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ABSTRACT In the periodontal pocket, there is a direct correlation between environ-
mental conditions, the dynamic oral microbial flora, and disease. The relative abun-
dance of several newly recognized microbial species in the oral microenvironment
has raised questions on their impact on disease development. One such organism,
Filifactor alocis, is significant to the pathogenic biofilm structure. Moreover, its patho-
genic characteristics are highlighted by its ability to survive in the oxidative-stress
microenvironment of the periodontal pocket and alter the microbial community dy-
namics. There is a gap in our understanding of its mechanism(s) of oxidative stress
resistance and impact on pathogenicity. Several proteins, including HMPRFF0389-
00519 (FA519), were observed in high abundance in F. alocis during coinfection of
epithelial cells with Porphyromonas gingivalis W83. Bioinformatics analysis shows that
FA519 contains a “Cys-X-X-Cys zinc ribbon domain” which could be involved in DNA
binding and oxidative stress resistance. We have characterized FA519 to elucidate its
roles in the oxidative stress resistance and virulence of F. alocis. Compared to the
wild-type strain, the F. alocis isogenic gene deletion mutant, FLL1013 (DFA519::ermF),
showed significantly reduced sensitivity to hydrogen peroxide and nitric oxide-
induced stress. The ability to form biofilm and adhere to and invade gingival epithe-
lial cells was also reduced in the isogenic mutant. The recombinant FA519 protein
was shown to protect DNA from Fenton-mediated damage with an intrinsic ability
to reduce hydrogen peroxide and disulfide bonds. Collectively, these results suggest
that FA519 is involved in oxidative stress resistance and can modulate important vir-
ulence attributes in F. alocis.

IMPORTANCE Filifactor alocis is an emerging member of the periodontal community
and is now proposed to be a diagnostic indicator of periodontal disease. However,
due to the lack of genetic tools available to study this organism, not much is known
about its virulence attributes. The mechanism(s) of oxidative stress resistance in F.
alocis is unknown. Therefore, identifying the adaptive mechanisms utilized by F. alo-
cis to survive in the oxidative stress environment of the periodontal pocket would
lead to understanding its virulence regulation, which could help develop novel ther-
apeutic treatments to combat the effects of periodontal disease. This study is
focused on the characterization of FA519, a hypothetical protein in F. alocis, as a
multifunctional protein that plays an important role in the reactive oxygen species-
detoxification pathway. Collectively, our results suggest that FA519 is involved in oxi-
dative stress resistance and can modulate important virulence attributes in F. alocis.
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Overcoming or adapting to oxidative stress is an important element in the survival
of microorganisms in the periodontal pocket (1). This oxidative stress environment

is usually generated via reactive oxygen species (ROS), such as the superoxide anion
(O2

.-), hydroxyl anion (OH2), hydrogen peroxide (H2O2), nitric oxide (NO), and peroxyni-
trite (ONOO2), which are O2 derivatives and byproducts of aerobic metabolism (2) or
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the host immune response (3, 4). Bacteria must have mechanisms that detoxify the
ROS to prevent damage to cellular components, such as nucleic acids, membrane lip-
ids, and proteins (5).

Filifactor alocis is classified as a slow-growing, Gram-positive, asaccharolytic, obli-
gate anaerobic rod bacterium that is an important periodontal pathogen (6–9). F. alocis,
in cooccurrence with a dysbiotic polymicrobial community, can trigger periodontitis,
which is a multifaceted chronic inflammatory disease that affects the supporting struc-
tures of the teeth (10, 11). In comparison with the other traditional periodontal patho-
gens, including members of the “red complex” bacteria (Porphyromonas gingivalis,
Tannerella forsythia, and Treponema denticola), the high incidence of F. alocis in the peri-
odontal pocket, compared with its absence in healthy individuals or those who are perio-
dontitis resistant, has highlighted its importance in the etiology of the disease (7, 12, 13).
Additionally, studies have established links between periodontal disease and systemic
diseases such as pneumonia, cardiovascular disease, rheumatoid arthritis, Alzheimer’s
disease, preterm-low-birth weight delivery, and some cancers (11, 14–17).

Previous reports have demonstrated that F. alocis has virulence properties that are
necessary for host cell invasion, survival/persistence, and pathogenesis (18–20).
Additionally, F. alocis is relatively more resistant to H2O2-induced oxidative stress com-
pared to P. gingivalis (18). Moreover, under H2O2-induced stress conditions, the survival
of P. gingivalis is increased more than 4-fold when grown in coculture with F. alocis
(H.M. Fletcher, personal communication). Collectively, these observations suggest that
F. alocis may have an innate ability to detoxify the local inflammatory microenviron-
ment of the periodontal pocket. The genome of F. alocis shows that it is missing cata-
lase activity as well as other conventional mechanism(s), including ROS scavengers
that could enable its survival in the periodontal pocket (21). Recently, the characteriza-
tion of the first antioxidant enzyme “superoxide reductase” (SOR) in F. alocis was
shown to play an important role in the defense against superoxide radicals, air expo-
sure, and H2O2-induced oxidative stress (21).

There continues to be a gap in our understanding of the roles of other gene(s) and/
or mechanism(s) of oxidative stress resistance in F. alocis (21). In coculture with P. gingi-
valis W83, there was an upregulation of F. alocis proteins, including several that are
known in other bacteria to be involved in oxidative stress resistance (such as iron-sulfur
cluster proteins, superoxide reductase, thioredoxin family proteins) as well as several
hypothetical proteins of unknown function (22). One such hypothetical protein, FA519,
which is encoded by the gene HMPREF0389_00519 (designated FA519), was also shown
to be upregulated during coinfection of epithelial cells with P. gingivalis W83 (22).
Bioinformatics analysis shows that FA519 contains a Cys-X-X-Cys zinc ribbon domain
(X: any amino acid) which, as shown in other bacteria, could be involved in DNA bind-
ing and oxidative stress resistance (reviewed in reference 23). In this study, we charac-
terized FA519 to elucidate its roles in oxidative stress resistance and virulence of F. alo-
cis. We explored the sensitivity of an F. alocis isogenic mutant (DFA519) to hydrogen
peroxide and nitric oxide-induced stress. The ability of the isogenic mutant to form
biofilm and adhere to and invade gingival epithelial cells was compared to that of the
wild-type F. alocis strain. The purified recombinant FA519 protein was shown to pro-
tect DNA from Fenton-mediated damage with an intrinsic ability to reduce hydrogen
peroxide and disulfide bonds. Collectively, our results suggest that FA519 is involved in
oxidative stress resistance and can modulate important virulence attributes in F. alocis.
A mechanistic role for FA519 in oxidative stress resistance in F. alocis and its potential
impact on pathogenicity are discussed.

RESULTS
F. alocis HMPREF0389_00519 encodes a hypothetical protein with a putative

nucleic acid-binding domain and zinc ribbon domain. The genome of F. alocis car-
ries the HMPREF0389_00519 gene, which is 678 bp in length and encodes a 225-amino-
acid hypothetical protein (https://www.ncbi.nlm.nih.gov/protein/291166556) (Fig. 1A).
Protein modeling using the I-TASSER software shows that the FA519 protein contains a
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putative zinc ribbon domain with two Cys-X-X-Cys motifs at amino acid positions 192
to 195 and 211 to 214 (Fig. 1B). There is a putative N-terminal DNA-binding domain
(Fig. 1C). The recombinant FA519 (rFA519) was purified from Escherichia coli and
resolved on SDS-PAGE as an;29.6� His tag fusion protein (Fig. 1D).

FA519 is upregulated under hydrogen peroxide-induced stress when F. alocis is
in coculture with P. gingivalis. A previous study analyzing the proteome during coin-
fection of epithelial cells with F. alocis and P. gingivalis has shown upregulation of sev-
eral F. alocis proteins, including the hypothetical protein, F. alocis FA519, along with
several other proteins known to be involved in oxidative stress resistance (24). To fur-
ther evaluate the induction of FA519 under oxidative stress conditions, F. alocis in co-
culture with P. gingivalis was exposed to 0.25 mM H2O2 for 15 min and a whole-tran-
scriptome analysis was done by transcriptome sequencing (RNA-Seq). In addition to
FA519, which showed a 2.2-fold increase, approximately 47% (817 genes) of the F. alo-
cis genome displayed altered expression (fold change of $2.0, P value of #0.05; see
Table S1 in the supplemental material). There were 374 upregulated genes and 443
downregulated genes in F. alocis. It is noteworthy that 38 of the genes upregulated
encode proteins that carry Cys-X-X-Cys motifs, and 7 of these proteins are annotated
as hypothetical with unknown function (Table S2). To confirm the RNA-Seq expression
profile, we carried out real-time quantitative PCR to confirm if FA519 was upregulated.
As shown in Figure 2, the FA519 gene was downregulated when F. alocis was exposed
to 0.25 mM H2O2 for 15 min in the absence of P. gingivalis. This is in contrast to its up-
regulation in coculture with P. gingivalis exposed to the same concentration of H2O2

for 15 min. It is also noteworthy that the FA519 gene was upregulated in F. alocis in co-
culture with P. gingivalis in the absence of H2O2-induced stress.

FLL1013 showed significant sensitivity to H2O2- and NO-induced stress compared
to the wild-type strain. To further evaluate a functional role for FA519 in oxidative
stress protection, an isogenic mutant of F. alocis deficient in this gene was constructed
by allelic-exchange mutagenesis. The FA519-deficient mutants were selected on Brain

FIG 1 In silico analysis of FA519. FA519 is a hypothetical protein. (A) Amino acid sequence of FA519. Cys-X-X-Cys motif is indicated in red. FA519 is
predicted to have (B) a C4-type-Zn ribbon at the C terminus and (C) a long coiled-coil DNA-binding domain at the N terminus. (D) SDS-PAGE gel showing
rFA519 with molecular weight ;30 kDa.
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Heart Infusion (BHI) agar plates carrying erythromycin. Deletion of the FA519 gene in
the erythromycin-resistant isogenic mutants was confirmed by colony PCR and DNA
sequencing (data not shown). To compare their phenotypic properties with those of
the wild-type F. alocis strain, all erythromycin-resistant colonies were plated onto BHI
blood agar plates. Similarly to the wild-type strain, they all displayed small, translucent,
beige colonies (data not shown). One mutant, designated F. alocis FLL1013 (DFA519::
ermF), was randomly chosen for further studies. In contrast to that of the wild type, the
protein profile of the isogenic mutant was altered (Fig. 3A). Compared to the wild-type
strain, FLL1013 had a lower growth rate with a lower cell density at optical density at
600 nm (OD600) (Fig. 3B). FLL1013 also showed increased sensitivity to H2O2 (Fig. 3C)
and NO (Fig. 3D) compared to the wild type. Taken together, these results suggest that
the FA519 gene may play a role in tolerance to H2O2- and NO-induced stress.

FLL1013 does not make biofilm compared to the wild-type strain. A biofilm
assay was used to determine the ability of F. alocis wild-type strain and FLL1013 to
form mono species and dual species biofilm with PG33277. As shown in Figure 4A, the
biofilm-forming capacity of the FLL1013 was significantly reduced compared to that of
the wild-type strain. In coculture with PG33277, the biofilm-forming capacity was signif-
icantly increased. However, FLL1013 in the presence of PG33277 was unable to form
biofilm (Fig. 4B). These results show that FA519 can affect the in vitro formation of F.
alocis biofilms.

FA519 plays a role in the survival of F. alocis in host cells. Adherence and inva-
sion of gingival epithelial cells by periodontopathogens are important steps in the
pathogenesis process. Therefore, the adhesion and invasion abilities of F. alocis wild-
type strain and FLL1013 in telomerase-immortalized gingival keratinocytes (TIGKs)
were determined. As shown in Figure 5, following 1 h of incubation, there was an
;74% reduction in the adhesion abilities of FLL1013 to the wild-type strain (normal-
ized to 100%). FLL1013 also had an ;67% decrease in invasiveness compared to that
of the wild-type strain. These results suggest that FA519 plays a role in the survival of F.
alocis in host cells.

rFA519 binds Zn. FA519 is predicted to be a zinc ribbon domain protein. To deter-
mine if the FA519 binds Zn, we performed a PAR [4-(2-pyridylazo)-resorcinol] assay to as-
certain the presence of Zn in the recombinant protein as well as to measure Zn binding.
This assay is based on the principle that PAR exhibits a peak absorbance at approximately
410 nm in its free form, while this peak shifts to approximately 500 nm upon Zn binding.
Addition of a Zn-binding protein to PAR-Zn leads to a reduction in the peak at 500 nm
and an increase in the peak at 410 nm. When increasing concentrations of purified
rFA519 were added to PAR-Zn, the Zn-bound peak at 500 nm decreased while the peak
at 410 nm increased, establishing that rFA519 binds to Zn in vitro (Fig. 6A). Scanning of
the spectrum of increasing concentrations of rFA519 with PAR shows an increase at
500 nm, which suggests that the purified protein could be bound to zinc (Fig. 6B).

rFA519 protects DNA from Fenton-mediated DNA damage. The increased sensi-
tivity of FLL1013 to H2O2- and NO-induced stress in addition to a putative nucleic acid
binding function of rFA519 could suggest a DNA protection role in the presence of

FIG 2 FA519 is upregulated when F. alocis is in coculture with P. gingivalis. RT-qPCR analysis was
carried out on F. alocis monoculture exposed to 0.25 mM H2O2 for 15 min, F. alocis in coculture with
P. gingivalis, and F. alocis in coculture with P. gingivalis exposed to 0.25 mM H2O2 for 15 min.
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Fe21 and H2O2. Therefore, the ability of FA519 to protect DNA against Fenton-mediated
damage was assessed. Plasmid DNA (pBR322) or PCR-amplified DNA fragments (DNAJ,
RNA polymerase b subunit, and FA1654) were mixed with rFA519 and incubated for
15 min prior to the addition of FeSO4 (50 mM) and H2O2 (2 ml; 880 mM stock). In the
presence of the rFA519 protein, there was DNA binding and reduced DNA damage
under oxidative stress-induced conditions (Fig. 7A to C, lane 6). The migration of the
DNA fragments was retarded in the reaction with the rFA519 protein under normal
conditions (Fig. 7A to C, lane 5). Taken together, this suggests that FA519 nonspecifi-
cally binds and protects DNA from Fenton-mediated DNA damage.

rFA519 protects DNA from MCO. Reactive oxygen species generated from the
metal-catalyzed oxidation (MCO) system nick the supercoiled form of plasmid DNA
into the linear form. An antioxidant protein can inhibit this process (25). We tested the
ability of rFA519 to protect supercoiled DNA from nicking in the presence of FeCl3 and
dithiothreitol (DTT). The shift in gel mobility of pBR322 as it was converted from the
supercoiled to the nicked form indicated the extent of DNA damage (Fig. 7D, lane 5).
In the absence of the rFA519, the reactive oxygen species produced in the MCO system
caused nicking of the supercoiled pBR322 DNA (Fig. 7D, lane 5). The addition of
rFA519, in increasing concentrations (2, 10, 15, 20, and 25 mM), to the MCO system pre-
vented nicking of the supercoiled DNA by the reactive oxygen species generated in
the assay (Fig. 7D, lanes 6 to 10). Smearing of the gel and a slight electrophoretic shift

FIG 3 FLL1013 is more sensitive to oxidative stress than FA-WT. (A) Comparison of protein expression in the wild-type strain compared to FLL1013. Red
arrows indicate putative differences in protein expression of F. alocis wild-type strain compared to that of FLL1013. (B) FLL1013 grows slower than F. alocis
wild type (FA-WT). The growth of the bacterial strains was determined spectrophotometrically. The OD600 was measured at 3-h intervals over a 24-h period.
Each experiment was done in triplicate. The error bars show standard deviation. (C and D) FLL1013 is more sensitive to H2O2- and NO-induced stress
compared to the wild-type strain. Briefly, overnight bacterial strains, wild-type strain and FLL1013, were grown in BHI and then diluted in BHI medium
without cysteine to a starting concentration of ;0.05 OD600. (C) 0.25 mM H2O2 or (D) 9.6 mM DEANONOATE (NO donor) was added to the cultures and
incubated anaerobically at 37°C for 1 h. The percentage of surviving bacteria was calculated relative to the number of bacteria without exposure to stress
agents. Statistical analysis was performed using two-tailed unpaired Student’s t test (****, P , 0.0001 versus control).
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in the presence of rFA519 suggest interaction between the plasmid DNA and rFA519
(Fig. 7D, lanes 6 to 10).

Antioxidant activity of rFA519. Since rFA519 was able to protect DNA from
Fenton and MCO-mediated damage, the antioxidant activity of rFA519 that may result
in the breakdown of H2O2 was evaluated using the ferrithiocyanate system. As shown
in Figure 8A, the rFA519 protein was able to degrade H2O2 in the presence of DTT. This
degradation activity was protein concentration dependent. In the presence of glutathi-
one (GSH), the rFA519 protein failed to significantly degrade H2O2 (Fig. 8B). In the pres-
ence of xylenol orange, the degradation activity of rFA519 was further confirmed with
the direct detection of the H2O2 levels. The rFA519 protein was able to degrade H2O2 in
the presence of DTT indicated by a reduction in absorbance at 560 nm (Fig. 8C). Taken
together, the data suggest that FA519 may have peroxidase activity. Moreover, the
presence of two intramolecular disulfide bonds, which require two-thiol donor reduc-
ers, such as DTT, may support the inability of GSH (a one-thiol donor) to reduce the oxi-
dized form of rFA519, likely regenerating its enzymatic activity.

The antioxidant activity of rFA519 is linked to thioredoxin. In the presence of
DTT, a thiol-containing electron donor, rFA519, was able to detoxify H2O2. Therefore,
we investigated the ability of an enzymatic thiol-regenerating system (Trx, TrxR, and
NADPH) to activate the antioxidant activity of rFA519. In the presence of Trx, TrxR, and
NADPH, we observed a decrease in absorbance at 480 nm using the ferrithiocyanate
system (Fig. 9A), suggesting that rFA519 may utilize thioredoxin as a reductant. To fur-
ther elucidate the peroxidase activity of rFA519, we monitored oxidation of NADPH. In
this system, rFA519 uses H2O2 as a substrate and the Trx-TrxR system transfers elec-
trons from NADPH to rFA519. We found that rFA519 catalyzed the reduction of H2O2

with its activity dependent on the presence of the Trx-TrxR recycling system indicated
by a decrease in absorption at 340 nm. NADPH oxidation required all components and
was negligible in the absence of any one of them (Fig. 9B).

rFA519 possesses oxidoreductase activity. Several proteins that carry Cys-X-X-Cys
motifs are known to have oxidoreductase characteristics (26, 27). The oxidoreductase
activity of rFA519 was evaluated in vitro by determining its ability to reduce insulin.
Insulin contains two intramolecular disulfide bonds that connect the A and B chains,
and reduction of these disulfide bonds causes the precipitation of the B chain, which

FIG 4 Role of FA519 in in vitro biofilm formation. (A) F. alocis strains (wild-type and FLL1013) and (B) coculture strains (F. alocis
strains and PG33277) were grown in 96-well plates in BHI broth for 48 h. Bacterial biofilms were stained with 0.5% crystal violet
and quantitated by measuring the absorbance at 580 nm. BHI broth was used as blank. The values presented here are the means
of four independent experiments. Error bars represent the standard deviations from the means. Statistical analysis was performed
using two-tailed unpaired Student’s t test (****, P , 0.0001 versus control).
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can be monitored by following the increase of turbidity at 650 nm. As shown in
Figure 10, there was an increase in turbidity when insulin was incubated in the pres-
ence of various concentrations of the rFA519 protein. The data suggest that the activity
is concentration dependent and that rFA519 may likely function as an oxidoreductase.

DISCUSSION

Periodontal disease, the sixth most common infectious disease, affects over 65 mil-
lion people in the United States (28). As an inflammatory disease, the resulting tissue
destruction and concomitant induction of oxidative stress can arise from an excessive
inflammatory response to the biofilm-associated bacterial community with the accom-
panying release of reactive oxygen species (ROS), such as H2O2 and superoxide radicals
from neutrophils (reviewed in reference 29). There is emerging evidence for a vital role
of F. alocis in the adaptation of the microbial community to oxidative stress in the
inflammatory microenvironment of the periodontal pocket. Its pathogenic characteris-
tics are highlighted by its ability to survive in the oxidative-stress-rich environment of
the periodontal pocket and significantly alter the microbial community dynamics by
forming biofilms and interacting with several oral bacteria (reviewed in reference 30).
Collectively, these observations suggest that F. alocis may likely have the inherent abil-
ity to induce adaptation and/or detoxify the oxidative stress environment of the peri-
odontal pocket. Currently, the genes that may play a role in oxidative-stress-resistance
mechanism(s) in F. alocis are unknown or implied at best. In this study, we have func-
tionally characterized the F. alocis HMPREF0389_00519 gene that encodes a hypotheti-
cal protein with putative nucleic acid-binding and zinc ribbon domains.

FIG 5 Adherence and invasion of F. alocis wild-type strain and FLL1013 mutant in TIGK cells.
Epithelial cells (105 cells) were infected with 107 bacteria (MOI: 100) for 1 h in an anaerobic chamber.
The percent adhesion and invasion were calculated, and data are presented as percentage for the
mutant compared to that of the wild-type strain, which was normalized to 100%. Experiments were
carried out in three independent repeats in triplicates. Error bars represent the standard deviations
from the means. Statistical analysis was performed using two-tailed unpaired Student’s t test (****,
P , 0.0001 versus control).

FIG 6 rFA519 binds zinc. Free PAR exhibits a peak absorbance at approximately 410 nm, which shifts to 500 nm upon Zn binding. (A) Addition of
increasing concentration of rFA519 to PAR-Zn shows an observed shift in spectrum from ;500 nm to ;410 nm, which indicates zinc binding. (B) Addition
of purified rFA519 to PAR shows an increased absorbance at 500 nm, which suggests that rFA519 may be purified bound to Zn.
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The F. alocis FA519 protein carries a zinc ribbon domain with two Cys-X-X-Cys
motifs at the C terminus. Many bacterial enzymes and regulatory proteins that can per-
form a wide range of functions in various cellular processes also carry the conserved
zinc-containing redox Cys-X-X-Cys motifs (31). This signature cysteine zinc ribbon can
be associated with ROS-mediated signaling and an oxidative stress response as well as
zinc binding and stabilization of protein domains that are essential for function (23,
31–33). Our studies have indicated that FA519 possesses zinc-binding ability and its
purification under native conditions may retain zinc. The functional role of zinc, includ-
ing its in vivo significance, is unclear and remains under investigation in the laboratory.
Similar to these observations, the F. alocis FA519 protein in our studies likely plays a
significant role in the defense mechanism(s) to oxidative stress. The F. alocis FA519-de-
ficient isogenic mutant showed significant sensitivity to H2O2- and NO-induced stress.
The relative significance is further supported by its modulation to H2O2-induced stress.
It is noteworthy that its highest response occurs in coculture with P. gingivalis.
Although the expression of the FA519 gene in F. alocis appears to require its interaction
with P. gingivalis, its level of expression was reduced in the presence of H2O2-induced
oxidative stress in coculture with P. gingivalis. However, FA519 gene expression was
significantly downregulated when F. alocis alone was exposed to H2O2-induced oxida-
tive stress. This suggests that the microbial community dynamic is important for its
expression and protective functional role. It is also likely that under oxidative stress,
other pathways might be induced with less reliance on FA519; therefore, we cannot

FIG 7 rFA519 protects DNA from oxidative damage in vitro. The 1% agarose gel shown was loaded with various reaction components and indicated amounts
of rFA519. (A to C) Lane 1, TriDye 1kb Ladder; lane 2, DNA alone; lane 3, DNA plus H2O2; lane 4, DNA plus full Fenton reaction (Fe21 and H2O2) without rFA519;
lane 5, DNA plus 10 mM rFA519; lane 6, DNA plus full Fenton reaction plus 10 mM rFA519. Lane 5 (A to C) shows that 10 mM rFA519 abolishes the effects of
the Fenton reaction and results in the retardation of the DNA. (A) pBR322 plasmid DNA. (B) RNA polymerase b subunit. (C) FA1654. (D) Lane 1, TriDye 1kb
Ladder; lane 2, DNA alone; lane 3, DNA plus DTT; lane 4, DNA plus FeCl3; lane 5, DNA plus FeCl3 plus DTT; lane 6 to 10, DNA plus FeCl3 plus DTT plus rFA519
(2, 10, 15, 20, and 25 mM), respectively. Lanes 6 to 8 show that rFA519 prevented the MCO-mediated nicking of the supercoiled pBR322 plasmid DNA.
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rule out the possibility that FA519 may have a different functional activity under oxida-
tive stress compared to other conditions. Multiple other genes that are modulated in F.
alocis when in coculture with P. gingivalis can likely have an impact on its survival in
the oxidative stress environment of the periodontal pocket. Several of these genes
known to be involved in oxidative stress pathways in other bacteria, such as rubre-
doxin, rubrerythrin, thioredoxin family proteins and their reductases, several disulfide
reductases, and other hypothetical proteins, were upregulated in F. alocis. Several of
these proteins, including the hypothetical proteins, carry Cys-X-X-Cys motifs. While a
current mechanism is unknown, we cannot rule out the impact of this synergistic effect

FIG 8 Antioxidant activity of rFA519. Removal of H2O2 by rFA519 with (A) DTT or (B) GSH. Increasing concentrations of rFA519 (0.5, 5, and 10 mM) were
preincubated with or without 5 mM dithiothreitol (DTT) or 5 mM glutathione (GSH) and H2O2. The reaction was stopped by addition of trichloroacetic acid, and
Fe(NH4)2(SO4)2 and KSCN were added to react with the remaining H2O2 to produce the ferrithiocyanate complex measured by colorimetry at 475 nm. H2O2

concentration has been normalized to 100%. (C) Peroxidase activity was also confirmed using the ferrous xylenol orange method. Concentrations of 10 mM
rFA519, 1 mM DTT, and 100 mM H2O2 were incubated in potassium phosphate buffer (pH 7.0). At 0, 2, 3, 4, and 5 min, the assay mixture was added to xylenol
orange solution. The decrease in H2O2 levels was determined spectrophotometrically by measuring absorbance at 560 nm. Control experiments included reactions
with and without rFA519.

FIG 9 Thioredoxin-linked antioxidant activity of rFA519. (A) Peroxidase activity of rFA519 using the thioredoxin system
as a reductant. Using the ferrithiocyanate system, rFA519 was able to reduce H2O2, indicated by a reduction in
absorbance at 475 nm. (B) NADPH-linked peroxidase activity of rFA519. NADPH oxidation was monitored by the
decrease of A340 in 50 mM HEPES-NaOH (pH 7.0) containing 0.375 mM NADPH, 20 mg thioredoxin, 6.25 mg thioredoxin
reductase, 10 mM rFA519, and 1 mM H2O2. Complete system (purple square), minus rFA519 (blue circle), or
thioredoxin (green upside-down triangle), or thioredoxin reductase (orange triangle).
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on oxidative stress resistance of the microbial community in the periodontal pocket.
The relative resistance of F. alocis to oxidative stress, in addition to its ability to
enhance the survival of P. gingivalis under those environmental conditions, further sup-
ports an important role for F. alocis in microbial community dynamics in the periodon-
tal pocket (24).

F. alocis is seen in significantly high numbers in the periodontal pockets of perio-
dontitis patients, likely because of its ability to form biofilms (9). F. alocis has been
shown to form in vivo biofilms and colocalizes with different bacteria species, including
P. gingivalis, Prevotella intermedia, Aggregatibacter actinomycetemcomitans, T. denticola,
T. forsythia, and Fusobacterium nucleatum (9). H2O2 is reported to reach millimolar con-
centrations in oral bacterial biofilms (5, 34). Therefore, to successfully be a member of
the oral biofilm, F. alocis needs to possess the ability to counter the oxidative effects of
the environment and express the appropriate surface receptors to facilitate its interac-
tion with the microbial community. Consistent with a previous report (18), F. alocis in
coculture with PG33277, a known biofilm-forming strain of P. gingivalis, showed a sig-
nificantly increased biofilm-forming capacity. In contrast, that biofilm-forming capacity
was absent in F. alocis FLL1013 in the presence of PG33277. These observations could
support an alteration in the surface structure(s) in F. alocis FLL1013. This would be con-
sistent with the inability of F. alocis FLL1013 to adhere to and invade gingival keratino-
cytes. Moreover, these results suggest a role for the FA519 gene in the ability of F. alo-
cis to survive in host cells. The effect of FA519 on the expression of specific surface
receptors in F. alocis is under further investigation in the laboratory.

The FA519 protein could likely be part of a complex regulatory network with multifunc-
tional properties. The rFA519 protein was able to protect DNA from Fenton-mediated dam-
age and was able to bind to the DNA likely by forming large DNA-protein complexes. This
ability to form large complexes with DNA is characteristic of DNA protection from starva-
tion (Dps) proteins and could be a unique feature of FA519. E. coli and Campylobacter jejuni
Dps both bind DNA when there is an accumulation of H2O2 (35). Zinc ribbon proteins are
also known to be able to bind nucleic acids, proteins, and other small molecules (31). In
the metal-catalyzed oxidation (MCO) system, ROS, particularly H2O2 and hydroxyl radicals,
are generated in the presence of oxygen in a mixture of Fe31 and DTT. These ROS result in
single-strand DNA breaks (25). rFA519 prevented nicking of the supercoiled DNA by the
ROS generated and showed an ability to bind DNA. The strongest DNA-binding ability of
rFA519 was observed in the Fenton reaction. rFA519 was able to bind DNA in the absence
of oxidative stress, and there was less binding under the MCO system. It is possible that ex-
ogenous sources of H2O2, such as those released from immune cells or other bacteria spe-
cies, will lead to an increase in the DNA-binding abilities of rFA519. ROS generated by the
MCO system might not be at a high enough level to activate the avid binding of FA519, or
a separate mechanism of DNA might be modulated based on the source of ROS. Putative

FIG 10 Oxidoreductase activity of rFA519. Reaction mixtures contained 150 mM insulin and increased
concentrations of rFA519 (2 mM, red square; 5 mM, blue triangle; 10 mM, purple upside-down
triangle) in 0.1 M potassium phosphate buffer (pH 7.0) and 2 mM EDTA. Reactions were started by
adding 1 mM DTT. After thorough mixing, the optical density at 650 nm was recorded every 5 min.
Control reactions were done without rFA519 (black circle).
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mechanisms of DNA binding and the possibility of different DNA-binding domains of
FA519 may be involved and warrant further exploration. Overall, our results indicate that
rFA519 binds DNA, which likely provides DNA protection from hydroxyl radicals. Also, its
ability to modulate gene expression is unknown and awaits further investigation.

FA519 can detoxify H2O2, suggesting that it has peroxidase activity. As shown in our
study, this activity was enhanced in the presence of a two-thiol reducing agent. This is
consistent with the Cys-X-X-Cys motifs in FA519 that are expected to give rise to
reduced disulfide bonds in the presence of DTT. Thus, to be functional under oxidative
stress condition, it is likely that in F. alocis, the FA519 protein needs to be in a reduced
state. This FA519 reduced state, under oxidative stress condition, can be generated by
a thioredoxin system as demonstrated in our study. It is noteworthy that several oxida-
tive-stress-related genes (including thioredoxin [Trx] family proteins) were upregulated
in F. alocis in coculture with P. gingivalis. Their functional role as part of this redox cycle
awaits further investigation in the laboratory. Moreover, we cannot rule out the
involvement of other proteins that carry Cys-X-X-Cys motifs and are annotated as hy-
pothetical proteins with unknown function.

Most currently characterized proteins with a catalytic Cys-X-X-Cys motif are members of
the thioredoxin (Trx) and/or disulfide oxidoreductase families (36, 37). The rFA519 protein
was found to catalyze the reduction of insulin in the presence of DTT, which suggests that
it possesses some disulfide oxidoreductase activity. Similar proteins with the thioredoxin
folds function as disulfide oxidoreductases and interact with a broad range of proteins ei-
ther for electron transport in substrate reduction or for regulation of activity via thiol-redox
control (38–40). Disulfide oxidoreductases may play important roles in the defense against
oxidative stress (41, 42) by protecting damaged proteins from inactivation and prevent
aggregates of misfolded protein by reduction of disulfide bonds or through their formation
in properly folded substrate proteins (42).

Collectively, the data from this study suggest that the multifunctional F. alocis
FA519, which may represent a novel class of thioredoxin family proteins, can protect
DNA from Fenton-mediated damage with intrinsic peroxidase and disulfide oxidore-
ductase activities. The functional pathway(s) of this protein and its role in oxidative
stress resistance in F. alocis may be part of a complex network with unknown regula-
tory components. For example, this raises questions on how the multiple functions of
FA519 are coordinated and/or regulated. Are there other reducing pathways in F. alocis
that are capable of activating FA519 under conditions of oxidative stress? How is the
FA519 gene regulated since F. alocis lacks the typical oxidative stress regulators like
OxyR and SoxR? Many proteins utilize cysteine thiols to regulate their own activity or
play key roles in maintaining cellular redox homeostasis (reviewed in references 37, 43,
and 44). Enzymes such as alkyl hydroperoxide reductases, peroxiredoxins, and thiol-de-
pendent peroxidases that have been shown to degrade H2O2 and organic peroxides
employ cysteines as a redox sensor in regulating H2O2-mediated cell signaling and ho-
meostasis (44–46). Because of its observed role and protective effect against ROS, it is
crucial to understand the biochemical and physiological mechanisms utilized by FA519
to confer resistance to oxidative stress in F. alocis. Our observations taken together
support a model (Fig. 11) which shows that FA519 may function similarly to other anti-
oxidant proteins where redox cycling of cysteine plays a role in detoxification of perox-
ides and reduction of disulfide bond-containing proteins. In a likely scenario, the F. alo-
cis SOR, reported previously (21), reduces superoxide radicals to H2O2. A potential
mechanism to eliminate the H2O2 may involve the FA519 protein in its reduced state.
The mechanism(s) involved in the activation of the DNA-binding properties as well as
the functional role of zinc binding/release is still unclear. Studies to further validate the
unique role of FA519 in modulating the response of F. alocis to the oxidative stress
environment of the periodontal pocket are ongoing in the laboratory. The ability for
FA519 to modulate important virulence attributes in F. alocis has significant clinical
implications.
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MATERIALS ANDMETHODS
Bioinformatics analysis. Bioinformatics analysis was carried out to predict the domains present in F.

alocis FA519 protein (HMPREF0389_00519). Amino acid sequence and information on the conserved
domains were obtained from the National Center for Biotechnology Information (NCBI) database (NC
_016630.1). Domain and structure predictions were carried out using the I-TASSER software (https://
zhanglab.ccmb.med.umich.edu/I-TASSER/).

Bacterial strains and growth conditions. All bacterial strains and plasmids used in this study are listed
in Table 1. Unless otherwise stated, the F. alocis strains were grown in Brain Heart Infusion (BHI) broth supple-
mented with vitamin K (0.5mg/ml), hemin (5mg/ml), cysteine (0.1%), and arginine (100mM). F. alocis cultures
were grown anaerobically and maintained in an anaerobic chamber (Coy Manufacturing) with 10% H2, 10%
CO2, and 80% N2. E. coli strains were grown in Luria-Bertani (LB) medium with appropriate antibiotics. Growth
rates were determined spectrophotometrically by assessing the optical density at 600 nm (OD600). Unless oth-
erwise stated, all cultures were incubated at 37°C. Erythromycin concentration was 5mg/ml (for F. alocis) and
ampicillin concentration was 100mg/ml (for E. coli).

RNA-Seq library construction and sequencing. RNA-Seq was carried out as described previously
(47). Briefly, rRNA was removed from 2 mg of total RNA using a RiboMinus transcriptome isolation kit
(Life Technologies, Carlsbad, CA). The first-strand and second-strand cDNA synthesis, the RNA-

FIG 11 Proposed roles for FA519. This model schematically depicts proposed multifunctional roles for FA519. The FA519 utilizes conserved cysteines to
reduce peroxides. The oxidation of cysteine thiol(s) in FA519 by ROS (such as H2O2) leads to the decomposition of H2O2 and may lead to the formation of
highly reactive sulfenic acid. The formation of sulfenic acid is transient and likely reacts with another cysteine thiol in the protein to form a disulfide bond.
The oxidation of the cysteine thiols is reversible and may be catalyzed by cell-reducing systems, such as the thioredoxin system. Further oxidation of the
sulfenic acid to sulfinic acid and sulfonic acid may not be reversible in vivo and may render protein inactive or lead the acquisition of other functions. The
role of zinc in FA519 remains yet to be determined but is likely dependent on its release in the oxidized state that may lead to conformational changes in
the C-terminus that may affect the function of the protein. Our results show that FA519 binds DNA with an increased ability to bind and protect DNA from
Fenton-mediated damage as well as metal-catalyzed oxidation. The exact conformation of FA519 needed to bind and protect DNA from ROS damage
remains yet to be determined. FA519 may also function similarly to other Cys-X-X-Cys-containing proteins that are able to reduce disulfide bonds in
substrate proteins. It is likely that a cysteine of the Cys-X-X-Cys motif attacks the disulfide bond on the substrate protein, leading to an intermediate
mixed-disulfide complex. The other cysteine in the motif then reduces the mixed-disulfide complex, which releases a reduced substrate protein, and an
oxidized FA519 that could be reduced again by cell-reducing systems such as the thioredoxin system. Experiments to validate this model and to determine
which cysteine residues are involved in the specific mechanism proposed are ongoing.
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sequencing barcode ligation, and other steps of libraries’ construction were performed using a Nextflex
RNA-Seq kit according to the protocol of the manufacturer (Bioo Scientific, Austin, TX). The PCR-ampli-
fied cDNA samples were sequenced using a NextSeq 550 sequencing system (Illumina Inc., San Diego,
CA), with 75-bp reads and at least 10 million reads per sample.

Real-time quantitative PCR. RNA isolation and cDNA synthesis were performed as described previ-
ously (48). For real-time PCR, amplification was performed using the SYBR green mix kit, and real-time fluo-
rescence was detected by using the Applied Biosystems real-time PCR apparatus (Life Technology). The pri-
mers used for the reactions are listed in Table 2. The 16S rRNA was used as an internal control to normalize
variation due to differences in reverse transcription efficiency. The 22DDCT method was used to calculate fold
change of the genes being tested (49). The PCR was performed as follows: 50°C, 2 min; 95°C, 2 min; and then
95°C, 15 s; 55°C, 15 s; 72°C, 30 s for 40 cycles. Each amplification reaction was performed in triplicate.

Construction of F. alocis mutant (DFA519::ermF). F. alocis isogenic mutant was created by allelic-
exchange mutagenesis using overlap extension PCR as described previously with some modifications
(21). The primers used are shown in Table 2. Briefly, ;600 bp flanking fragments of the gene FA519 both
upstream and downstream of the target genes were PCR amplified from chromosomal DNA of F. alocis
ATCC 35896. The promoterless ermF cassette was amplified from the pVA2198 plasmid (50) with oligo-
nucleotide primers that contain overlapping nucleotides for the upstream and downstream fragments
of the gene, respectively. The upstream fragment, ermF, and downstream fragments were fused to-
gether and the purified fusion product was electroporated into F. alocis competent cells (see below).
The electroporated cells were plated on BHI agar containing 5 mg/ml of erythromycin and incubated

TABLE 1 Bacterial strains and plasmids

Bacteria strains/plasmids Description Reference or source
F. alocis strains
FA ATCC 35896 Wild-type strain 22
FLL1013 DFA519::ermF, an isogenic derivative of FA ATCC 35896 This study

P. gingivalis strains
PG W83 Wild-type strain 57
PG ATCC 33277 Type strain 47

E. coli strains
Top 10 Genotype: F- mcrA D(mrr-hsdRMS-mcrBC) U80lacZDM15 DlacX74 recA1 araD139 D(araleu)7697

galU galK rpsL (StrR) endA1 nupG. Used for general cloning purposes.
Invitrogen

BL21(DE3) Genotype: F- ompT hsdSB (rB2mB2) gal dcm rne131 (DE3). Used as protein expression strain. Invitrogen

Plasmids
pPROEX HTA Plasmid containing AmpR, lacIq, and Ptrc Invitrogen
pVA2198 Spr, ermF-ermAM 50

TABLE 2 Primers used in this study

Use and name of primer Sequence (59–39)
Real-time qPCR
16S-FA-F gggtccccgtcaattccttt
16S-FA-R tcggtgccgaagttaacaca
FA519-qPCR-F gagtatctatgggaaaggtatttca
FA519-qPCR-R aaattccgtcttcaacgtct

Mutant construction
P1-FA519-up-For ttaattgtgagtcatcaccc
P2-FA519-erm-Rev atttattcctcctagttagtcaaacctacctctattctaaatac
P3-erm-For tgactaactaggaggaataaatgacaaaaaagaaattgcccg
P4-erm-Rev gattattccctccaggtactacgaaggatgaaatttttca
P5-FA519-erm-For gtagtacctggagggaataatctgtagtgatgacaaatagaac
P6-FA519-dn-Rev gtcttgaaacagatgcttttg

Overexpression
FA519-pPROEXHTA-BamHI-F aaaggatccgatgagaattgacaagggatataca

FA519-pPROEXHTA-SalI-R gaagtcgacctattctccgtcttcctctb

Protection Assays
DNAJ-F atggagaaaagagattattatg
DNAJ-R ttaatctaatgcatctttaattt
RNA Polß-F atgccacatccacatcctg
RNA Polß-R ctaaaaatccagactgtcatc
FA1654-F aacttggcggtaatgacatttaaattac
FA1654-R ttatttcacgcttgagttaatgaacc

aUnderlining indicates the BamHI restriction site.
bUnderlining indicates the SalI restriction site.
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anaerobically at 37°C for 5 to 7 days. PCR and DNA sequencing were used to screen the colonies grown
on erythromycin plates for the correct gene placement.

Electroporation of F. alocis. Electroporation of F. alocis was carried out as described previously (21).
Briefly, 4 ml of BHI broth was inoculated with 1 ml of actively growing F. alocis culture and incubated at
37°C in the anaerobic chamber overnight. The cells from 5 ml culture (OD600 of ;0.23) were harvested by
centrifugation at 2,600 � g for 10 min at 4°C, washed, resuspended in 1 ml of ice-cold electroporation buffer
(10% glycerol, 1 mM MgCl2), and incubated on ice for 20 min. Cells were centrifuged again; the pellet was
washed with 1 ml of 10% glycerol and finally resuspended in 100 ml of 10% glycerol. A total of 1 to 4 mg of
DNA was added to the 100 ml competent cells. The cell suspension was placed in a sterile electrode cuvette
(0.2-cm gap) and then incubated on ice for 10 min. The cells were pulsed with a Bio-Rad gene pulser at 2.5
V and 600 X. The cuvettes were immediately placed inside the anaerobic chamber, and 500 ml of BHI broth
was added to the F. alocis cells and incubated at 37°C for approximately 24 h. Cells were then plated on BHI
agar plates containing 5mg/ml erythromycin and incubated anaerobically at 37°C for 5 to 7 days.

Cloning, expression, and purification of rFA519. The gene encoding FA519 was PCR amplified
using F. alocis ATCC 35896 genomic DNA and a pair of oligonucleotide primers (FA519-pPROEXHTA-
BAMHI-F, FA519-pPROEXHTA-SalI; Table 2). The PCR product was then purified, digested with BamHI
and SalI, and subsequently ligated into the plasmid pPROEX HTA that had been precut with BamHI and
SalI restriction enzymes. The resulting ligation mix was transformed into the E. coli TOP10 and plated on
LB agar plates containing 100 mg/ml of ampicillin. Bacterial colonies were screened by colony PCR to
identify the positive clone, which was further verified by restriction enzyme digestion and DNA sequenc-
ing. The r-plasmid pPROEX HTA-FA519 was then transformed into E. coli BL21(DE3) cells for expression.

A 1-liter culture of E. coli BL21 cells harboring the recombinant plasmid was grown at 37°C in LB me-
dium containing 100 mg/ml of ampicillin until an OD600 of ;0.6. FA519 expression was induced with
0.4 mM IPTG (isopropyl-b-D-thiogalactopyranoside) at 37°C for 4 h. Once expressed, the protein was
purified under native conditions using Ni-nitrilotriacetic acid (Ni-NTA) resin according to the manufac-
turer’s instructions (Qiagen). The purified recombinant protein (rFA519) was resolved on SDS-PAGE gel.
The pure protein fractions were subsequently dialyzed twice against 1 liter of dialysis buffer containing
Tris buffer (50 mM [pH 7.8]) and 5% glycerol at 4°C and stored at 280°C in aliquots.

Hydrogen peroxide (H2O2) sensitivity assay. Sensitivity of F. alocis strains to H2O2 was determined
as described previously with slight modifications (21). Briefly, bacterial cultures were grown overnight in
BHI broth without cysteine at 37°C (OD600 of ;0.22). The cultures were diluted in BHI without cysteine to
a starting OD600 of 0.05 of which 12 ml of the bacterial culture was treated with 0.25 mM H2O2 and incu-
bated at 37°C for 1 h. After incubation, H2O2-exposed bacterial cultures were serially diluted in phos-
phate-buffered saline (PBS) and appropriate dilutions were plated on BHI agar plates. Colonies were
enumerated and CFU/ml was determined after 7 days of anaerobic incubation at 37°C. Percent survival
was calculated as the ratio of the CFU/ml of H2O2-treated divided by the untreated input. Experiments
were done in triplicate in three independent repeats.

Sensitivity to nitric oxide. NO was produced using the NO donor diethylamine (DEA) NONOate
(Cayman Chemical, Ann Arbor, MI). F. alocis strains were grown overnight in BHI broth without cysteine at
37°C (OD600 of;0.22). The cultures were diluted in BHI without cysteine to a starting OD of 0.05 (0.05 OD600).
Then, 12 ml of bacterial culture was treated with 9.6mM NO and incubated at 37°C for 1 h. After incubation,
NO-exposed bacterial cultures were serially diluted in phosphate-buffered saline (PBS) and appropriate dilu-
tions were plated on BHI agar plates. Colonies were enumerated and CFU/ml was determined after 7 days of
anaerobic incubation at 37°C. Percent survival was calculated as the ratio of the CFU/ml of NO-treated di-
vided by the untreated input. Experiments were done in triplicate in three independent repeats.

Biofilm assays. In vitro biofilm assay was done as described previously with minor modifications
(51). Briefly, F. alocis and P. gingivalis ATCC 33277 (PG33277) were grown overnight in BHI broth at 37°C
(OD600 of ;0.22 and OD600 of ;1.0, respectively). Cultures were diluted to OD600 of ;0.05 in BHI, and
200 ml of diluted culture was used to inoculate sterile, 96-well polystyrene plates (Greiner Bio-One) and
incubated at 37°C inside the anaerobic chamber. For dual species biofilm, cultures were mixed 1:1 (vol/
vol). After 48 h, wells containing the stationary-phase cells with similar OD600 were used to perform bio-
film assay. Free-floating cells were aspirated and the attached biofilm growth was gently washed three
times with 200 ml of PBS and subsequently stained with 100 ml of 0.5% crystal violet for 30 min. The
unbound dye was completely removed by washing several times with PBS. For quantitative analysis of
biofilm production, the wells were destained with 100 ml of ethanol/acetone mix (80:20) for 15 min.
Optical density at 580 nm was measured using xMark microplate spectrophotometer (Bio-Rad). BHI
broth was used as blank. The assay was done in quadruplicates in four independent experiments.

Epithelial cell culture conditions. Telomerase-immortalized gingival keratinocytes (TIGKs) were cul-
tured in DermaLife K serum-free keratinocyte culture medium (Lifeline Cell Technology) supplemented
with 0.5 ng/ml transforming growth factor alpha (TGFa), 5 mg/ml insulin, 1 mM epinephrine, 5 mg/ml
apo-transferrin, 100 ng/ml hydrocortisone, 0.4% bovine pituitary extract, and 6 mM L-glutamine at 37°C
under 5% CO2. At about 70% confluence, monocultures were trypsinized and adjusted to approximately
1 � 103 cells/ml, flowed by seeding 1 ml per well into 12-well plates (3.5 cm2 area; ThermoFisher), and
further incubated for 48 h to reach semiconfluence (105 cells per well).

Cell adhesion and invasion assays. The adhesion and invasion assays were performed using stand-
ard antibiotic protection assay as described previously with minor modifications (21). Briefly, overnight-
grown F. alocis cultures (OD600 of ;0.22) were used to infect TIGK cells (grown in 12-well plates [105 cells
per well]) with a multiplicity of infection (MOI) of 100 (;107 CFU/ml) for 1 h at 37°C. After 1 h of incuba-
tion, nonadherent bacteria were removed by washing the cells with PBS, and washed cells were
detached with 0.05% trypsin and lysed by osmotic lysis in sterile distilled water and 0.025% Triton X-100.
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The appropriate dilutions were plated on BHI agar plates to enumerate the adherent bacteria. For the
invasion assay, following a 1-h infection, the extracellular bacteria were killed by incubating the cells
with 200 mg/ml of metronidazole for 1 h. The cells were then washed, detached, and lysed. Lysates were
serially diluted and plated on BHI agar plates. Plates from both adhesion and invasion assays were incu-
bated anaerobically at 37°C for 5 to 7 days, after which the colonies were counted and CFU/ml was cal-
culated. The CFU of adherent and/or invaded bacteria for each strain was compared with input titer, and
the percentages of adherent and invaded bacteria were determined. Each assay was done in triplicate in
three independent repeats inside the anaerobic chamber.

Zinc-binding assays. Zinc binding by FA519 was determined using the Zn-binding dye 4-(2-pyridy-
lazo)-resorcinol (PAR) as described previously, with slight modifications (52, 53). Free PAR exhibits a peak
absorbance at approximately 410 nm, which shifts to 500 nm upon Zn binding. First, the metal standard
solution (for the standard curve) or the protein solution (for the experimental data) is mixed with guani-
dine–HCl (4 M, final concentration) and incubated at room temperature for 1 to 3 min. A freshly pre-
pared solution of PAR (final concentration 100 mM) is then mixed with the sample. The absorption spec-
tra of PAR and PAR–metal complexes were determined from 350 to 600 nm. To determine if FA519
binds Zn, increasing concentrations (0 mM to 4 mM) of purified rFA519 were added to solutions contain-
ing 100 mM PAR and 25 mM Zn in 50 mM HEPES [pH 8.0]. Spectra were obtained for free PAR and PAR
bound to Zn as controls, which were compared to the spectra obtained in the presence of rFA519. A
decrease in the absorbance at 500 nm, together with an increase in the absorbance at 410 nm, indicates
binding of Zn by rFA519. Spectra were also obtained for free PAR in the presence of rFA519. A standard
curve (0 to 10 mM) was assayed with each series of experimental samples.

DNA protection from oxidative damage. The ability of FA519 to putatively bind to DNA and pre-
vent DNA from Fenton-mediated DNA damage was assessed in vitro by monitoring DNA damage by
hydroxyl radicals by observing the degradation of DNA in the presence of Fe(II), H2O2, and rFA519. This
was carried out by the Fenton reaction as described previously (54) with slight modifications. Briefly, ran-
domly chosen DNA fragments from F. alocis HMPREF0389_00093 (DNAJ), HMPREF0389_01735 (RNA po-
lymerase b subunit), and HMPREF0389_01654 (FA1654) were amplified from F. alocis genomic DNA (pri-
mers are listed in Table 2) and purified. The pBR322 plasmid (4.361 kb) was obtained from New England
Biolabs Inc., and 200 ng of DNA was used in all experiments. Plasmid DNA or DNA fragments were incu-
bated with 10 mM rFA519 in the presence of FeSO4 (50 mM) in Tris buffer (20 mM [pH 7.8]) and double-
distilled water for a final volume of 18 ml. The reaction was allowed to incubate at room temperature for
15 min. A total of 2 ml H2O2 (880 mM) was added to the appropriate reactions and allowed to further
incubate for 30 min at 37°C. The presence or absence of rFA519 was used as the control. A total of 2 ml
of 6� gel loading dye (New England Biolabs) was added to the mixture, and the entire reaction was
loaded on a 1% agarose gel. The gel was stained with ethidium bromide after electrophoresis and visual-
ized using UVP Chemstudio touch, 815 (Analytik Jena).

MCO assay. The antioxidant activity of FA519 was determined using the MCO assay with slight mod-
ifications (55). First, the reaction mixture containing Tris buffer (25 mM [pH 7.8]), 5 mM DTT, and 3 mM
FeCl3 was incubated at room temperature for 30 min. rFA519 (2, 10, 15, 20, and 25 mM) was added to
the reaction mix followed by incubation at 37°C for 2 h. The pBR322 plasmid DNA (250 ng) was added
to the reaction mixture, followed by incubation for an additional 2 h. Plasmid damage was assessed fol-
lowing 1% agarose gel electrophoresis, ethidium bromide staining, and visualization using UVP
Chemstudio touch, 815 (Analytik Jena).

In vitro enzyme activity assay. To investigate whether FA519 possesses peroxidase activity, the anti-
oxidant activity of rFA519, reflected by the removal of H2O2, was assessed as described by Lim et al. (25),
with slight modifications. Briefly, 200-ml reaction mixtures containing 50 mM HEPES (pH 7.0) and rFA519
(0.5, 5, and 10 mM) were preincubated with or without 5 mM dithiothreitol (DTT) or 5 mM glutathione
(GSH) at room temperature for 10 min. After, 200 mM H2O2 was added and further incubated for 10 min.
The reaction was stopped by addition of 10% (vol/vol) trichloroacetic acid. Then, 40 ml of 10 mM ammo-
nium iron (II) sulfate [Fe(NH4)2(SO4)2] and 20 ml of 2.5 M potassium thiocyanate (KSCN) was added to react
with the remaining H2O2 to produce the ferrithiocyanate complex measured by colorimetry at 475 nm
(Bio-Rad xMark microplate spectrophotometer), the absorbance maximum of the complex. Control experi-
ments included reactions with and without rFA519. Peroxidase activity was also confirmed using the fer-
rous xylenol orange method as described previously (53). Briefly, the assay was carried out in 40 mM potas-
sium phosphate buffer (pH 7.0), 1 mM DTT, and 10mM rFA519, and the reaction mixture was incubated at
room temperature. After 10 min, 200 mM H2O2 was added to the reaction. At various time points (0, 2, 3, 4,
5, and 10 min), 10 ml of the assay was added to 200 ml xylenol orange solution (250 mM sulfuric acid, 1 M
sorbitol, 2.5 mM ferrous ammonium sulfate, and 1.25 mM xylenol orange in H2O). The decrease in H2O2 lev-
els was determined spectrophotometrically by measuring absorbance at 560 nm.

Determination of peroxidase activity linked to thioredoxin. The peroxidase activity linked to thio-
redoxin was assayed using the ferrithiocyanate system as described previously (55), with minor modifica-
tions. Briefly, the reaction was started by the addition of 1 mM H2O2 into the 50 ml of reaction mixture
containing 10mM rFA519, 2 mM NADPH, 12.5mg/ml of E. coli thioredoxin (Trx), 12.5mg/ml of E. coli thio-
redoxin reductase (TrxR), 1 mM EDTA, and 50 mM HEPES-NaOH [pH 7.0] and then incubated at 37°C.
After, the reaction mixture was added to 10% trichloroacetic acid solution to stop the reaction, followed
by the addition of 10 mM Fe(NH4)2(SO4)2 and 2.5 N KSCN to develop the complex, giving a purple color.
The concentration of H2O2 was monitored by measurement of the decrease in absorbance at 475 nm. To
determine peroxidase activity of rFA519 linked to NADPH oxidation, the reaction was started by the
addition of 10 mM rFA519 to 50 mM HEPES-NaOH buffer (pH 7.0), containing 0.375 mM NADPH, 1 mM
H2O2, 6.4 mM Trx, and 0.14 mM TrxR. The resulting oxidation of NADPH was directly followed by the
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decrease in absorbance at 340 nm. For controls, Trx, TrxR, rFA519, or H2O2 was omitted from the reaction
mixtures.

Oxidoreductase activity assay. The insulin reduction assay, a reductase activity assay, is a common
method used to determine whether a protein can function as an oxidoreductase, regardless of its func-
tion in the reducing or the oxidizing pathway in vivo. The ability of rFA519 to catalyze insulin reduction
in the presence of DTT was determined as described previously (56). Briefly, reaction mixtures (200 ml)
were prepared in 96-well plates containing 150 mM insulin and increasing concentrations of rFA519 in
0.1 M potassium phosphate buffer (pH 7.0) and 2 mM EDTA. Reactions were started by adding DTT to a
final concentration of 1 mM. After thorough mixing, the optical density at 650 nm was recorded every
5 min. The noncatalyzed reduction of insulin by DTT was monitored in a control reaction without addi-
tion of catalyst.

Data availability. The RNA-Seq data were submitted to the Gene Expression Omnibus database
(https://www.ncbi.nlm.nih.gov/geo, accession number: GSE181879).
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