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ABSTRACT

Lipids endogenous to skin and mucosal surfaces exhibit potent antimicrobial activity against Porphyromonas gingivalis, an im-
portant colonizer of the oral cavity implicated in periodontitis. Our previous work demonstrated the antimicrobial activity of
the fatty acid sapienic acid (C,¢.;46) against P. gingivalis and found that sapienic acid treatment alters both protein and lipid
composition from those in controls. In this study, we further examined whole-cell protein differences between sapienic acid-
treated bacteria and untreated controls, and we utilized open-source functional association and annotation programs to explore
potential mechanisms for the antimicrobial activity of sapienic acid. Our analyses indicated that sapienic acid treatment induces
a unique stress response in P. gingivalis resulting in differential expression of proteins involved in a variety of metabolic path-
ways. This network of differentially regulated proteins was enriched in protein-protein interactions (P = 2.98 x 10™%), including
six KEGG pathways (P value ranges, 2.30 X 10> to 0.05) and four Gene Ontology (GO) molecular functions (P value ranges, 0.02
to 0.04), with multiple suggestive enriched relationships in KEGG pathways and GO molecular functions. Upregulated metabolic
pathways suggest increases in energy production, lipid metabolism, iron acquisition and processing, and respiration. Combined
with a suggested preferential metabolism of serine, which is necessary for fatty acid biosynthesis, these data support our previ-
ous findings that the site of sapienic acid antimicrobial activity is likely at the bacterial membrane.

IMPORTANCE

P. gingivalis is an important opportunistic pathogen implicated in periodontitis. Affecting nearly 50% of the population, perio-
dontitis is treatable, but the resulting damage is irreversible and eventually progresses to tooth loss. There is a great need for nat-
ural products that can be used to treat and/or prevent the overgrowth of periodontal pathogens and increase oral health. Sapi-
enic acid is endogenous to the oral cavity and is a potent antimicrobial agent, suggesting a potential therapeutic or prophylactic
use for this fatty acid. This study examines the effects of sapienic acid treatment on P. gingivalis and highlights the membrane as

the likely site of antimicrobial activity.

Inﬂammation in the oral cavity ranges from mild and reversible
inflammation of the gingiva (gingivitis) to a more chronic in-
flammation and destruction of tooth-supporting structures (peri-
odontitis). Gingivitis occurs in 50 to 90% of adults worldwide,
depending on the widely differing definitions of gingivitis (1).
Periodontitis occurs in just over 47% of the U.S. population, with
prevalences of 8.7, 30.0, and 8.5% for mild, moderate, and severe
periodontitis depending on multiple factors, including oral hy-
giene, socioeconomic status, educational status, age, and other
environmental, genetic, and metabolic risk factors (2). These
numbers differ in different populations, and older individuals are
at a particularly high risk: 64% of adults 65 years old or older have
either moderate or severe periodontitis (2).

Porphyromonas gingivalis is among the influential opportunis-
tic periodontal pathogens contributing to periodontal disease (3).
P. gingivalis is present more frequently in patients with periodon-
titis than in healthy individuals; furthermore, a strong positive
relationship is seen between P. gingivalis and multiple diagnostic
parameters of periodontitis (3-5). This Gram-negative, black-
pigmented anaerobic coccobacillus is recognized as a late colo-
nizer in the development of oral biofilms (3, 6), where multiple
virulence factors produced by P. gingivalis contribute to its patho-
genicity (7).

A diverse array of nonspecific innate immune factors help
maintain periodontal health, including more than 45 antimicro-
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bial proteins in the gingival crevicular fluid and/or saliva (8, 9).
Among these innate immune molecules contributing to the con-
trol of oral bacteria are several lipids (10, 11). Saliva and mucosal
epithelial surfaces contain multiple lipid families, including fatty
acids, triglycerides, ceramides, wax esters, cholesterol esters, phos-
pholipids, sterols, sterol esters, and squalene (12—15). Fatty acids
of sebaceous origin are particularly potent antimicrobial agents
against a wide range of both Gram-negative and Gram-positive
bacteria, exhibiting differential and dose-dependent antimicro-
bial activity that is both bacterium and lipid specific (16-21).
Fatty acids, especially sapienic acid, appear to be more active
against oral species of bacteria than against nonoral bacterial spe-
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cies (16, 22). Sapienic acid (C, ¢, 263 254.4 g/mol) kills P. gingivalis
within 6 min (MIC, 58.6 pg/ml; minimal bactericidal concentra-
tion [MBC], 62.5 pg/ml), causing disruption of cell membranes
that is evident in micrographs (22). Additionally, more than 50%
of the sapienic acid used to treat P. gingivalis in our studies stayed
associated with the bacterial lipids or was retained intracellularly.
Collectively, these findings lead us to speculate that the site of
sapienic acid attack on P. gingivalis is likely the bacterial mem-
brane. However, more information is needed for full understand-
ing of the response of P. gingivalis to sapienic acid treatment.

Functional interactions between proteins are the basis for cel-
lular processing, and systematic characterization of these relation-
ships is important for a systems-level understanding of cellular
processes (23). In our previous study, we found that sapienic acid
treatment of P. gingivalis induces an upregulation of several pro-
teins involved in the biosynthesis of bacterial lipids, metabolism
and energy production, degradation of polypeptides, cell adhe-
sion, and virulence (22). Our current study extends those previ-
ously reported results, identifies additional proteins in P. gingivalis
that are differentially expressed after treatment with sapienic acid,
and identifies the primary metabolic pathways affected by sapienic
acid treatment.

MATERIALS AND METHODS

Preparation of sapienic acid. Sapienic acid lipids were obtained from
Matreya Inc. (Pleasant Gap, PA) and were dissolved in a chloroform-
methanol solution (2:1). Their purity was confirmed by thin-layer chro-
matography (TLC). Lipids, dried under nitrogen, were then mixed with
0.14 M sterile NaCl to make a 1.0-mg/ml stock solution, which was first
sonicated in sequential 5-min increments to suspend the lipid and then
diluted to the desired concentration using 0.14 M NaCl.

Porphyromonas gingivalis growth conditions and treatment. Por-
phyromonas gingivalis strain 381 was cultured in tryptic soy broth (Difco
Laboratories, Detroit, MI) supplemented with vitamin K; and hemin
(Sigma Chemical Co., St. Louis, MO) and was incubated at 37°C in an
anaerobic chamber (Coy Laboratory Products Inc., Grass Lake, MI) con-
taining an atmosphere of 85% N,, 10% H,, and 5% CO, for 3 days.

Six milliliters of the bacterial culture was transferred to 6 ml of fresh
medium and was incubated overnight before the optical density at 600 nm
was read (Spectronic 20D+ spectrophotometer; Thermo Fisher Scien-
tific, Inc., Waltham, MA) to ensure that the bacteria were in log phase.
Half of the culture was then treated with 10 times the MIC of sapienic acid
for a final concentration of 625 pg/ml (2.46 mM), and the other half
became the negative control and was treated with 0.14 M NaCl. Both
samples were incubated anaerobically for 2.5 h. Dilutions of each sample
were plated at the beginning and end of the incubation period in order to
obtain viable bacterial counts. After the incubation period, bacteria were
pelleted and washed with 0.14 M NaCl containing 0.1% sodium azide
(Sigma-Aldrich, St. Louis, MO) and the protease inhibitor phenylmeth-
ylsulfonylfluoride (PMSF; Sigma-Aldrich, St. Louis, MO). Protein con-
centrations were determined using a NanoDrop spectrophotometer (ND-
1000; Thermo Scientific, Wilmington, DE), and a small amount of each
sample was examined via SDS-PAGE before the samples were prepared
for the assessment of proteins.

2D-DIGE. Bacteria treated with either sapienic acid or 0.14 M NaCl
(as described above) were pelleted, frozen at —80°C, and shipped to Ap-
plied Biomics (Hayward, CA) for 2-dimensional difference in-gel electro-
phoresis (2D-DIGE). For 2D-DIGE analysis, treated and untreated sam-
ples were washed with 10 mM Tris-HCI buffer to remove salts, and cells
were lysed to release proteins. Proteins from each sample were then dena-
tured, labeled with Cy3 (treated) or Cy5 (untreated) (GE Healthcare Life
Sciences, Pittsburgh, PA), mixed, and then separated first by the isoelec-
tric point and then by molecular weight. The gel was scanned using a
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Typhoon Trio image scanner (GE Healthcare Life Sciences, Pittsburgh,
PA), and images were analyzed using ImageQuant software (version 6.5;
GE Healthcare Life Sciences, Pittsburgh, PA). DeCyder in-gel analysis
software (GE Healthcare Life Sciences, Pittsburgh, PA) facilitated the in-
gel comparative analysis of spots, allowing calculation of the fold change
in expression levels by comparing protein expression in sapienic acid-
treated samples with that in untreated samples run on separate control
gels. All samples with a detectable change in protein levels were then
picked from the gel using the Ettan Spot Picker (GE Healthcare Life Sci-
ences, Pittsburgh, PA) and were identified by matrix-assisted laser desorp-
tion ionization—time of flight (MALDI-TOF) mass spectroscopy (TOF/
TOF 5800 system; AB Sciex, Framingham, MA). Both peptide mass and
the associated fragmentation spectra were submitted to a GPS Explorer
workstation equipped with a MASCOT search engine (Matrix Science,
Boston, MA) in order to search the P. gingivalis National Center for Bio-
technology Information (NCBI) nonredundant (nr) protein database.
Searches were performed without constraining the protein molecular
weight or isoelectric point, with variable carbamidomethylation of cys-
teine and oxidation of methionine residues, and with one missed cleavage
allowed in the search parameters. Candidates with a >95% confidence
interval (CI) for either the protein score or the ion score were considered
significant.

Data analysis. An informatics approach was used to analyze relation-
ships between differentially expressed proteins and the physiologic sys-
tems affected. Data analysis was completed using the STRING (Search
Tool for the Retrieval of Interacting Proteins) database, version 10 (www
.string-db.org), an open-access Web-based analysis program that utilizes
information obtained from multiple curated databases to predict physical
and functional associations between proteins of interest. Known and pre-
dicted associations were derived from evidence of published experimental
associations, database associations, gene fusion, neighborhood associa-
tions, repeated cooccurrence of proteins in the literature, coexpression of
proteins in P. gingivalis or a closely related species, and homology with
similar protein sequences in closely related species. STRING then calcu-
lated individual confidence scores for each predicted protein association
based on the approximate probability that a predicted link exists between
two proteins in the same KEGG map (24, 25). Finally, a combined confi-
dence score was computed from individual weighted scores, under the
assumption of independence for the various sources, correcting for the
probability of random observation of interactions (23, 26). STRING out-
come parameter confidence limits for our data analyses were set to “high,”
corresponding to a confidence score of 75% or higher.

Statistical enrichment analysis was carried out to detect significant
enrichment of differentially expressed proteins within functional systems
by utilizing information from functionally annotated databases, such as
Gene Ontology (GO), KEGG, Pfam, and InterPro. P values were com-
puted by STRING using a hypergeometric test with Bonferroni multiple-
comparison corrections (26). All probabilities were calculated using a 5%
level of significance. Several proteins were represented by multiple distinct
spots in the 2D-DIGE gel, indicating a different size or charge; therefore,
each distinct protein spot was treated as a unique protein in reporting fold
changes in expression.

A random background model (Random Graph with Given Degree
Sequence [RGGDS]) was utilized by STRING to determine enrichment of
STRING interactions within our list of differentially expressed proteins.
RGGDS preserves the degree of distribution of proteins within the protein
list of interest to create a null model of similar size, independent of known
pathway annotations. The probability of a given number of protein asso-
ciations in this null model is calculated using a hypergeometric test with
Bonferroni corrections for multiple comparisons (26). All probabilities
were calculated using a 5% level of significance.

RESULTS

To investigate potential mechanisms involved in the response of
P. gingivalis to sapienic acid treatment, we examined the differen-
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FIG 1 Differentially expressed proteins in P. gingivalis, grouped into functional categories. Fold changes in expression between sapienic acid-treated and
untreated samples were calculated from the 2D-DIGE gel using DeCyder in-gel analysis software.

tial expression of proteins in treated versus untreated P. gingivalis
samples. A total of 58 differentially expressed protein spots were
identified via 2D-DIGE (see Fig. S1 in the supplemental material).
Forty-nine of those proteins were identifiable via sequencing and
Blast searches (see Table S1 in the supplemental material), of
which 29 were unique P. gingivalis proteins recognized by the
STRING database software (Fig. 1). Several proteins were repre-
sented by multiple distinct spots in the 2D-DIGE gel, indicating a
difference in size or charge. Replicate proteins with different sizes
or charges were assumed to be modified through posttranslational
modifications (e.g., phosphorylation), and each distinct protein
spot was treated as a unique protein in reporting fold changes in
expression (Fig. 1). However, because specific fold changes in pro-
tein expression were not important for the analysis of functional
associations between proteins, each protein was included only
once in statistical analyses so as to avoid overestimation of protein
associations. Functional associations between the 29 unique pro-
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teins were significantly enriched; analyses of these data predicted
15 functional associations among these proteins (expected num-
ber of interactions, 2.34; P = 2.98 X 10~ ®). Predicted functional
associations between individual proteins are shown in Fig. 2, and
specific evidence supporting predictions and confidence scores
are shown in Table 1.

Differentially expressed proteins were associated with several
molecular and metabolic systems and pathways, including glycol-
ysis/gluconeogenesis, metabolism, respiration, transport systems,
lipid biosynthesis, translation, and virulence (Fig. 1; see also Table
S1 in the supplemental material). This suggests that sapienic acid
treatment induces changes in many important P. gingivalis meta-
bolic functions (see Fig. S2 in the supplemental material). The
identification of the previously mentioned metabolic pathways
involved was substantiated when we added 50 additional associ-
ated proteins (Fig. 3) to the STRING protein network containing
the differentially regulated proteins (Fig. 2). In Fig. 3, the differ-
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FIG 2 Predicted functional associations of the 29 P. gingivalis proteins that were differentially expressed with sapienic acid treatment. Functional associations
predicted using the STRING database are significantly enriched. The expected number of interactions was 2.34; P = 2.98 X 10~ %

entially regulated proteins are represented by colored circles, and
the additional proteins clustered around these that were detected
in our study are represented by white circles. Statistical enrich-
ment analyses showed significant enrichment of differentially ex-
pressed proteins in multiple KEGG pathways and GO molecular
functions (Table 2), indicating over- or underrepresentation of
specific proteins within these pathways. Cellular functions with
specific overrepresentations of proteins included respiration, me-
tabolism and energy production, translation, iron acquisition and
processing, lipid biosynthesis, and microbial metabolism in di-
verse environments. The primary pathways with underrepre-
sented proteins were transport systems. Some (though not all)
proteins involved in the virulence of P. gingivalis were also under-
represented, but this underrepresentation was not statistically sig-
nificant.

Effects of sapienic acid on central metabolism: glycolysis,
gluconeogenesis, and the TCA cycle. Six metabolic enzymes
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showed increased expression (1.7- to 3.2-fold) in central meta-
bolic pathways (Fig. 1; see also Fig. S2 and Table S1 in the supple-
mental material), highlighting the importance of these pathways
in the response of P. gingivalis to sapienic acid treatment. Pyruvate
ferredoxin/flavodoxin oxidoreductase protein (PorG; PG0548) is
predicted to function in the pyruvate-to-acetate pathway of the
tricarboxylic acid (TCA) cycle (27) as a thiamine diphosphate-
binding domain protein (28). Fructose-1,6-bisphosphate aldolase
(Fba; PG1755) is an indispensable enzyme in glycolysis, gluconeo-
genesis, and the TCA cycle (29, 30) as well as in both anabolic and
catabolic amino acid processes (31). Glyceraldehyde-3-phosphate
dehydrogenase (GapA; PG2124), involved in the glycolytic path-
way, is responsible for the phosphorylation of glyceraldehyde-3-
phosphate (29, 32). The last three metabolic enzymes upregulated
included 2-oxoglutarate oxidoreductase, subunit gamma (PG1809),
acetyl coenzyme A (acetyl-CoA) synthetase (PGN_1117), and
2-ketoisovalerate ferredoxin oxidoreductase (PG1812). These
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TABLE 1 Confidence scores for predicted protein-protein associations®

Sapienic Acid Alters P. gingivalis Lipid Metabolism

Source of predicted associations

Gene 1 Gene 2 Neighborhood Cooccurrence Coexpression Expts Databases Text mining Confidence score
fabF fabH X X X X X 0.997
fabF mmdC X X X X 0.817
fabH mmdC X X X 0.740
fda gapA X X X X X 0.996
ragA ragB X X X 0.950
fumB porG X X 0.804
fumB sod X 0.730
PG1809 porG X X X X 0.833
gdh porG X X X 0.869
gdh PG1809 X X X 0.837
gdh gapA X X 0.424
PG1812 PG1809 X X X X X 0.981
PG1812 gdh X X X 0.814
PGN_1117 porG X X 0.701
serC rpsA X X 0.709
rpsA rplU X X 0.980

“ Confidence scores were calculated by the STRING database. The combined confidence scores shown here are computed from individual weighted scores, corrected for the
probability of random observation of interactions. STRING outcome parameters were set to “high,” corresponding to a confidence score of 75% or higher. Confidence scores for all
predicted protein-protein interactions and the sources of those predicted associations are shown here. A high confidence level is =0.75; a medium confidence level is =0.50.

metabolic enzymes are predicted to play roles in KEGG central
metabolism pathways (33), but specific functions are thus far lim-
ited to the function ascribed to the class of each enzyme and sim-
ilar functions in related bacterial species.

Sapienic acid modifies amino acid metabolism. Four en-
zymes representing different amino acid metabolic pathways were
differentially regulated (—3.3- to +3.3-fold) with sapienic acid
treatment (Fig. 1; see also Fig. S2 and Table S1 in the supplemental
material). P. gingivalis preferentially utilizes aspartate/asparagine,
glutamate/glutamine, threonine, serine, leucine, and valine as
principal sources of energy acquired by catabolism of amino acids
(34). In our samples, the abundance of glutamate dehydrogenase
(GDH; PG1232), which is involved in multiple P. gingivalis amino
acid metabolic processes, was higher with sapienic acid treatment
than in controls. NAD-dependent GDH is involved in the deami-
nation of aspartate to oxaloacetate (35) as well as in the metabo-
lization of glutamate to butyrate, propionate, and ammonia (34).
GDH is therefore crucial to the growth of P. gingivalis (36), and a
loss of GDH slows P. gingivalis growth, causing a decrease in dou-
bling time and lower cell density yields (36). The NAD depen-
dency of P. gingivalis GDH indicates a primarily catabolic role,
contributing to the metabolism of glutamate and aspartate for
energy production (35, 36). Although the reverse (anabolic) reac-
tion is also possible under certain conditions (leading to the bio-
synthesis of glutamate, which can be used to synthesize other
amino acids), this is not likely the primary role (35, 36).

Two enzymes involved in the metabolism of glycine, serine,
and threonine were upregulated in response to the treatment of
P. gingivalis with sapienic acid: glycerate dehydrogenase (HprA;
PG1990) and phosphoserine aminotransferase (SerC; PG1278).
Serine is particularly important because it also serves as an inter-
mediate for the synthesis of sphingoid bases (31, 33), such as sph-
ingosine and dihydrosphingosine, which are needed for the syn-
thesis of P. gingivalis membrane lipids. P. gingivalis membrane
lipids include novel phosphorylated dihydroceramides (modified
dihydrosphingosines) containing 17-carbon fully saturated
methyl iso-branched fatty acids (37-39). The condensation of ser-
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ine and palmitoyl-CoA is the rate-limiting step in the biosynthesis
of sphingoid bases (40, 41), so the increased abundances of these
two enzymes are likely an important component of the adaptive
response of P. gingivalis to sapienic acid treatment.

The only downregulated protein (—3.3-fold) involved in
amino acid metabolism was methionine gamma-lyase (MegL;
PGO0343). MegL is a cofactor (e.g., vitamin Bg)-binding enzyme
(30) that is involved in cysteine, methionine, and selenoamino
acid metabolism (33, 42). MegL is unique to microorganisms and
plants and catalyzes the committed step of methionine biosynthe-
sis (43).

These data suggest that in response to sapienic acid treatment,
P. gingivalis may preferentially metabolize glutamate, aspartate,
glycine, serine, and threonine as carbon and energy sources while
simultaneously reducing the metabolism of other amino acid
sources such as cysteine, methionine, and selenoamino acid.
Other bacteria, such as Clostridium sticklandii, which also metab-
olize multiple amino acids as carbon and energy sources, show
preferential amino acid metabolism for energy preservation (44).

Effects of sapienic acid on respiration. P. gingivalis can me-
tabolize aspartic acid and asparagine to yield succinate through
the fumarate electron transport chain (45, 46). In P. gingivalis,
fumarate acts as the terminal electron acceptor in a putative respi-
ratory chain composed of transmembrane complexes I to IV. The
respiratory chain created by complexes I to IV createsa H™ and/or
Na™ gradient, which is used by the fifth complex (ATP synthase
type V) to synthesize ATP (46). Similar electron transport phos-
phorylation (ETP) pathways are responsible for energy conserva-
tion in several other bacteria, such as C. sticklandii (44), and may
also help conserve energy in P. gingivalis (46). Five proteins from
this respiratory chain were more abundant (1.7- to 2.4-fold) fol-
lowing the treatment of P. gingivalis with sapienic acid (Fig. 1; see
also Table S1 in the supplemental material), including three com-
plex I components (MmdA, MmdC, and RnfC), one component
from complex V (AtpA), and one protein that has not been as-
signed to a complex yet (FumB).

Complex I of the fumarate respiratory system includes the
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TABLE 2 Enrichment analysis®

Sapienic Acid Alters P. gingivalis Lipid Metabolism

No. of differentially

Pathway or function GO ID? Differentially expressed proteins P value® expressed proteins
KEGG pathway
Carbon metabolism 1200 PG2124, PG1278, PG1417, PG1190, PG0548, PG1755, 0.0000230* 8
PG1812, PG1809
Microbial metabolism in diverse 1120 PG1417, PG1278, PG1190, PG2124, PG1755, PG0429, 0.0001170* 8
environments PG1809, PG1812
Citrate cycle (TCA) 20 PG1417, PG0429, PG1809, PG1812 0.0022100* 4
Metabolic pathways 1100 PG1417, PG1232, PG1278, PG1190, PG1803, PG2124, 0.0062200* 13
PG1755, PG1764, PG2141, PG0669, PG0429,
PG1809, PG1912
Fatty acid biosynthesis 61 PG1764, PG2141 0.0466900* 2
Methane metabolism 680 PG1190, PG1278, PG1803 0.0507000 3
Glycolysis/gluconeogenesis 10 PG2124, PG1755 0.1990000 2
Glycine, serine, and threonine metabolism 260 PG1278, PG1190 0.2159000 2
Biosynthesis of amino acids 1230 PG2124, PG1278, PG1755 0.2159000 3
Fatty acid metabolism 1212 PG1764, PG2141 0.5110000 2
GO molecular functions
Cysteine-type endopeptidase activity 0004197 PG2024, PG1844, PGN_1970, PG0506 0.0202000* 4
Oxidoreductase activity 0016491 PG1545, PG2124, PG1190, PG1232, PG0429, PG1809, 0.0395000* 8
PG1812, PG0304
Cysteine-type peptidase activity 0008234 PG2024, PG1844, PGN_1970, PG0506 0.0395000* 4
Oxidoreductase activity, acting on the 0016903 PG2124, PG0429, PG1809 0.0439900* 3
aldehyde or oxo group of donors
Unknown molecular function 0003674 PG1545, PG0343, PG1755, PG2124, PG1764, PG2141, 0.0563000 26
PGN_1023, PG0185, PG1190, PG1232, PG1417,
PG2024, PG1803, PG1278, PG1297, PGN_1970,
PG0506, PG0314, PG0669, PG1844, PG0181,
PG0304, PG1328, PG0429, PG1809, PG1812
Catalytic activity 0003824 PG1545, PG0343, PG1755, PG2124, PG1764, PG2141, 0.2540000 21
PGN_1023, PG1190, PG1232, PG1417, PG2024,
PG1803, PG1278, PG0506, PGN_1970, PG0669,
PG1844, PG0304, PG0429, PG1809, PG1812
Endopeptidase activity 0004175 PG0506, PGN_1970, PG1844, PG2024 0.3521000 4
Lyase activity 0016829 PG1417, PG0343, PG1755, PG0669 0.3549000 4

“ Carried out by using the STRING database to detect enrichment of proteins in P. gingivalis metabolic pathways with sapienic acid-induced treatment.

b ID, identification number.

¢ P values were computed by STRING using a hypergeometric test with Bonferroni multiple comparisons. All probabilities were calculated using a 5% level of significance. Asterisks

indicate a 5% level of statistical significance.

methylmalonyl-CoA decarboxylase (Mmd) complex (46), two
components of which, methymalonyl coenzyme A (MmdA;
PG1609) and the biotin carboxyl carrier protein (MmdC;
PGN_0503), were upregulated in our studies. The Mmd en-
zyme complex consists of 10 putative transmembrane seg-
ments that help conserve energy (released during decarboxyl-
ation reactions), which can be used for ATP synthesis or the
regulation of cellular homeostasis via active transport of H*
and Na™ across the membrane to generate a transmembrane
Na* gradient (46).

RnfC (PG0304), also upregulated with sapienic acid treatment,
is subunit C of the P. gingivalis RafABCDGE electron transport
complex, which is regulated by iron availability and is predicted to
play a role in the transport of electrons to a nitrogenase via ferre-
doxin (46). Although rnf-like genes have been identified in other
bacteria (e.g., Escherichia coli, Clostridium kluyveri, and several
Vibrio species), the specific function of these proteins in P. gingi-
valis remains unclear.

FumB (PG1417) isa class 1 fumarate hydratase (i.e., fumarase)
predicted to reversibly catalyze the hydration and dehydration of
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fumarate to malate during fumarate respiration (30), but the res-
piration complex to which it belongs is unknown. Although FumB
has been identified and classified in P. gingivalis (27), the specific
role of FumB in P. gingivalis anaerobic respiration has not been
extensively studied yet. However, the FumB fumarase of Esche-
richia coli, which is oxygen sensitive and is active only under an-
aerobic conditions, allows this organism to survive under anaer-
obic conditions through upregulation of the system during
anaerobic growth and contributes to the fermentative and non-
cyclic TCA pathway by converting oxaloacetate and malate to fu-
marate (47, 48).

AtpA (PG1803) is subunit A of a V-type ATP synthase from
complex V, which is dependent on a transmembrane Na™ gra-
dient for ATP synthesis (46). V-type ATP synthases can trans-
port Na™ or H™ ions either into or out of the cell with a few
amino acid changes. This reversal of proton transport is
thought to prevent toxicity due to excess Na™. For example,
V-type ATPases of other microorganisms (e.g., Enterococcus hi-
rae) are not used for general production of ATP but are induced
only by high levels of intracellular Na™ or a high pH (49). Given
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the high energy cost associated with extruding ions from the cell,
this is not likely the main function of V-type ATPases under nor-
mal P. gingivalis growth conditions, but it may be important under
extreme or stressful growth conditions (50). Because multiple
components of the fumarate respiratory chain were upregulated
in our study, ATP synthesis is likely upregulated to increase the
production of energy necessary for increased metabolic events.

Effects of sapienic acid on transport systems and associated
surface receptors. Several components of TonB-linked receptor
systems, ExbD, Tlr, and RagA, were differentially regulated (Fig. 1;
see also Fig. S2 and Table S1 in the supplemental material). TonB-
linked receptors are surface-associated receptors that facilitate the
transport of large molecules across the bacterial outer membrane.
The energy required by TonB-linked receptors is provided by a
complex of Exb and TonB proteins in the cytoplasmic membrane
that transport energy from the cytoplasmic membrane to the
outer membrane so as to support the movement of large mole-
cules across the outer membrane (51). In P. gingivalis, TonB-
linked receptors are known to bind heme and transport it into the
cell via the proton motive force of the cytoplasmic membrane
(51), but the TonB system may also transport other large mole-
cules across the periplasmic space, like analog systems in other
bacteria that involve the transport of specific carbohydrates, vita-
mins, colicins, or glycoproteins (51-54).

Two TonB-linked receptors, Tlr and RagA, were downregu-
lated with sapienic acid treatment. Tlr was previously named Tla
(for TonB-linked adhesion) because the initial sequence mistak-
enly included a kgp sequence, which codes for an adhesin (55).
TonB-linked receptors are essential for growth at low concentra-
tions of hemin (55, 56). RagA is a temperature-regulated TonB-
linked receptor that is believed to form a complex on the outer
membrane with the hemin-binding lipoprotein RagB. The spe-
cific function of RagA is unclear, but because of the hemin-bind-
ing ability of RagB, it could also be involved in the transport of
heme across the periplasmic space. RagA also has strong similar-
ities to TonB-linked receptors in Bacteroides thetaiotaomicron,
which transport macromolecules such as carbohydrates or glyco-
proteins across the periplasmic space (51, 56). Because P. gingiva-
lis is asaccharolytic, any carbohydrate uptake would likely be
linked to anabolic processes (51). RagA also plays a role in the
virulence—specifically the soft tissue-destructive abilities— of P.
gingivalis. When the raglocus is inactivated, soft tissue destruction
in mice is reduced (56).

ExbD is part of the energy-providing complex on the cytoplas-
mic membrane (51) and is the only component of the TonB sys-
tem that was upregulated in our samples.

Iron acquisition and processing. P. gingivalis requires iron for
growth; a number of P. gingivalis proteins require iron to function
(57). Both iron (57) and hemin (34, 57) levels affect gene expres-
sion in multiple biological processes (e.g., metabolism, adherence
and invasion, virulence factors, and oxidative stress). Iron is
stored in the form of hemin on the outer surface of the cell and is
transported into the cell by an energy-dependent process (45). In
addition to the TonB-linked receptors discussed in the preceding
section, which could be important in the acquisition and storage
of iron, FetB is also likely important in iron acquisition and pro-
cessing. FetB is a heme-binding protein with a GO biological func-
tion of anaerobic cobalamin biosynthetic processes (31), but its
specific role in P. gingivalis metabolism is unknown. FetB was
upregulated with sapienic acid treatment.
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Effects of sapienic acid on lipid biosynthesis and metabo-
lism. Several components of the Gram-negative type 2 fatty acid
synthesis (FAS-II) pathway have been described in P. gingivalis but
have not been well studied; most of the current knowledge is de-
rived from studies of the FAS-II pathway in E. coli. The FAS-II
pathway is characterized by the use of discrete synthases with sep-
arate functions, each encoded by unique genes that are essential to
fatty acid biosynthesis and thus to bacterial survival. In E. coli,
there are three synthases (synthases I, II, and III; FabBFH) located
in the cytoplasm (58, 59). Because of differing substrate specifici-
ties, each of these isozymes contributes to the regulation of the
many products produced by the fatty acid synthase pathway (40).

Two synthases from this pathway, FabH and FabF, were differ-
entially regulated in P. gingivalis with sapienic acid treatment (Fig.
1; see also Table S1 in the supplemental material). FabH was up-
regulated 1.9-fold. FabF was represented by three distinct spots in
the 2D-DIGE gel, indicating proteins of different charges and/or
masses. Spots 6 and 7 (see Fig. S1 in the supplemental material)
represented 2.4- and 2.2-fold increases in FabF expression with
sapienic acid, respectively. The difference in charge between spots
6 and 7 is likely due to posttranslational modifications (e.g., phos-
phorylation or acetylation), possibly for conversion to active (or
inactive) forms of the protein. The exact nature of these modifi-
cations is unknown at this time and will require further study. The
third FabF spot (spot 12) indicated a 20-fold reduction in expres-
sion with sapienic acid treatment; however, because the molecular
weight of this spot was lower than that expected for FabF, it is
likely an amino-terminal fragment of FabF.

Synthase III (FabH) controls the rate of fatty acid biosynthesis
by catalyzing the rate-limiting step (60) and is the only irreversible
step in the elongation cycle (40). FabH may also determine
whether fatty acids are branched or straight-chain (61). After re-
duction by a reductase (FabG), synthases I (FabB) and II (FabF)
catalyze elongation steps until the fatty acid attains the required
length (60). The differences in function between FabB and FabF
are not well understood, but studies indicate that synthase II
(FabF) is essential for thermal regulation of membrane fatty acid
composition (59).

Effects of sapienic acid on virulence proteins. P. gingivalis
produces a number of virulence factors that allow successful col-
onization, contribute to host inflammation and destruction of
tissue, and modulate host immune responses (7, 45). Probably the
most versatile of these proteins are the gingipain proteinases
RgpA, RgpB, and Kgp, all of which were upregulated (1.7- to 3.2-
fold increase) with sapienic acid treatment (Fig. 1; see also Table
S1 in the supplemental material). Both the arginine-specific
(RgpA and RgpB) and lysine-specific (Kgp) gingipains, in addi-
tion to the roles listed above, acquire and degrade heme-contain-
ing molecules (51). Although these proteins are well known for
their direct involvement in the pathogenesis of P. gingivalis on
host tissues, it has been suggested that their primary role may be
the acquisition of heme and peptides required for growth (45),
given that the acquisition of heme appears to be regulated by the
growth phase as much as by heme deficiency (45, 51).

FimA (fimbrillin), which also showed increased (3.9-fold) ex-
pression with sapienic acid treatment, is the major component of
P. gingivalis type II fimbriae (62). P. gingivalis type II fimbriae
mediate adherence to host tissues and salivary molecules (45, 63)
and play a role in biofilm formation (64). The expression of fim-
briae appears to be upregulated when RgpAB expression is in-
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creased and to be downregulated with its decrease (65). Our stud-
ies show similar trends for the upregulation of FimA and RgpAB.

P. gingivalis produces at least five hemagglutinins (HagABCDE)
that function as adhesins to facilitate the colonization of human
cell surface receptors for virulence and nutritional purposes (45).
Sapienic acid treatment induced the downregulation of both
HagD and HagE (—2.9 to —3.5-fold change), which have high
sequence similarities to HagA (73.8% and 93%, respectively) but
do not show significant homologies to HagB and HagC (45).

Effects of sapienic acid on stress response proteins. Superox-
ide dismutase (Sod) confers tolerance to oxidative stress on P.
gingivalis and is known to increase its expression in response to
oxidative stress while simultaneously downregulating Fim expres-
sion (66). Although both FimA and Sod may be coordinately reg-
ulated through the stress protein OxyR (66), both Sod (1.8-fold
increase) and FimA were upregulated with sapienic acid treat-
ment. This is atypical of an oxidative response and constitutes part
of a possibly unique stress response of P. gingivalis induced by
sapienic acid treatment. The previously described universal stress
protein of P. gingivalis, UspA (67), was not differentially regulated
in our samples.

DISCUSSION

The survival of any successful pathogen requires the ability to
adapt quickly to changing environments (68). Mounting a rapid
stress response would require additional energy at the lowest pos-
sible cost to the cell in order to simultaneously maintain minimal
cellular functions for survival. Thus, the rapid increase in meta-
bolic events seen with sapienic acid treatment, including increased
levels of energy production, and the preferential use of energy
sources and specific metabolic pathways to conserve energy are
not unexpected. The downregulation of Hag proteins was also an
expected response, since microorganisms typically adapt to vari-
ous environmental stresses (e.g., pH, temperature, oxygen ten-
sion, starvation, and desiccation) by downregulating the expres-
sion of virulence genes to allow for optimal growth and survival
(69, 70).

The antimicrobial properties of fatty acids, such as sapienic
acid, are well documented, and the potential results of fatty acid
treatment have been reviewed (71). In our previous study, we
proposed that the main site of sapienic acid activity against P.
gingivalis is the plasma membrane—either by the creation of
pores in the membrane or by the incorporation of sapienic acid
into the membrane (22). The present data support our previous
findings, suggesting that sapienic acid is likely incorporated into
the membrane, either directly by insertion into the membrane or
indirectly through the use of sapienic acid as a fatty acid compo-
nent of P. gingivalis membrane lipids. The endogenous branched
fatty acids used in P. gingivalis dihydroceramides are approxi-
mately the same length as sapienic acid; therefore, it is possible
that sapienic acid competes with the endogenous fatty acids for
insertion into P. gingivalis membrane lipids.

Either direct insertion of sapienic acid into the membrane or
incorporation of monounsaturated sapienic acid into membrane
dihydroceramides in the place of iso-branched, fully saturated
fatty acids would have a fluidizing effect on the membrane. With
either of these scenarios, it would be advantageous to increase the
production of P. gingivalis fatty acids in order to compete with the
insertion of toxic sapienic acid into the bacterial membrane
and/or to increase the production of membrane lipids that would
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stabilize the membrane. An increase in fatty acid biosynthesis is
supported by the preferential metabolism of serine for use as an
intermediate for the sphingoid bases needed for fatty acid metab-
olism as well as by the upregulation of synthases important for the
initiation of fatty acid biosynthesis (FabH) and the extension of
the fatty acid chain via FabF. FabF is also essential for regulating
membrane fluidity changes due to thermal fluctuations (59),
which would be similar to the environment created by sapienic
acid fluidization of the membrane.

Identification of the pathways involved in the potent antibac-
terial activity of sapienic acid against P. gingivalis not only opens
the door for the potential use of sapienic acid as a therapeutic
agent against P. gingivalis but may also likely identify potential
pathway intermediates that could be targeted directly through the
use of drugs. In this study, we used an informatics approach to
examine the response of P. gingivalis to sapienic acid treatment
and the relationships between differentially expressed proteins
and affected physiologic systems. However, many of these pro-
teins have not yet been well studied in P. gingivalis, and their
functions are inferred from homologs in other bacteria. Further
biochemical and metabolic studies are needed to explore the spe-
cific functions of many of these proteins in P. gingivalis and to
confirm these findings.
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