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The initiation and progression of adult-onset periodontitis has been associated with infection of the gingival
sulcus by Porphyromonas gingivalis. This organism utilizes a multitude of virulence factors to evade host de-
fenses as it establishes itself as one of the predominant pathogens in periodontal pockets. A feature common
to many other oral pathogens is the production of ammonia due to its protective effect during acidic cleansing
cycles in the mouth. Additionally, ammonia production by P. gingivalis has been proposed as a virulence factor
due to its negative effects on neutrophil function. In this study, we describe the first purification of a peptidyl-
arginine deiminase (PAD) from a prokaryote. PAD exhibits biochemical characteristics and properties that sug-
gest that it may be a virulence agent. PAD deiminates the guanidino group of carboxyl-terminal arginine resi-
dues on a variety of peptides, including the vasoregulatory peptide-hormone bradykinin, to yield ammonia and
a citrulline residue. The soluble protein has an apparent mass of 46 kDa, while the DNA sequence predicts a
full-length protein of 61.7 kDa. PAD is optimally active at 55°C, stable at low pH, and shows the greatest activ-
ity above pH 9.0. Interestingly, in the presence of stabilizing factors, PAD is resistant to limited proteolysis and
retains significant activity after short-term boiling. We propose that PAD, acting in concert with arginine-
specific proteinases from P. gingivalis, promotes the growth of the pathogen in the periodontal pocket, initially
by enhancing its survivability and then by assisting the organism in its circumvention of host humoral defenses.

The presence of Porphyromonas gingivalis, a gram-negative,
nonmotile, facultative anaerobe, is correlated with the preva-
lence of adult-onset periodontitis (5). In model systems, the
implantation of this organism in the oral cavity has been shown
to be sufficient for the development of the disease (15). A
multitude of factors isolated from P. gingivalis reportedly me-
diate host responses at the site of infection. Many of these
virulence factors are present on membrane blebs or vesicles
produced by the organism, and the presence of these vesicles is
thought to amplify the zone of effectiveness for the bacterium
(11). The proteinases and adhesins from the organism have
been of particular interest to our group due to their abundance
and potency (7, 31, 32, 40).

Degradation of periodontal tissue by host (36, 37) or bacte-
rial (11, 12, 23, 25, 40, 41) proteinases, as well as the degrada-
tion of plasma constituents (5, 14, 20), provides a nutritive
milieu of peptides that sustains the growth of asaccharolytic
P. gingivalis (40). The proteolytic enzymes from P. gingivalis are
apparently important in the circumvention of the host’s control
of available metabolites, such as iron or peptide-protein energy
sources (12). Additionally, these proteinases affect other host
systems in such a manner as to enrich the environment for the
organism (16, 17). Recent results from this laboratory have
demonstrated that R-gingipains (RGPs), the major arginine-
specific cysteine proteinases from P. gingivalis (17), activate
prekallikrein to initiate the production of bradykinin (BK)
(16). In vivo assays for BK production have shown that singular
doses of purified RGP produce an immense physiologic re-
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sponse, but it was interesting to note that vesicles with equiv-
alent RGP activity levels produced a significantly diminished
response. The presence of BK in host tissue results in in-
creased vascular permeability (18), as evidenced by the devel-
opment of edema and, in the case of periodontitis, an increase
in crevicular fluid flow (40). This latter effect correlates with
the presence of P. gingivalis (12, 23), as do the increased levels
of proteinases from this organism in crevicular fluid (8, 10, 26,
34). We hypothesize that the ability of P. gingivalis to initiate
a flow of plasma ensures that the organism is sustained in
the crevicular pocket. The unknown element of this patho-
logic mechanism is to what extent, if at all, P. gingivalis regu-
lates the rate of this flow so that the organism is not washed
from the pocket due to excessive exudation of plasma. Our ob-
servations suggest that P. gingivalis possesses nonproteolytic
activities which influence the documented vascular effects in-
duced by the proteinases from the organism in in vitro exper-
iments. This activity may modulate the ultimate physiologic
response in the vasculature.

The discovery of an activity that might affect vascular medi-
ators, many of which are arginyl carboxyl-terminal peptides,
initially occurred during a time course digestion of various
peptides with an early preparation of RGP. High-performance
liquid chromatography (HPLC)-reverse-phase analysis of the
RGP digestion reactions showed that a contaminating activity
was altering the retention times, but not the apparent compo-
sition, of arginine carboxyl-terminal products from the RGP
incubation (7). The same RGP preparations used for the spec-
ificity studies mentioned above were also used to demonstrate
the production of complement component C5a from C5 by
RGP. The recovery of C5a activity was only 20 to 25% percent
of what was expected for the amount of C5 utilized in the
experiment (44), suggesting that some alteration to the func-
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tionally important carboxyl-terminal arginine of C5a was oc-
curring. We found an answer to our unexplained observations
in a report detailing the importance of arginine residues in
peptides that inhibit hemagglutination. Hayashi et al. (13)
showed that their hemagglutinin preparation contained a
“trypsin-like” proteinase and an activity that produces a car-
boxyl-terminal citrulline residue from the arginyl residue. The
peptide was cleaved at the internal arginine by the trypsin-like
activity of the hemagglutinin preparation, and the fragment
with the arginine at its carboxyl terminal retained an inhibitory
potential, albeit with a lower efficacy. Interestingly, in longer
incubations the antihemagglutination activity of this fragment
was completely inactivated due to the conversion of the argi-
nine at the carboxyl terminus to citrulline (deimination) by a
nonproteolytic activity within the hemagglutinin preparation.
This series of seemingly unrelated observations led us to pro-
pose that the deimination of arginine-dependent bioactive
molecules could affect the functionality of these peptides. In
keeping with this hypothesis, we propose that the cause of the
diminished vascular permeability enhancement response to
vesicles, compared to the RGP response (16, 17), resulted from
the action of this recently identified deiminase.

The first enzyme of the arginine deiminase pathway modifies
the guanidino group on arginine residues to produce citrulline
and ammonia. The pathway has predominantly been recog-
nized for its ability to provide energy during anaerobic growth,
but a series of reports have shown that a number organisms
associated with the oral microflora rely on the ammonia gen-
erated by this system for their ability to tolerate and neutralize
acidic environments (6, 19, 22). The ability of these organisms
to persist in the rapidly changing milieu of the oral cavity is
believed to be a critical feature in their virulence.

The possession of an arginine deiminase activity by P. gin-
givalis seemed to be an attractive addition to the list of putative
virulence factors utilized by this organism to circumvent host
defenses, primarily because the production of ammonia has
already been associated with its pathogenicity (29). Addition-
ally, inactivation of biologically relevant peptides, acid toler-
ance, and the production of ATP by the remaining enzymes of
the arginine deiminase pathway could be critical for maintain-
ing the viability of P. gingivalis and promoting its growth in the
periodontal pockets. Thus, a study was initiated to isolate and
characterize the deiminase from this organism and to deter-
mine if this activity might have a pathophysiological function
during periodontitis.

MATERIALS AND METHODS

Reagents, bacterial strains, and culture condition. Benzoyl (Bz)-L-Arg-ethyl-
ester (BAEE), Bz-L-Arg-p-nitroanalide, Bz-L-Arg-amide (BAA), hippurl-L-Arg,
Trizma base, BK, L-citrulline, flavin adenine mononucleotide (FMN), flavin
adenine dinucleotide (FAD), NADPH, Na-p-tosyl-L-lysine chloromethyl ketone
(TLCK), thiourea, a random arginine-threonine-histidine polypeptide, and r-
arginine were from Sigma (Saint Louis, Mo.). L-Thiocitrulline was a gift of Owen
W. Griffith (Medical College of Wisconsin, Milwaukee). Ceramic hydroxyapatite,
HS, 40 pm (American International Chemical, Natick, Mass.) was a gift of Mike
Adams (University of Georgia, Athens). P. gingivalis HG66 was a gift of Roland
Arnold (University of North Carolina, Chapel Hill), and the ATCC strains 33277
and 53978 (W50) were purchased from the American Type Culture Collection
(Rockville, Md.).

Cultivation of Bacteria. The strains of P. gingivalis were grown as previously
described (7) in reducing broth (10 g of yeast extract, 30 g of Trypticase soy
broth, 1 g of cysteine, 100 mg of dithiothreitol (DTT), 5 mg of hemin and 2.5 mg
of menadione in a 1-liter volume). The cells were grown with constant low-speed
shaking (150 rpm) at 37°C for 24 h to an optical density at 660 nm of 1.5.

Enzyme purification. Culture fluid (5,600 ml) was obtained by centrifugation
(6,000 X g; 30 min; 4°C). Chilled acetone was added to the fluid over a period of
15 min to a final concentration of 60%, with the temperature of the solution
maintained below 0°C, followed by centrifugation (6,000 X g; 30 min; —20°C).
The pellet was redissolved in a solution of 20 mM bis-Tris-HCI, 150 mM NaCl,
and 1 uM FMN (pH 6.8) (buffer A) containing 1.5 mM 4,4'-dithiodipyridine to
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reversibly block the active-site cysteine residues of P. gingivalis cysteine protein-
ases and was dialyzed against buffer A overnight with three changes. The first
change was buffer A with 4,4'-dithiodipyridine, and subsequent changes were
buffer A alone or with 1 mM CaCl,. The dialyzed fraction was centrifuged
(27,000 X g; 30 min; 4°C) and concentrated to 28 ml by ultrafiltration. This
solution was clarified by centrifugation (30,000 X g; 1 h) and applied to a
Sephadex G-150 column (5 by 120 cm; 30 ml/h) previously equilibrated with
buffer A. Individual fractions were assayed for citrulline formed from BAEE, and
active fractions were pooled, concentrated by ultrafiltration, and dialyzed over-
night against two changes of 20 mM bis-Tris-HCl-1 puM FMN-1 mM CaCl,, pH
6.8 (buffer B). This sample was then applied to a DE-52 (Whatman) column (1.5
by 21 cm; 20 ml/h) previously equilibrated with buffer B and washed until the
baseline was reestablished. A linear gradient of 0 to 500 mM NaCl in buffer B
was applied over 3 column volumes. The active enzyme, found primarily in the
first peak (about 150 mM NaCl), was pooled and concentrated to 10 ml. Buffer
exchange during ultrafiltration was repeated four times. The first exchange was
in buffer B without CaCl,, and the remaining three were in 10 mM NaH,PO,-1
wM FMN, pH 6.8 (buffer C). The pooled sample was then applied to a ceramic
hydroxyapatite column (2.5 by 21 cm; room temperature; 2 ml/min). A linear
multistep gradient (0 to 12, 12 to 15, 15 to 37, and 37 to 100%) was initiated,
using 2 column volumes for each step, with 500 mM NaHPO, in buffer C as the
elution buffer. All active fractions were pooled, concentrated, and used for
further analyses.

Vesicle Preparation. Culture fluid (1,500 ml) from 36 h of cultivation of P.
gingivalis ATCC 53978 (W50) and ATCC 33277 was obtained by centrifugation
of cells (6,000 X g; 30 min; 4°C). Ultracentrifugation of the culture fluid
(100,000 X g; 120 min; 4°C) produced a pellet of vesicles that was washed twice
and resuspended in phosphate-buffered saline containing 1 uM FMN and used
as the vesicle preparation after titration for RGP activity (33). Peptidylarginine
deiminase (PAD) activity was rapidly lost in aged vesicle preparations (>50% in
2 h on ice) or following lyophylization; therefore, it was necessary to use freshly
prepared vesicles for each experiment.

Electrophoresis. The sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) method devised by Shagger and von Jagow (35), using a Tris-
HCl-Tricine buffer system, was used throughout this study. Proteolytic degrada-
tion was reduced by pretreatment of the samples in 10 mM TLCK or 0.05 mM
Phe-Phe-Arg-chloromethyloketone followed by boiling in nonreducing SDS-
sample buffer and then in reducing sample buffer when required.

Isoelectric focusing. Determination of isoelectric points was accomplished by
using the Phast electrophoresis system from Pharmacia (Uppsala, Sweden) with
precast Phast isoelectric focusing gels and following the program suggested by
the manufacturer. Silver staining was used to visualize the bands and assess
purity. Samples of PAD from each of the peaks of activity off the hydroxyapatite
column, equilibrated with 25 mM bis-Tris, pH 6.8, and 5 uM FMN by dialysis,
were also applied to a mono-P column (fast protein liquid chromatography
system; Pharmacia). The column, conditioned in the same buffer, was then
developed with 50 ml of 10X-diluted Polybuffer 74 (Pharmacia) adjusted to a pH
of 4.0.

Enzyme assays. Citrulline was measured according to the chemical colorimet-
ric method of Boyde and Rahmatullah (4), adapted for use in microtiter plates.
Samples were incubated for various periods at 37°C with 5 mM BAEE in buffer
containing 0.2 M Tris-HCI (pH 8.0), 1 mM EDTA, 1 uM FMN, and 10 mM
cysteine. The carbidino detection reagent was assembled daily from its two
components with one part A (0.5% diacetyl monoximine and 0.01% thiosemi-
carbazide) added to two parts B (0.25 mg of FeCly/ml in 24.5% sulfuric acid and
17% phosphoric acid). The sample and incubation buffer (50 ul) were added to
200 pl of detection reagent, and the reaction was developed in the plates by
heating it at 105°C for 25 min. The wells were then optically measured at 540 nm
in a Molecular Devices (Menlo Park, Calif.) microtiter plate reader. The same
buffer system was used for kinetic assays but included 25 pM FMN and FAD,
together with 100 uM NADPH, in plates coated overnight with 1% bovine serum
albumin. Standard curves were generated with free L-citrulline. Ammonia pro-
duction was detected with an ammonia electrode (model MI-470; Microelec-
trodes, Londonderry, N.H.) which had previously been standardized and equil-
ibrated according to the manufacturer’s instructions.

Protein and DNA sequence analysis. The protein was prepared for sequencing
by SDS-PAGE separation and blotting to a polyvinylidene difluoride membrane,
as described by Matsudaira (24). Amino acid sequence analysis was performed
with an Applied Biosystems 4760A gas phase sequenator with the program
designed by the manufacturer. Sense and antisense primers were synthesized
(D_NTER, 5'-CCGGAATTC GAT AGC GTA CCA AAA CGG CTG C, and
D_NREYV, 5'-CGCGGATCC CTA TCC GCA TGG TTT TGC CGA CG [Mi-
crosynth 9436; BALGACH, Basel, Switzerland]) based on the protein sequence.
Genomic P. gingivalis DNA (HG66) was subjected to PCR with the primers, and
the appropriately sized band was excised from an agarose gel (1.5%). The PCR
product was subcloned (BamHI-EcoRI) into a sequencing vector (pBluescript
SK; Stratagene, La Jolla, Calif.), and the DNA was sequenced by the dideoxy
termination reaction with the Sequenase kit (United States Biochemical, Cleve-
land, Ohio). An EcoRI digest library constructed from P. gingivalis genomic
DNA (W50) was screened with the PCR product from the N-terminal sequence
(>10° colonies), and several clones were isolated. One clone, when sequenced,
was found to contain a nucleotide sequence encoding the N-terminal part of
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FIG. 1. Distribution of PAD in various strains of P. gingivalis. The production
of citrulline from BAEE was determined in cellular (open bar), supernatant
(solid bar), and vesicle (hatched bar) fractions from HG66, ATCC 53978 (W50),
and ATCC 33277 strains of P. gingivalis.

PAD. The protein and DNA sequences were later compared to the incomplete
database from the P. gingivalis genome sequencing project (31a).

Peptide analysis. Peptides and their degradation products were resolved as
discrete peaks on a C,g/octyldecyl silane reverse-phase column (4.6 mm by 25
cm) (Beckman Instruments, Fullerton, Calif.) previously equilibrated with 0.1%
trifluoroacetic acid and were eluted with a linear gradient (0 to 100% over 60
min) of 0.08% trifluoroacetic acid in 80% acetonitrile. The collected peaks were
subjected to amino acid analysis with an Applied Biosystems 420A derivatizer
with automated analysis. Under the separation conditions established by the
manufacturer, citrulline could not be independently detected, but samples of free
L-citrulline did elute at a position recognized by the data analysis program as
cysteine, and this peak was taken to be citrulline in peptide analysis when
cysteine residues were known not to be present. Mass analysis of both modified
and native BK was performed by Jan Engheld (Duke University, Chapel Hill,
N.C).

RESULTS

Localization. The increase in total PAD activity paralleled
the growth curves for three strains of P. gingivalis, but the
distribution of this activity among cells, supernatant, and ves-
icles changed significantly with the growth phases. In late log-
arithmic growth phase, approximately 90% of the deiminase
activity was cell or membrane vesicle associated for strains
W50 and ATCC 33277. Strain HG66, which makes very few or
no vesicles under the cultivation conditions we utilized, showed
an opposite distribution, with the vast majority of activity being
found in the secreted form (Fig. 1). The supernatant from late
logarithmic growth of the HG66 strain (444, ~ 1.2 to 1.5) was
thus chosen as a starting point for the purification.

Enzyme purification. Precipitation of the culture fluid with
cold acetone resulted in the highest recovery of stable PAD
activity while leaving the majority of the pigmentous hemin in
solution. The elimination of the remaining low-molecular-mass
medium elements by gel filtration chromatography reliably
yielded a fraction of activity in the 50-kDa range, which was
pooled and used as a starting point for further purification.
PAD activity eluted with the low-molecular-mass form of RGP
(7), and the separation of these two activities became the
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FIG. 2. Anion-exchange chromatography of 50-kDa peak from P. gingivalis.
The active fractions from the 50-kDa range were pooled, dialyzed, and concen-
trated prior to being loaded onto a DE-52 anion-exchange column (1.5 by 21 cm;
20 ml/h) previously equilibrated with 20 mM Bis-Tris-HCl-1 pM FMN-1 mM
CaCl,, pH 6.8. A linear gradient of 0 to 500 mM NaCl in buffer B was applied
over 3 column volumes. The active enzyme is found primarily in the first peak
(about 150 mM NaCl). ——, A,4,; @, deiminase activity; [J, amidolytic activity.

primary focus of this fractionation. Anion exchange removed
the remaining pigmentous materials and a portion of the RGP
activity (Fig. 2), with adsorption of PAD on a ceramic form
of hydroxyapatite being the final step (Fig. 3). This final
procedure reliably separated the deiminase from low-molecu-
lar-mass RGP and other contaminants. Multiple peaks of de-
iminase activity were seen during the elution from the hydroxy-
apatite column, but these forms of PAD showed no differences
in electrophoretic mobility and only slight differences in spe-
cific activity. Thus, all active fractions were pooled and used
for further characterization. The purified PAD (Table 1) pro-
duced a single band on SDS-PAGE gels (Fig. 4), and amino
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FIG. 3. Hydroxyapatite adsorption chromatography of P. gingivalis deiminase
activity. The citrulline-producing fractions from anion-exchange chromatography
were pooled and applied to a ceramic hydroxyapatite column in sodium phos-
phate buffer (10 mM, pH 6.5). A linear multistep gradient (arrows [left to right],
0to 12, 12 to 15, 15 to 37, 37 to 100%) with 2 column volumes of eluent (0.5 M
NaH,PO,, pH 6.5) for each step was applied to the column, and fractions were
assayed. , Asgo; @, deiminase activity; [J, amidolytic activity.
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TABLE 1. Purification of PAD

. Vol Protein oW Sp act Purifi- Yield
Fraction activity cation
(ml) (mg) (U?) (U/mg) (fold) (%)

Culture medium 5,600 71,058 306,966 4.3 1 100
Acetone precipitation 280 1,187 18,068 15.2 35 5.9
Sephadex G-150 210 442 12,122 27.4 6.4 39
DES52 45 38 16,427 4323 100 53
Hydroxyapatite 35 47 14,120 3,004 697 4.6

“ U, nanomoles per hour at 37°C.

acid sequence analysis of the amino terminus yielded only one
sequence. The combination of procedures allowed for the iso-
lation of approximately 1 mg per liter of culture supernatant
and resulted in a 700-fold purification. One might note in the
purification table that the recovery increases slightly after the
sizing column. This is due to the removal of a significant por-
tion of the low-molecular-mass form of the arginine-specific
proteinase, which apparently interferes with the citrulline as-
say, perhaps by sequestration of substrate or other means.

Isoelectric point analysis. Analysis of PAD on an isoelectric
focusing gel after silver staining showed that there are three
different isoforms. Two of these had pI values of 6.0 and 6.1,
while the third had a pI of 4.7. Separation of PAD isoforms on
a mono-P column, followed by amino acid sequence analysis,
showed that all three forms of PAD contained identical amino-
terminal sequences. Reapplication of the more acidic forms of
PAD to the mono-P column showed that there was a progres-
sive shift to the 6.1 pI form of PAD. Such isoform shifting was
previously observed with a Mycoplasma deiminase when it was
incubated overnight at pH 10.0 or in 50% ammonium sulfate
(42). The authors noted that along with the isoform shifting,
there was a distinct change in the spectral absorption pattern
of this enzyme, which suggested a “loss of a nucleotide cofactor
or a change in the gross conformation of the protein,” but
there was no loss of activity with this Mycoplasma deiminase
(42). PAD from P. gingivalis, when subjected to similar treat-
ments, or when passed over the mono-P column, lost any
residual activity as the pI shift occurred.

pH optima and pH stability. Assays of PAD activity were
carried out over a pH range from 3.0 to 12.0 with the universal
phosphate buffer system. A pH optimum was found at 9.3, with
37% of the activity remaining at pH 3.0 (Fig. 5). The enzyme
showed no appreciable loss of activity when kept frozen (—20
or —80°C) in the presence of stabilizing factors (i.e., FMN or
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FIG. 4. SDS-PAGE of P. gingivalis PAD at various stages of purification.
Samples were loaded for equal activity. Lane A, culture supernatant; lane B,
acetone precipitate; lane C, Sephadex G-150 pooled activity; lane D, DES52
pooled activity; lane E, hydroxyapatite pooled activity (1 pg); lane F, purified
PAD 5 times overloaded (5 pg). Molecular mass markers (phosphorylase b, 97
kDa; bovine serum albumin, 68 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 30
kDa; and a-lactalbumin, 14 kDa) are on the left.
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FIG. 5. Measurement of PAD activity at various pH values. PAD activity was

measured at various pH values by the universal phosphate buffer system. PAD

was preincubated with the 50 mM phosphate-citrate buffer with 1 mM DTT and
1 uM FMN prior to the addition of substrate.

FAD) at pHs 5.5, 7.5, and 9.0 either overnight or for several
days, but, surprisingly, when it was kept at 4°C, there was
appreciable loss of activity.

Molecular mass analysis. PAD migrated as a single band
on SDS-PAGE (Fig. 4). Computer-aided densitometry of the
SDS-PAGE gel gave a molecular mass of 46.6 kDa. Elution of
the PAD protein and activity from a calibrated analytical gel
filtration column (TSK 3000SW) indicated a mass of 47 kDa
(not shown). Attempts to purify the enzyme from the bacterial
membrane were not successful. We expect that the membrane-
associated form of PAD may have a somewhat larger mass
than its soluble form. The predicted sequence of the PAD gene
product suggests a much larger protein (see below), and as
with several cases in this laboratory to date, proteins purified
from the medium of the P. gingivalis HG66 were derived from
larger precursors.

Citrulline analysis. Acid hydrolysis of PAD, followed by
colorimetric determination of citrulline content for various
preparations, showed that a range from 4.0 to 6.5 mol of
citrulline per mol of PAD was present depending on the age of
the sample. The presence of citrulline suggests that PAD un-
dergoes automodification.

Sequence analysis. Amino-terminal sequencing of PAD
through 30 cycles gave the following unique sequence: AFQET
NPPAGPVRAIAEYYRRAAVLVRYPF. A search of the
Swiss-Protein (release 31) and PIR (release 45) databases gave
no complete matches. However, an alignment with an internal
segment of carbamate kinase from P. aeruginosa revealed 36%
identity, and this was deemed significant. It is not only known
that this enzyme catalyzes the third step in the arginine deimi-
nase pathway, but it is also reported that the enzymes of this
pathway are localized to an operon and have a high level of
internal homology with others in the pathway. A BLAST
search (1, 2, 45) of both the protein and the DNA sequences of
PAD matched to a high degree with one sequence from the P.
gingivalis genome project (clone-P.gingivalis_112). The PAD
gene encodes a 556-amino-acid protein in 1,671 bp (Fig. 6).
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ATCCCGATGGAATTGATCAAAGAGCTGGCCARGAACGACAAGGTGATTACCATTGTGGCGAGTGARAGCCAARARRACACCGTTATARCC
I P ME L I K EL A KNUDI KV I T IV ASESOQI KUNTVIT

CAGTACACCCARAGCGGTGTGAATCTCTCTAATTGCGATT TCATCATTGCGAAAACTGACTCTTACTGGACACGCGACTATACCGGTTGG
Q YT Q S GV NTLSNOCDTFTITIATZ KT®DSYWTRUDYTGW

TTCGCAATG%ACGATACGAACAAAGTAGGTCTCGTGGACTTTATTTATAACCGCCCTCGTCCTAACGATGATGAATTCCCCAAATACGAA
F A M Y DTNI KV G L VDT FTIYNI RPIRU PUNDIDETFP K Y E

GCACAATATCTGGGCATCGAGATGTTCGGGATGAAGCTCAAGCAGACCGGTGGCAACTACATGACGGACGGATATGGATCCGCTGTGCAG
A Q Y L G I EMTFGMZ KULE K QTG GUNYMTUDSGY G S AV Q

TCACATATCGCATATACGGAGAACTCCTCTCTGTCTCAAGCTCAAGTAAATCARAAGATGARAGACTATCTCGGCATCACACATCATGAT
A Y T EN S S L S QA Q V NQKXKMIEKUDYUL G I THHD

GTGGTACAAGATCCGAACGGCGAATATATCAACCATGTGGACTGT TGGGGCAAGTATTTGGCACCGAACRARATCCTCATCAGGRAAGTG
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CCTGACAATCACCCTCAGCACCAAGCCCTGGAAGATATGGCAGCCTACTTCGCAGCACAGACCTGCGCATGGGGAACGARGTACGAGGTA
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TATCGCGCTTTGGCCACCAATGAACAACCGTACACGAACTCTCTGATTCTGAACARCAGGGTATTTGTTCCTGTCARTGGCCCCGCLTCC
A L A TNZEQU?PYTNS$S LI L NDNZ RV VF VP VNG P A S

GTGGACBACGATGCTCTGAACGTCTATAAGACGGCAATGCCCGGTTACGRAAT TATAGGTGTCARAGGGGCTTCAGGARCACCTTGGTTA
vV D N DALNUVYEKTAMEPSGYZETITIGVEKSGHASGTPWL

GGAACAGATéCCCTGCATTGTCGTACTCACGAGGTAGCGGATAAGGGCTATCTCTATATCAAGCACTACCCGATACTGGGCGAACAGGCA
G T D A H E V ADI K G YL Y I KHY P I L G E QA

GGCCCTGATTATAAGATCGARGCAGATGTCGTCTCATGCGCCAATGCTACTATCTCGCCGGTACARTGTTACTATCGTATCARTGGTTCC
G P DY XK I EA DV V S CAWNA AATTISUPV QCYYRTINSGS

GGTAGCTTTAAGGCTGCTGATATGACGATGGAATCARCAGGTCACTATACTTATAGCTTTACAGGTCTTAACAAGAATGATAAGGTAGARA
G $ F K AADMTMESTGH Y TY S F T GUL®NZE KNDZEXKVE

TACTATATCTCTGCCGCTGACAATAGTGGTCGCAAAGAGACTTATCCCTTTATCGGCGAACCTGATCCTTTCAAGTTTACGTGTATGAAC
Y Y I S A A DN S GRIKTETYU®PZFIGEZPDUZPFZ KT FTICMN

GAAACCAATACATGTACTGTGACCGGAGCTGCCAAAGCTCTTCGTGCATGGTTCAACGCCGGTCGTTCAGAACTGGCTGTTTCGGTAAGT
E T N T CT V T G A A K A L A W F A G R S E L A V 53 V §

TTGAATATTGCCGGCACATATCGGATAAAGCTTTATAACACCGCAGGAGAAGAAGTCGCTGCAATGACCARAGGARTTAGTAGCAGGGACG
L N I A G T Y R I KL Y NTAGETEV AAMTIEXKETLVAGT

AGTGTCTTCAGTATGGATGTGTATTCTCAGGCTCCGGGCACATATGTTCTGGTTGTTGAAGGARATGGAATCCGTGAGACRATGAAARTT
§ vV F §$ M DV Y S QAUPGT YV LVVEGHNS GTIHZRETMEZEKTI

CTCARATAAGGCCCCTTATTTGAGRATACTCCTCAGGTAG
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FIG. 6. PAD sequence. The underlined amino acid sequence was determined by sequencing the amino terminus of the isolated protein.

The theoretical mass and pl of the protein were 61,729.83 Da
and 5.88 (3), respectively.

Cofactors. Extensive dialysis resulted in the loss of all de-
iminase activity, presumably by structural destabilization
and/or the removal of soluble cofactors. Activity could be par-
tially restored to a briefly dialyzed sample by the addition of
FMN (25 pM), but there was no recovery of activity after
extensive dialysis regardless of the concentration of FMN,
FAD, or other cofactors tested. The inclusion of FMN before
dialysis and in pooled fractions stabilized the deiminase activ-
ity, and it was thus integrated into all buffers. PAD purified
under these precautionary measures showed slight enhance-
ment of activity when a combination of FMN, FAD, and
NADPH was included in the assay buffer (Fig. 7). This effect
could be mimicked by the inclusion of other suitable electron
donors or acceptors in the assay.

Stability. PAD, purified in the presence of exogenous flavin
nucleotides, retained the majority of its activity after 48 h at
37°C but was completely inactivated within 5 min upon boiling.
The inclusion of additional FMN, FAD, and NADPH (>5
wM) to the buffer prior to boiling increased the time of inac-
tivation and precipitation of the protein to greater than 1 h
(Fig. 8). Additionally, when incubated with RGP, the cofactor-
stabilized PAD retained full activity and showed little or no
fragmentation by SDS-PAGE analysis. In contrast, the inactive
form was completely degraded (data not shown).

Substrate specificity and kinetic analysis. The deimination
of L-arginine, small arginine-containing substrates, or BK by
PAD occurred without oxidizing or reducing exogenous flavin
factors, but the kinetic parameters for this reaction were non-
linear unless these cofactors were present. The K,,, and V..
values given in Table 2 demonstrate a preference of this en-
zyme for peptidylarginine substrates, followed by BAA and
free L-arginine. Various arginyl-p-nitroanilides, as well as
p-tosyl-L-Arg methyl ester, were relatively poor substrates.

Inhibition profile. Inhibition of the PAD with natural and
synthetic inhibitors containing either arginine or modified ar-
ginine residues paralleled substrate specificity, with the pep-
tide-arginyl-aldehyde inhibitor leupeptin proving to be 100%
effective at low millimolar levels. Both thiourea and thio-L-
citrulline were inhibitory at high concentration, as were cys-
teine and TLCK. Na-L-arginine methyl ester (L-NAME), a
potent inhibitor of nitric oxide synthase, and the fungal peptide
inhibitor antipain were only 50% effective at the highest con-
centrations utilized (Table 3).

Reaction products. The modification of BK by PAD was
confirmed by mass spectra, HPLC-reverse-phase retention,
and amino acid and chemical colorimetric analysis. The altered
peptide showing a single discrete product peak with a longer
retention time on the reverse-phase HPLC column (BKx),
indicating an increased hydrophobicity in the modified BK
peptide. BKx was isolated, and its mass was found to be dif-
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FIG. 7. Effect of electron donors and acceptors on PAD activity. The enzyme
was dialyzed overnight with low levels of cofactor (50 mM Tris-HCI, 1 nM FMN,
pH 8.0) and without any cofactor present (50 mM Tris-HCI, pH 8.0) as noted.
Pretreatment of the dialyzed enzyme with higher levels of cofactors FMN (25
pM), FAD (25 pM), hemin (500 wM), or dilute whole blood (1:5,000; 50 mM
Tris-HCI, 118 mM NaCl, 1 pM FMN, pH 8.0) was performed prior to the
enzymatic assay (37°C; 10 min). Samples were then assayed for citrulline pro-
duction in triplicate as described in Materials and Methods. The error bars
indicate standard deviations.

ferent from BK by 0.5 Da (BK, 1062.4 Da, and BKx, 1061.9
Da). These values are clearly different from the calculated
value (1062.1 Da), but the lower value for BKx is consistent
with the expected mass difference (1 Da) for the citrullinated
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FIG. 8. Enhanced thermal stability of PAD with and without flavin nucleo-
tides. Purified PAD was boiled with (®) and without (A) flavin nucleotides
(FMN-FAD, 25 uM) or incubated at 37°C (@) in substrateless assay buffer (50
mM Tris-HCI, 25 pM FMN, pH 8.0). Aliquots were removed at various time points
and assayed for the production of citrulline as described in Materials and Methods.
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TABLE 2. Kinetic constants for the modification of
synthetic substrates by PAD

Vmax (nmol/ Vinax/ Ko

Substrate K, (uM) minEmg) (102
Benzoyl-L-arginine 2.9 104 359
Benzoylglycyl-L-arginine 28 186 6.6
BAA 152 77 0.51
BAEE 874 90 0.10
L-Arginine 141 26 0.18
BK 47 117 2.5

form. Sequencing of the modified BK showed that the amino-
terminal arginine and internal residues were unchanged, but
the carboxyl-terminal arginine was lost. Quantitative amino
acid analysis of this BK analogue showed the loss of one
arginine and the gain of a residue eluting under cysteine, which
is assumed to be citrulline. Furthermore, the amount of this
amino acid measured by the carbamino reaction (4) showed a
stoichiometry of one citrulline residue per modified BK mol-
ecule. These results, taken together, verify the conversion of
the carboxyl-terminal arginine to citrulline in BK after PAD
treatment.

Measurement of product formation. The unusual require-
ment for adenine nucleotides for maximal activity and stability
of PAD, as well as for the production of citrulline, parallels the
requirement for the production of this compound from argi-
nine by nitric oxide synthase (39) and prompted the measure-
ment of nitric oxide production. Under various assay condi-
tions and with a number of substrates it was not possible to
demonstrate the production of nitric oxide with the Greisser
reaction (27). Production of ammonia was demonstrated, how-
ever, by direct measurement with an ammonia electrode. The
levels of ammonia measured in this manner corresponded to
the amount of citrulline produced under the same reaction
conditions (not shown).

DISCUSSION

Previous studies of hemagglutinin preparations, including
vesicles, and partially purified low-molecular-mass RGP sug-

TABLE 3. Effects of inhibitors on deiminase activity

Inhibitor Conc. (mM) Activity (%)

L-NAME 0.25 100
3.12 75

12.5 52

Thiocitrulline 0.25 100
6.25 30

125 0

Thiourea 1.25 100
6.25 60

50 0

TLCK 1.25 100
6.25 7

125 2

Leupeptin 0.05 100
25 55

5 0

Antipain 0.05 100
2 80

8 59

Cysteine 1.25 100
125 88

25 0
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gested the presence of a PAD-like activity in P. gingivalis (7, 13,
30). The production of ammonia from peptidylarginine sub-
strates was of interest because of a potential relationship to the
unusual function of RGP from P. gingivalis. Arginine deimi-
nase enzymes modify the guanidino group of arginine residues
to produce a citrulline residue and free ammonia (22). The
production of ammonia by oral pathogens, long associated with
the formation of caries on tooth surfaces (37), has also been
linked to acid tolerance and virulence in other, non-caries-
related strains (6). Interestingly, ammonia levels in the crevic-
ular fluid from periodontal lesions are quite high, but its pres-
ence has often been attributed to other organisms (29). Our
discovery that P. gingivalis possesses a deiminase activity sug-
gests that this organism might also utilize this pathway to
produce ammonia and provide environmental advantages over
competing organisms. Several reports have suggested that de-
iminase activities may have in vivo functional roles, including
the inactivation of peptides which inhibit the hemagglutination
ability of P. gingivalis (13), as well as energy production (6, 22).
Since the deiminase activity was only observed in the presence
of other enzymes, we thought that it was important to isolate
and characterize this activity fully so that its importance to the
virulence of P. gingivalis might be assessed.

In this report we demonstrate the successful isolation of a
PAD from the 50-kDa fraction of the culture medium from
P. gingivalis HG66. The purification of a unique activity, which
is distinct from the gingipain proteinases, demonstrates that
the formation of citrulline-containing peptides by hemaggluti-
nation preparations and our own early preparations of RGP
was the result of PAD contamination. The isolation of PAD
also gives credence to the possibility that ammonia production
by P. gingivalis may promote its viability, as it does for other
oral pathogens (6, 22). In addition, and since it has been shown
that the growth of P. gingivalis and the activity of the potent
cysteine proteinase from this organism are optimal at alkaline
pH (7, 25, 31, 38), we propose that PAD may be intercon-
nected to the virulence of P. gingivalis, especially in relation to
the function of the RGPs.

The deiminase system in P. gingivalis may have gone unno-
ticed due to its instability during common laboratory proce-
dures, including dialysis. Initial purification attempts resulted
in a rapid and irreversible loss of activity until the addition of
flavin nucleotides was found to stabilize the enzyme during
dialysis (Fig. 7). The use of flavins as cofactors was tested
because of the similarities between the chemistry of the argi-
nine deiminase and the nitric oxide synthase pathways. Since
purification of nitric oxide synthase was only possible after
flavin addition (39), it seemed possible that a comparable effect
might occur with PAD. The loss of PAD activity was particu-
larly severe regardless of flavin addition in the case of the
membrane-associated forms of PAD, with more than 95% of
the activity being lost within a few hours after cell or vesicle
isolation. When FMN or FAD levels were maintained during
the purification of the soluble protein, however, multiple peaks
of PAD activity could be eluted during the final chromatogra-
phy step. These exhibited the same electrophoretic mobilities
and amino-terminal sequences and showed only slightly differ-
ent chromatographic properties and isoelectric points, presum-
ably due to automodification of internal arginine residues to
citrulline residues.

Similar unusual results involving flavin nucleotides and mul-
tiple isoforms of an L-arginine deiminase from Mycoplasma
arthritidis were noted by Weickmann et al. (42, 43). These
authors noted that this deiminase could be transformed into an
alternate form by incubation with either 50% ammonium sul-
fate or a high-pH buffer. The converted form had a slightly high-
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er specific activity and an increased A,gy/A4,4, ratio, indicating
either the loss of a nucleotide factor or a conformational
change in the protein (42). Attempts at reproducing the iso-
form conversion with the deiminase from P. gingivalis resulted
in the production of an apoenzyme which was completely de-
void of activity and which could not be reactivated by the ad-
dition of flavins. Spectral studies indicate that the flavin nucle-
otides do not participate in the PAD reaction and that they are
not covalently bound. Rather, our data would indicate that the
flavin nucleotides function by enhancing the stability of the
enzyme.

Kinetic studies on low-molecular-mass arginine-containing
substrates with purified PAD showed that this enzyme exhib-
ited a strong preference for peptidylarginine substrates. How-
ever, free L-arginine was modified as well, albeit at much lower
rates (Table 2). This observation separates PAD from the
proteinyl arginine deiminase, which selectively modifies argi-
nine residues within the linear backbone of a protein, and the
arginine deiminase, which produces L-citrulline from free L-
arginine. Clearly, PAD can perform both of these reactions,
but under the conditions utilized, the deiminase from P. gin-
givalis appears to have primarily peptidylarginine specificity.
Protein substrates as well as peptides containing amino-termi-
nal arginine residues were modified at a very low rate and in
some cases displayed burst-like kinetics. Furthermore, an in-
verse relationship between substrate concentrations, product
formation, and reaction velocities was also observed for pro-
tein substrates and amino-terminal arginine substrates. Name-
ly, as the concentration of these substrates increased, the
amount of measurable citrulline formed was less and it was
produced at a lower rate. It is possible that these complex
kinetics are due to arginine-containing peptides interacting
with an adhesion-hemagglutination domain on the deiminase
protein which exhibits different binding constants than the
active site. The presence of such an adhesion site is supported
by the fact that PAD activity was found in P. gingivalis hem-
agglutin preparations which bound to erythrocyte ghosts by a
mechanism which was sensitive to free arginine or arginyl pep-
tides (13, 30). Additionally, a search of the databases with the
PAD DNA sequence showed that there is localized homology
(~28%) with the extracellular portion of the receptor for the
fibroblast growth factor. The importance of this homology be-
came apparent when Hanneken et al. showed that the soluble
form of the fibroblast growth factor receptor binds tightly to
the extracellular matrix (12a). We are investigating the possi-
bility that this region of PAD may be a novel adhesion domain.

Inhibition studies indicated that the nitric oxide synthase
inhibitors L-NAME and L-thiocitrulline were effective against
PAD only at millimolar levels and that they most likely func-
tioned by two different methods. L-NAME alone proved to be
a substrate at the levels required for inhibition, indicating its
effect could be due to competitive substrate inhibition (Table
2). The inhibition by thiocitrulline was reversible at high levels
of the preferred substrate, Bz-L-Arg, but only under mildly
reducing conditions (data not shown), suggesting that the thio-
ureido group of this inhibitor was interacting with a cysteine in
or near the active site, as it does with nitric oxide synthase (28).
Since millimolar levels of thiourea and TLCK also inhibited
the deiminase, as did the sulthydryl-blocking reagent 4,4'-di-
thiodipyridine, we are convinced of the presence of a cysteine
residue in or proximal to the active site of PAD.

The similarities between the chemistries of PAD and nitric
oxide synthase, as well as the stabilization by flavin nucleotides,
prompted the examination of the reaction mechanism of this
enzyme for the direct production of nitric oxide under anaer-
obic and aerobic conditions. Nitric oxide, previously known as
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the endothelium-dependent relaxation factor, is synthesized by
an enzyme which produces citrulline as an intermediate and
has a requirement for flavin nucleotides for maximal activity
(28). Nevertheless, the production of nitric oxide could not be
demonstrated under any conditions examined. Furthermore,
the utilization of an ammonia electrode unequivocally demon-
strated that citrulline and ammonia are produced in equimolar
amounts by PAD (not shown), as seen with all previously
described deiminase reactions (9, 22, 43). Thus, we believe that
P. gingivalis can produce ammonia in the oral cavity or peri-
odontal pocket from peptidylarginine substrates via the PAD
mechanism.

The strategies employed by P. gingivalis to overcome host
barriers are surprisingly elementary in their concept. By simply
turning host defense mechanisms to its advantage P. gingivalis
can obtain a foothold in the gingival sulcus or periodontal
pocket at a time when there are few competitors for available
nutrients. Neutralization of the highly acidic environment sur-
rounding the oral microbes by the ammonia produced by the
arginine deiminase pathway (6, 22) may allow P. gingivalis to
survive the humoral defense of the low-pH cleansing of the
mouth by saliva during food intake, which kills many non-
pathogenic competitors (19). In this case, RGP may also cleave
the antiadhesive humoral defense peptides, which have inter-
nal arginyl residues (9, 13, 19, 21). These cleaved peptides and
other arginine carboxyl-terminal defense peptides may then be
finally inactivated by PAD, not only blocking their adhesion-
inhibitory roles but also providing ammonia to keep the pocket
alkaline and ATP for the energy requirements of this asaccha-
rolytic organism.

The interplay between RGPs and PAD proposed here rein-
forces the idea that the examination of isolated systems from P.
gingivalis followed by confirmation of the effect by using vesi-
cles or whole bacteria is a powerful means of elucidating the
multifaceted virulence mechanisms of this organism. Now that
an additional element which supports the virulence of P. gin-
givalis has been isolated, experiments examining the individual
and concerted effects of the proteinase, the deiminase, and
their adhesin domains should lead to a greater understanding
of the function(s) of this periodontal pathogen during peri-
odontitis.
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