+10.83

FIG. 5. Invasion of HUVECsS by P. gingivalis strains. P. gingivalis strains were labeled with BCECF and incubated with HUVECs for 10 min
and 30 min as described in Materials and Methods. Infected HUVECs were analyzed for the presence of intracellular bacteria by using confocal
laser scanning microscopy. Images shown were taken at the middle section of single HUVECs, and internal bacteria appear bright green (arrows).
Images of single HUVEC: at two cell sections were used to quantify the bacteria. More than 50 HUVECs were quantified for each bacterial strain

for each cross section. WT, wild type; SD, standard deviation.

role of FeoB2 in this process, we examined the ability of the
FeoB2-deficient mutant and the parental strain to invade and
survive in host cells. The invasion rates were determined using
confocal laser scanning microscopy and are shown in Fig. 5.
Bacteria, observed as bright green spots within the host cells,
were quantified at two cellular sections (Fig. 5). Similar num-
bers of intracellular bacteria were detected in HUVECs chal-
lenged with either the parental or FeoB2-deficient strains.
These data demonstrate that both strains are able to invade
HUVEG: to a similar degree. The number of P. gingivalis W83
bacteria recovered from HUVEC: reflects only viable intracel-
lular bacteria, as extracellular bacteria were killed by treatment
of the infected host cells with metronidazole and gentamicin
prior to recovery of the intracellular bacteria (Fig. 6). P. gin-
givalis W83 was found to be capable of invading and surviving
inside HUVEC cells. The number of intracellular bacteria
increased proportionally with the time of incubation of the
infected cells (Fig. 6), indicating that P. gingivalis W83 was
multiplying inside the host cells. We recovered only a small
portion of the inoculum (equivalent to less than 1 bacterium/
cell), indicating that the bacteria can invade (Fig. 5) but do not
survive well within the host cells. Although the FeoB2-deficient
mutant was also able to invade HUVECs (Fig. 6), approxi-
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FIG. 6. Survival of P. gingivalis in host cells. HUVECs were in-
fected with P. gingivalis W83, V2814 (FeoB2 mutant), and V2831
(revertant) strains as described in Materials and Methods. Intracellular
bacteria were recovered from host cells and plated on blood agar
plates. The number of colonies recovered after the indicated periods of
infection is shown. Results shown are means from one experiment
performed in triplicate. The experiment was performed three times
with similar results. feoB2, feoB2 mutant; rev, same-site revertant.
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mately 20-fold fewer surviving cells were recovered (Fig. 6).
These results indicate that FeoB2 plays a role in the survival of
P. gingivalis in HUVECs. We also observed that the rate of
killing of the mutant strain was very rapid and that most bac-
teria were nonviable after 1 h of incubation of the host cells
with antibiotics. To further confirm the role of FeoB2 in sur-
vival of P. gingivalis in HUVECs, we also tested the FeoB2
revertant strain. As shown in Fig. 6, the survival rate of that
strain was restored to that observed in the parental strain.
Thus, we conclude that FeoB2 is required for survival of P.
gingivalis in host cells.

DISCUSSION

This is the first study demonstrating a role for manganese in
the growth of P. gingivalis. Our study indicates that manganese
is required for growth of the bacterium in the presence of
oxygen. Manganese is a biologically relevant metal and its role
in oxidative stress protection in a variety of organisms is well
documented (26). Since atmospheric oxygen can be metaboli-
cally converted into a variety of ROS (O, ", H,0,, and HO-)
(45), the exact mechanism of protection is unknown. One plau-
sible way may be through the role of manganese as a cofactor
for enzymes involved in the oxidative stress defense (26). Man-
ganese is a required cofactor of superoxide dismutase of aer-
obically grown P. gingivalis (1, 55) and, although the P. gingi-
valis superoxide dismutase can use both iron and manganese as
cofactors, the Mn-superoxide dismutase is more stable in the
presence of H,O, (55). Furthermore, the Mn-superoxide dis-
mutase was demonstrated to be required for survival of the
bacteria in the presence of air (34).

The protective role of manganese against reactive oxygen
has also been shown to be independent of superoxide dis-
mutase activity (49). Nonenzymatic protection mechanisms
mediated by direct dismutation of H,O, by manganese com-
plexed with bicarbonate have been demonstrated (28). Further-
more, Archibald and Fridovich have shown that manganese can
scavenge superoxide nonenzymatically (2). In addition, manga-
nese complexes such as Mn(II)-pyrophosphate and Mn(II)-
polyphosphate can block hydroxyl free radical production (6,
9). However, the exact mechanisms of manganese-mediated
oxidative stress protection in P. gingivalis remain to be eluci-
dated.

We found that FeoB2, a ferrous iron transport homolog, is
a major manganese transporter in P. gingivalis. These data are
in agreement with data from Dashper et al., who demonstrated
a threefold reduction in manganese accumulation in mutants
deficient in the transporter, using inductively coupled plasma-
mass spectrometry approaches (11). Since the inhibition pro-
file of FeoB2 has not been determined, the complete metal
selectivity spectrum of this transporter is not known. However,
as observed for other bacterial divalent metal transporters, it is
possible that FeoB2 also transports multiple divalent ions, but
with different affinities (22, 25, 36, 54). Our study was carried
out using up to 0.9 pM concentrations of *Fe** and did not
indicate that FeoB2 mediated iron transport. It is possible that
the transporter may transport iron when the extracellular con-
centrations of the metal are higher; however, such concentra-
tions would probably not be encountered in the natural envi-
ronment of P. gingivalis (as the free iron concentration in the
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human host is approximately 10~ ' M [4]) and, thus, the role
of FeoB2 in uptake of this metal would not be physiologically
relevant. Contrary to results predicted for an iron transporter
(23), elevated iron uptake was detected in the FeoB2 mutant.
This may be due to the increased expression of other trans-
porters primarily involved in iron uptake that also mediate
manganese transport. For example, PG1138 (FeoB1), encod-
ing the other FeoB homolog in P. gingivalis, has been shown to
transport iron (11), and it is possible that it also transports
manganese. In the absence of FeoB2, FeoB1 expression might
be increased to compensate for the reduced manganese up-
take. This possibility is supported by our findings indicating an
increase in the expression level of feoBI in the feoB2 mutant
(unpublished observations). However, detailed analysis of ex-
pression of other metal transporter-encoding genes and their
products in the FeoB2 mutant will be required to establish the
definitive mechanisms of elevated iron uptake in the FeoB2
mutant.

The characteristics of FeoB2-mediated manganese transport
indicate that the protein functions as a high-affinity manganese
uptake mechanism in P. gingivalis. Since rapid uptake of man-
ganese was observed using concentrations as low as 50 nM of
>*Mn?**, we propose that the transporter is physiologically rel-
evant. The concentrations of manganese in mammalian plasma
are reported to be as low as 20 nM (29). However, manganese
concentrations as high as 36 wM are encountered in saliva (8).
Based on the different concentrations of manganese at various
sites of the human body, we propose that FeoB2 is required for
survival of P. gingivalis when introduced into the circulation
and, consequently, for bacterial colonization of heart tissues.
Since the role of FeoB2 in manganese uptake at high exoge-
nous concentrations has not been investigated in this study, it
is not clear whether it would be essential for survival of P.
gingivalis present in saliva.

Manganese uptake in the FeoB2 mutant was only 10% of
that of the parental strain, indicating that the protein is a major
transporter of the metal in P. gingivalis. Other bacteria have
been reported to contain multiple manganese transporters
(26). Three classes of manganese transporters have been de-
scribed in prokaryotes: MntH, SitABCD, and MntA. The first
is a homolog of the natural resistance-associated macrophage
protein 1 (NRAMP), which is a cation transporter (27), while
the second is an ABC-type transporter (20). Although both
transporters are present in Salmonella enterica serovar Typhi-
murium, they transport manganese optimally under different
conditions: while MntH is most effective under acidic condi-
tions, the SitABCD system is an alkaline transporter (25). The
third transporter type, P-loop ATPase, has to date been re-
ported in only one bacterium, Lactobacillus plantarum (18).
Sequence analysis of P. gingivalis W83 revealed no homologs of
the NRAMP transporter MntH and the SitABCD system.
However, a putative ABC transporter for Zn** and Mn?" is
encoded on the genome of P. gingivalis W83 (PG1533), and it
is probable that transporter is functional and thus accounts for
the growth of the FeoB2 mutant strain in the presence of high
manganese concentrations. It is also possible that at higher
exogenous concentrations, manganese can be transported by
other divalent metal uptake proteins present in P. gingivalis,
such as FeoBl1, as discussed above.

Our data demonstrate that FeoB2 protects P. gingivalis from
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hydrogen peroxide and from atmospheric oxygen. These data
are in contrast to the report by Dashper et al., who showed that
the survival of the FeoB2 mutant is equal to that of the paren-
tal strain under aerobic conditions (11). This difference may
have resulted from different concentrations of manganese in
culture media used to prepare bacteria for the analyses. Since
FeoB2 is the major manganese transporter in P. gingivalis, it is
probable that the intracellular concentrations of manganese
are very low in the FeoB2 mutant. This hypothesis is supported
by data reported by Dashper et al., who demonstrated that the
concentration of manganese in the FeoB2 mutant is threefold
reduced compared to the parental strain (11). Such low con-
centrations may, in turn, result in reduced activity of Mn-
superoxide dismutase due to the absence of a cofactor. In
support of this idea, Streptococcus pyogenes deficient in the
major manganese transport system MtsABC has been demon-
strated to have reduced intracellular manganese concentra-
tions as well as reduced Mn-superoxide dismutase activity (22).
Also, the other manganese-dependent oxidative stress protec-
tion mechanisms might be impaired in the mutant strain. The
elevated expression of feoB2 in the presence of air further
suggests that the transporter has a role in oxidative stress
protection in P. gingivalis. Contrary to the previously reported
requirement of manganese for growth of the feoB2 mutant in
anaerobic conditions (11), our data indicate that neither man-
ganese nor this transporter are required for growth of the
bacterium in the absence of oxygen. However, our data clearly
indicate that manganese and the manganese transporter have
a role when the bacterium is grown in the presence of 6%
oxygen. In the presence of oxygen, the bacterium is exposed to
oxidative stress. Therefore, our data support the role of man-
ganese in oxidative stress protection of P. gingivalis and other
bacteria (57).

Elevated expression observed in the presence of atmo-
spheric oxygen was also observed for the S. enterica serovar
Typhimurium SitABCD transporter (20, 25, 39). Control of
expression of the operon was shown to involve two regulators,
the ferric uptake regulator (Fur) and the manganese-depen-
dent regulator (MntR). Since the regulation involved metal-
dependent regulators rather than oxygen-dependent regula-
tors, this indicates that metal availability may be related to the
presence of oxygen. The insoluble oxidized form of iron (Fe*")
leads to reduced transport and availability of the metal as a
cofactor for the Fur protein. Since transcription of the sit
operon was also affected by growth phase, it is possible that
other as yet uncharacterized mechanisms play a role in regu-
lation of the locus. Furthermore, another manganese trans-
porter, MntH, has also been shown to be regulated by Fur and
MntR. However, MntH expression was also induced by hydro-
gen peroxide in an OxyR-dependent manner (24).

An open reading frame is located upstream of feoB2 that
encodes a putative DtxR/MntR-like regulator (PG0931) (35).
The absence of promoter sequences in the PG0931-feoB2 in-
tergenic region suggests that the genes are cotranscribed.
Open reading frames encoding homologs of Fur and OxyR are
present on the genome of P. gingivalis W83 (35) (http://www
.oralgen.lanl.gov); however, analysis of the sequences present
upstream of the PG0931-feoB2 locus revealed no consensus
sequences for Fur and OxyR binding. These findings are con-
sistent with the lack of effect of EDTA and dipyridyl (data not
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shown) on feoB2 expression but give no insights into the oxy-
gen-dependent regulation of the transporter.

P. gingivalis can invade a variety of eukaryotic cells (12, 13,
44), which may promote escape from host defense mechanisms
as well as colonization of sites distant to the mouth, such as
atherosclerotic lesions (19). Recently, considerable progress
has been made in understanding the invasion process of host
cells by P. gingivalis (17, 38, 42, 56, 58). Nevertheless, despite
the survival of P. gingivalis in host cells, the mechanisms me-
diating this process are not well understood. Since eukaryotic
cells produce intracellular ROS (51), efficient oxidative stress
protection mechanisms would be expected to have a role in
mediating the survival of intracellular bacteria. This is indi-
cated by the findings of Ueshima et al., demonstrating that Dps
promotes survival of P. gingivalis in HUVECs (52). Dps is a
ferritin-like protein shown to attenuate ROS production in
bacteria (7). Our data demonstrate that FeoB2 also contrib-
utes to survival of P. gingivalis in host cells, as a drastic reduc-
tion in survival of the mutant strain was observed at 1 h post-
invasion. Due to the required 1 h antibiotic treatment
(previously demonstrated to be effective in killing extracellular
bacteria), we were not able to examine the survival rates at
shorter postinvasion times. Prompted by the role of FeoB2 in
oxidative stress protection, we suggest that the FeoB2-medi-
ated attenuation of ROS is likely the major mechanism pro-
moting intracellular survival of P. gingivalis. However, further
investigations are required to establish definitely the mecha-
nism by which FeoB2 contributes to survival of the bacterium
in eukaryotic cells.

In summary, we report on the major manganese transporter
in P. gingivalis. This is also the first functionally established
manganese transporter in anaerobic bacteria. So far, three
classes of manganese transporters have been reported. Our
studies show the presence of a fourth class of Mn** trans-
porter in bacteria, that of the GTPase type. Further, our find-
ings that the transporter has a role in oxidative stress protec-
tion have been corroborated by data demonstrating that the
protein promotes survival of P. gingivalis in host cells. Since
oxygen tolerance and oxidative stress protection mechanisms
are especially important for pathogenicity of anaerobic bacte-
ria, our study may open new avenues for the development of
intervention strategies for bacterial infections.
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