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Lys-gingipain (KGP), so termed due to its peptide cleavage specificity for lysine residues,
is a cysteine proteinase produced by the Gram-negative anaerobic bacterium Porphyro-
monas gingivalis. Mixed oligonucleotide primers designed from the NH,-terminal se-
quence of the purified enzyme were used to clone the KGP-encoding gene (kgp) from the
organism. The nucleotide sequence of kgp had a 5,169-bp open reading frame encoding 1,723
amino acids with a calculated molecular mass of 218 kDa. As the extracellular mature
enzyme had an apparent molecular mass of 51 kDa in gels, the precursor of KGP was found
to comprise at least four domains, the signal peptide, the NH,-terminal prodomain, the
mature proteinase domain, and the COOH-terminal hemagglutinin domain, and to be
proteolytically processed during its transport. Importantly, the COOH-terminal region
contained three direct repeats of two different amino acid sequences, LKWD(or E)AP and
YTYTVYRDGTKI, and the subdomains located between the two repeats exhibited strong
similarity to those of Arg-gingipain (RGP), another major cysteine proteinase produced by
the organism and having cleavage specificity for arginine residues, although the arrange-
ment of the subdomains was not necessarily identical in the two enzymes. Since the KGP
activity was greatly decreased in RGP-deficient mutants and since the most probable site of
the propeptide cleavage was present in the homologous sequence highly susceptible to
proteolysis by RGP, the precursor of KGP is likely to be processed by RGP to form the
mature enzyme.

Key words: Arg-gingipain, Lys-gingipain, lysine-specific cysteine proteinase, Porphyro-

monas gingivalis, precursor structure.

The destruction of periodontal tissues, including alveolar
bone, is one of the most important pathological conditions
of progressive periodontal disease. Although the actual
mechanism of periodontal tissue breakdown during disease
progression remains to be clarified, proteolytic enzymes
derived from both host cells and oral microorganisms are
thought to be key factors in the pathogenicity of the disease.
Porphyromonas gingivalis, a Gram-negative anaerobic
bacterium frequently isolated from subgingival lesions of
periodontitis patients, is thought to be one of the most
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important pathogens of the disease (1-7) and to produce a
variety of proteases in both cell-associated and secretory
forms (6, 8-15). Despite a great deal of work, little is
known about the pathogenic capability of individual pro-
teases and the mechanism by which they function, although
some of the enzymes have been suggested to relate to the
development of disease (16-22). We have recently identifi-
ed the unique arginine-specific cysteine proteinase Arg-gin-
gipain (RGP), formerly argingipain, in the culture super-
natant of P. gingivalis 381 strain (23). Based on biochemi-
cal and structural characterization (23, 24), the proteolytic
activity of RGP was shown to be closely associated with the
virulence of the organism. To clarify to what extent RGP
contributes to the virulence of P. gingivalis, we have
constructed RGP-deficient mutants by disruption of the
RGP gene with suicide plasmid systems (25). In the course
of this study, we found two separate RGP-encoding genes
(rgpA and rgpB) located on the chromosome of this organ-
ism (25). By analysis of the rgpA rgpB double mutant, RGP
was shown to contribute as a major periodontal pathogenic
factor to the virulence of P. gingivalis.

Several studies have shown that P. gingivalis produces
distinct cysteine proteinases that have peptide cleavage
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specificity for lysine residues (13, 22, 26, 27). Although
some of these enzymes have been suggested to participate
in host tissue damage (13, 22), it is unclear whether these
lysine-specific cysteine proteinases are identical entities
and to what extent they contribute to the virulence of P.
gingivalis. To gain an insight into the pathological potential
of such lysine-specific cysteine proteinases, we considered
it important to examine their genetic basis.

In this paper we report: (i) the nucleotide sequence of the
gene for a lysine-specific cysteine proteinase from P.
gingivalis 381 and the deduced amino acid sequence; (ii)
the structural characteristics of its precursor; (iii) its
comparison with RGP. Since, described later, the deduced
amino acid sequence of the enzyme contained sequences
identical to the NH,-terminal sequences of Lys-gingipain
fragments (60- , 44-, 30-, and 27-kDa polypeptides) report-
ed by Pike et al. (26), the present proteinase is hereafter
referred to as Lys-gingipain (KGP).

EXPERIMENTAL PROCEDURES

Culture of P. gingivalis and Extraction of Total DNA—
P. gingivalis 381 strain was grown in brain heart infusion
broth (37 mg/ml) (Difco Chemical) containing yeast ex-
tract (5 mg/ml), hemin (5 mg/ml), and vitamin K (1.0 mg/
ml) at 37°C as previously described (24). After cultivation
in an anaerobic chamber under 90% N, 5% H,, and 5% CO,,
the cells were pelleted by centrifugation and the pellet was
suspended in TESS solution (30 mM Tris-HCl, pH 7.5, 5
mM Na,EDTA, 50 mM NaCl, 25% sucrose). After addition
of 10% SDS (final concentration, 0.5%) and proteinase K
(10 mg/ml), the solution was incubated for 2 h at 50°C. The
suspension was mixed with CHCI,/phenol and centrifuged
at 14,000 X g for 5 min. The supernatant was centrifuged
again under the same conditions and dialyzed against TE
(10 mM Tris-HCI, pH 7.5, 1 mM Na,EDTA) for 2d. Two
volumes of absolute ethanol were added and mixed gently
with the solution. The precipitated DNA was washed in
70% ethanol and suspended in TE. After addition of RNase
A (10 mg/ml), the suspension was incubated for 1h at
37°C. The DNA was precipitated by ethanol and resuspend-
ed in TE.

Purification and NH,-Terminal Sequence Analysis of
KGP—The procedures for purification of KGP from the
culture supernatant of P. gingivalis are detailed elsewhere.
Briefly, the culture supernatant was separated from P.
gingivalis cells by centrifugation. Solid ammonium sulfate
was added to the supernatant to give a 65% saturation. The
precipitated proteins were collected by centrifugation and
resuspended in 10 mM sodium phosphate buffer, pH 7.0.
After dialysis against the same buffer, the enzyme in the
dialyzate was subjected to chromatography on DEAE-Se-
phacel and CM-Toyopearl 6508, isoelectric focusing in an
LKB 8101 column, gel filtration on a TSKgel G2000SW,
and chromatography on arginine-Sepharose, lysine-Sepha-
rose and Mono Q, in that order. The purified enzyme was
electrophoresed on SDS gels by the method of Laemmli
(28), then transferred onto polyvinylidene difluoride
membranes and stained with Coomassie Blue R-250. The
stained band was excised and the adsorbed protein was
applied to an automatic protein/peptide sequencer (Ap-
plied Biosystems Model 4704).

Oligonucleotides—Two degenerate synthetic oligonucleo-
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tide primers for polymerase chain reaction (PCR) amplifi-
cation of the KGP gene fragment were designed based on
the amino acid sequences of the NH,-terminal part of the
purified enzyme (from 231 to 236 and from 248 to 253).
The primers PR1=5-TANACNGANCANGGNGAN-3’
and PR2=5-NTTNAANTTNGCNCCNGC-3" (N denotes
complete degeneracy), which correspond to the opposite
ends of the peptide sequence, were synthesized.

PCR Amplification of the KGP-Encoding DNA Fragment
Gene—PCR amplification of the KGP-encoding DNA frag-
ment was carried out using the two degenerate oligonucleo-
tide primers [(20 mM Tris-HCI, pH 8.0/100 mM KCl/0.1
mM EDTA/1 mM dithiothreitol/0.5% Tween 20/0.5%
Nonidet P-40/50% glycerol/200 mM dATP/200 mM
dCTP/200 mM dGTP/200 mM dTTP/2.5 units of Ampli-
taq) (Perkin Elmer-Cetus)]. The following PCR thermal
cycle was used: step 1, 92°C for 1 min; step 2, 50°C for 1
min; step 3, 70°C for 1 min. This was repeated 40 times.
PCR products were purified by CHCI;/phenol treatment
and cloned into the plasmid vector pT7Blue(R) (Novagen).
Four clones containing the inserts were sequenced by the
dideoxynucleotide chain termination method (29) using a
Sequenase DNA-sequencing kit (U.S. Biochemical, Cleve-
land, OH). All clones were found, as anticipated, to encode
NH,-terminal amino acid sequences. As all clones were
identical in the nucleotide sequence, a 69-base pair (bp)
insert DNA fragment from these clones was used as a probe
for further screenings.

Southern Blot Analysis—Total DNA from P. gingivalis
was digested for 1h at 37°C with either BamHI, BglIl,
EcoRI, Sacl, Sphl, EcoRV, Nrul, Pyull, or Scal. Each
digest was subjected to electrophoresis in 0.8% agarose, and
blotted to a nitrocellulose filter (Schleicher & Schnell). The
filter was washed for 5 min in 2X standard saline citrate
(SSC, 0.15 M NaCl/0.015 M sodium citrate). After being
baked for 2 h at 80°C, the filters were prehybridized for 3 h
at 65°C in a hybridization solution (6 X SSC containing 0.1%
SDS and 10% Denhardt). The filter was washed once in the
hybridization solution, then immersed in the fresh hybridi-
zation solution containing a **P-labeled 69-bp probe which
was generated with a MEGALABEL labeling kit (Takara
Shuzo) and incubated for 20h at 65°C. The filter was
washed twice in 2 X SSC containing 0.1% SDS, dried and
subjected to autoradiography at —80°C overnight. For
another Southern blot analysis, total DNA from P. gingi-
valis was digested for 1 h at 37°C with either BamHI,
EcoRI, Hindlll, BamHI-EcoRI, or BamHI-HindIIl, and
Southern blotting was performed by the same method as
above. A synthetic oligonucleotide (probe I: 5’-CCACAGG-
GTGGACAGCATTGGATGC-3') obtained from Greiner
(Tokyo) was labeled with fluorescein-dUTP (Amersham
International plc, Little Chalfont, UK), and used for
hybridization with ECL 3’-oligolabeling and detection
systems (Amersham).

Library Construction and Screening—The EcoRI and
EcoRV-digested DNA was separated by electrophoresis on
a 0.8% agarose gel. The fractions containing the 2.7- and
5.5-kbp DNA fragments hybridized with the **P-labeled
69-bp DNA probe were transferred to DEAE cellulose
filters (Wattman DE81). The blotted DNAs were eluted
with 0.1 M NaCl and then in EcoRV-digests subjected to
ligation with EcoRI adapters (Promega) and phosphoryla-
tion with kinases. The DNA fragments were further
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purified by 0.8% agarose gel electrophoresis and ligated
into the EcoRI site of A ZAPII (30). The ligated DNAs were
packaged into bacteriophages by using a Gigapack GoldIl
packaging kit (Stratagene, San Diego), followed by plating
onto dishes with Sure (Stratagene) bacterial hosts (31).
The phage solution was used as the P. gingivalis genomic
DNA library. Two hundred thousand clones of the P.
gingivalis genomic DNA library were screened by plaque
hybridization using the *’P-labeled 69-bp DNA probe. The
DNA inserts of isolated positive clones were subcloned into
pBluescript SK~ plasmid vectors by automatic excision
process (30). The DNA inserts were characterized by
restriction endonuclease mapping. Finally, single DNA
clones with 2.7- and 5.5-kbp DNA inserts were obtained
(pNKI and pNKV, respectively). For further sequencing of
the gene 3'-region, the BamHI- HindIIl digested DNA was
separated by electrophoresis on a 0.8% agarose gel. The
fractions containing the 5.0-kbp DNA fragment hybridized
with the labeled 25-bp DNA probe were ligased into the
BamHI- HindIll site of pUC118. This solution was used as
the P. gingivalis genomic DNA library. The DNA library
was transformed into Escherichia coli DH5a and the
plasmids with the BamHI- HindIIl fragment inserted were
collected. The DNA inserts were characterized by restric-
tion endonuclease mapping and finally a single clone with a
5.0-kbp DNA insert was obtained (pNKBH).

DNA Sequencing—The DNA clone obtained by autoex-
cision was digested with EcoRI and subcloned into pUC118.
Then three kinds of plasmids were digested with appropri-
ate restriction enzyme and subcloned again. Both strands of
all regions were sequenced by the dideoxynucleotide chain
termination method (29) using an AutoRead Sequencing
Kit (Pharmacia Biotech) and a Thermo Sequenase core
sequencing reagent kit (Amersham). The sequencing strat-
egy is illustrated in Fig. 2.

Computer Analysis of Genomic DNA and Protein—
Nucleotide and protein sequences were analyzed by using
the Swiss Prot System. Hydropathy analysis was carried
out in accordance with Kyte and Doolittle (32).

Determinations—The KGP activity was measured using
two synthetic substrates (final conc. 10 M), t-butyloxy-
carbonyl (Boc)-Val-Leu-Lys-Lys-4-methyl-7-coumaryl-
amide (MCA) and Boc-Glu-Lys-MCA, in 20 mM sodium
phosphate buffer, pH 7.5, containing 5 mM cysteine in a
total volume of 1.0 ml. After incubation at 40°C for 10 min,
the reaction was terminated by adding 1.0 ml of 10 mM
iodoacetic acid, pH 5.0, and the released 7-amino 4-methyl-
coumarin was measured at 460 nm (excitation at 380 nm).
One unit of enzyme activity was defined as the amount of
enzyme required to release 1 gmol of 7-amino-4-methyl-
coumarin/ml under these conditions.

RESULTS

Analysis of the NH;-Terminal Amino Acid Sequences—
When the final preparation of KGP was incubated in the
SDS-solubilizing buffer in the presence of 100 xM leu-
peptin and 100 4uM p-toluenesulfonyl-L-lysine chlorometh-
vyl ketone at 37°C for 30 min or 100°C for 5 min followed by
SDS-PAGE under reducing conditions, it showed a single
protein band with an apparent molecular mass of 51 kDa
(not shown). The NH,-terminal amino acid sequence of the
purified KGP was analyzed by automatic Edman degrada-
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tion of the sample electroblotted on a polyvinylidene
difluoride membrane. The first 25 amino acid residues of
the NH,-terminus of the purified enzyme were directly
determined as follows: D*VYTDHGDLYNTPVRMLVV.
AGAKFK?* (the numberings refer to the sequence of KGP
precursor predicted from its nucleotide sequence). This
amino acid sequence was identical with the NH,-terminal
sequence of the 60-kDa Lys-gingipain described by Pike et
al. (26).

PCR Amplification and Isolation of Lys-Gingipain
Gene—To clone the KGP-encoding gene from P. gingivalis,
two degenerate oligonucleotide primers (PR1 and PR2)
which correspond to parts of the NH,-terminal amino acid
sequence of the purified enzyme were designed. Using these
primers, a DNA fragment contained in the KGP-encoding
gene was amplified from total P. gingivalis DNA. After 40
cycles of amplification, PCR products were cloned into the
pT7Blue(R) plasmid. A 69-bp fragment containing the
sequence corresponding to the NH,-terminal amino acid
sequence of the enzyme was obtained and used for initial
screening of the total P. gingivalis DNA,

As shown in Fig. 1, Southern blot analysis revealed that
the radiolabeled 69-bp fragment and the synthesized 25-bp
oligonucleotides labeled by fluorescein-11-dUTP hybrid-
ized with each blot of the total P. gingivalis DNA digested
with BamHI, Bglll, EcoRI (Fig. 1A), Sacl, Sphl, EcoRV,
Nrul, Poull, Scal (Fig. 1B), BamHI, EcoRI, HindIII,
BamHI- EcoRI, and BamHI- HindIII (Fig. 1C) to give single
major bands. Of these restriction enzymes, EcoRI, EcoRV,
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Fig. 1. Southern blot analysis of the genomic DNA of P.
gingivalis probed with the KGP-specific DNA fragment and
oligonucleotide. The P. gingivalis DNA was digested with BamHI
(lane 1), Bgll (lane 2), EcoRI (lane 3), Sacl (lane 4), Sphl (lane 5),
EcoRV (lane 6), Nrul (lane 7), Puull (lane 8), Scal (lane 9), BamHI
(lane 10), EcoRI (lane 11), HindIII (lane 12), Kpnl (lane 13),
BamHI-EcoRI (lane 14), and BamHI- HindlII (lane 15). The digests
were separated by agarose gel electrophoresis and transferred to a
nitrocellulose filter, followed by hybridization with the **P-labeled
69-bp fragment encoding a portion of KGP (A and B) and the
fluorescein-11-dUTP-labeled synthesized 25-bp oligonuclectide, 5'-
CCACAGGGTGGACAGCATTGGATGC-3’ (C).
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and BamHI- HindIIl were selected and used for construc-
tion of the partial P. gingivalis library. Two hundred
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thousand clones of the P. gingivalis DNA library from
EcoRI and EcoRV, and 36 colonies of the P. gingivalis DNA
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Fig. 2. Restriction enzyme map and nucleotide sequencing
strategy for the KGP-encoding gene (kgp). Representative restric-
tion gites are shown on the top. The sequencing strategy is summarized
on the bottom. The hatched bar represents the predicted open reading
frame. The horizontal arrows indicate the direction and extent of
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sequences determined. pNKI, pNKV, and pNKBH are single DNA

clones with 2.7-, 5.5-, and 5.0-kbp DNA inserts, respectively. A, Accl;

B, BamHI; H, HindIll; He, Hincll; K, Kpnl; P, Pstl; Rl, EcoRI; RV,

EcoRV; S, Smal.

TTTTTGTTTTTTTAACCCGGCCATAITTCTCTGAATCACGACCATAMTTGTTTTAAAGTATGAGGAMTTAT TAT TGO TGATCGCARCITCCCTTTTOOGAITTGGTCTTTACGOCC AN 120

WWNWWMAWWMT

*»*« N R X L L L L I A A S L L GV G L Y A Q 20
TGAAGTCGAGCTGACAAAGGTGGAGACCAAA 240
F NEV ELTZKV ETK 60

A K I
GGTGGTACTTTCGCCTCAGTGTCAN
G 6T F A S V 5 1

ACCGAGCAAGTTT.
RV X S FTEGQUV Y

AATGCTGCTGCTTA AGAAN

TOCACGCAAAGGTTTTGTCGGACAAGAACTGACCCAAGT. TGTTGGOGACAATGCGTOGTGTTCGCA'
N A A A Y ARKGPF UV GQ ELTAGQV EMTULSGTMHRTGV R I

GTOGTTGCAAACCAATTGAAGGTTAGAAACAACATCGAAATTGAAGT:
VV ANQLKV RNNTIE!I

AGCTTCAAGCAGTTCGA'
K L DA PTTRTTT CT®NW NGSUPFEKOQT?PFDA ASTF S8

TTCCCGACCGGTGAGGTTAGTTCTCCCGAAGTGCCAGC,
P GA F PTGEV G S PEV PAV RKTLTI

AAGCTTTCAAGGAGCTGA
EV S P QGADTETVA ATG QR RTILTYTDASTF

AGTTAGGAAGTTGATTGCTGTGCCTGTCGGAGCCACACCTGTTGTT 160
AV PV G AT PV YV 100

TACGGTTCCGAAAMACTCATGCCACATCAACCCTCTATGAGCAAGAGTGATGATCCCGAAAAGGTTCCCTTCGTTTAL 480
S LN QY GG s E X L M P HOQPS M S5 K S DDUPEKUVPVF VY 140

TTGCAGCTCTTACCATTAATCCTGTTCAGTATGAT 600
AALTTINZPVQYTD 180

TGAAGTAGCTACACAACGTTITUTATGATGCTTCTTTTAGCCCTTATTTCGAAACA 720
5 P Y F ET 220

QCTTATAMCAGCTCTTCAATAGAGATGTTTATACAGATCATGGCGACTTGTAT AATACGCCGETTCGTATGCTTGTTATTACAGETGC AMMATTC AAMGAMICTCTCAAGCCTTGGCTC 240

A Y XK QL

F NR DV Y TDUHGGDLYNTUPVRMXKLVV AGAIKTFIEKEA AWTLIZEKU®PUWIL 260

TGTGCATTACACAGACGAAGCTGAAGT.

ACTTGGAAGGCTCAAAAGOGCTTCTATCTGGA' 'AGGAACGAL.
T ¥ X A Q K GG F YL DV HY TDUEA ADLZEVGT TN - ASTSI

AAACGCCTCTATCAAGGCATTTATTCACAAGAAATAC AATGATOGATTUGCA 960

K A P I H KK Y NDGUL A 300
GCTAGTOCTGCTCCGGTCTTCTTGGC TTTOGTTGGTGACACTGACGTTATTAGCGGAGAAAAAGGAAAGAAAC AAMAAAAAGTTACCGACTTGTATTACAGTOCAGTCGATGGCGACTAT 1080
A S A APV F L ALVGE@DTDVWV11 S GEKGXKIKTUZEKIZ KV TDILYY S AV DGTUDY 340

TTCCCTGAAATGTATACTTTCCGTATGTCTGCTTCTTCCCCAGAAGAACTGACGAACA'
F P EM Y T F R ¥ S A 5§ 5 P EELTNTII

TCATTGATAAGGTGTTGATGTATGAAAAGGCTACCATGCCOGATAAGAGCTATTTGGAAAAG 1200
D K VL HMKHYEKATMHENZPDIK S Y L EK jso

GCCCTCTTGA' 'ACTGGAATCCTAAGATAGGCCAGCAAACCATCAAATATGCTGTACAGTATTACTACAATCAAGATCATGGCTATACAGATGTCTACAGTTAC 1320
AL L I AG A DS Y WNUPIKIGOQOQOTTIKYAV QY Y YN NA QDMHOGYTDUVY s Y 420
CCTAAAGCTCCTTATACAGGCTGCTA' AG'TCACI'ICAA 'ACCOGTGTCGACTTTGCCAACTATACAGCGCATGGATCTUAGACATCATOOGCAGATCCGTCGCTGACCGCCACTCAAGTG 1440
P X AP YTGOCY S L NT GV GP ANYTAHGSET S W ADUPSLTATOQUV 460

AAAGCACTCACAAATAAGGACAAATACTTCTTAGCTA'
K A L TNIKDIKYT F L AI

GCTTATOCCTATATCGGTTCATCTCCGAATTCTTATTUGAGCGAGGACTACTATTGGAGTUTCGGTGCTAATGCCGTATTTOGTGTTCAGCCTACTTTTGAAGGT:
Y W G E D Y Y W S V G ANAV PF @V QPT VT EGT S M G S 540

A Y A Y I G S 8 P N s

TTGEGAACTGCTGTUTTACAGCTCAATTCGATTATCCACAGCCTTOCTTTOGAGAGGTAATGACTCGTUTCAAGGAGAMAGGT 1560
G NC CV TAOQTPFDYUPQZPCTFGEVMXXTRUVIKTEIKSEG 500

'ACGTCTATOGGTTCT 1680

TATGATGCTACATTCTTGGAAGATTCGTACAACACAGTGAATTCTATTATGTAGGC AGCTAATCTTGCCOCTACTCATGCTGGAAMATATCOGCAATATTACCCATATCGOTGCTCATTAC 1800

Y DATUPFLEDS Y NTUVHNSTITITMMWAGNTULALATUHAGNINTIGNTITHTIGAHRZY 580
TATTOOGAAGCTTATCATGTCCTTOGCGATGE TTCGUTTATGCC T PATCGTGCAATGCCTAAGACC AATACTTATACGCTTCCTGC TTCTCTACCTCAGAATCAGOCTTCTTATAGCATT 1920
Y W E A Y HV L GD G S V HPYRAMNXKZPIEKTNTTYTIULUPASTULUPOQNUQANSYSI 620

CAGGCTTCTGCCGUTTCTTACGTAGC TATTTCTAAAGATGGAGTTTTGTA’
Q A S A G 5 Y V A

$s K DGV LY G TG V A

AATGCCAGCGGTUTTOCGACTGTGAATATGACTAAGCAGATTACOGAAAATOGT 2040
H A S GV ATV NMXHTIKUOQTITENSG 660

AATTATGATGTAGTTATCACTCGCTCTAATTATCTTCCTGTGATCAAGC AAATTC AGGCAGGAGAGCCTAGCCCCTACCAGCCTGTTTCCAACTTCGACTOCTACAACGCAGGGTCAGAAA 2160

N Y DV V I TR S§NYLZPUV I KZGQI

GTAACGLTCAAGTGRGA
v T

P:S A K K A E A S R

Q AG E P S P Y Q P V 8 N

LTATTO QG QK 700

Fig. 3 (Continued on next page)
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library from BamHI-HindIll were screened and single
positive clones of 2.7, 5.5, and 5.0 kbp were isolated (Fig.
2).

DNA Sequencing and Structure Analysis—Figure 2
shows the restriction map and sequencing strategy of the
isolated DNA. The nucleotide sequence of the DNA and the
deduced amino acid sequence are shown in Fig. 3. The
regions covering 6.4 kbp were sequenced. The nucleotide
sequence (6,366 nucleotides) includes the complete coding
region and parts of the 5- and 3'-noncoding regions. The
open reading frame consisting of 5,169 nucleotides was

K. Okamoto et al.

found to encode 1,723 amino acid residues with a calculated
mass of 218 kDa. The peptide sequence determined for the
purified enzyme is identified in the predicted sequence (Fig.
3), confirming that the isolated DNA is the gene for KGP.

The deduced amino acid sequence suggests that the first
22 amino acid residues containing a hydrophobic amino acid
cluster may represent a signal peptide. The hydropathy of
the NH,-terminus of the precursor is high enough for it to
function as a signal sequence translocating the protein
across the membrane (not shown). The next 206-residue
sequence is considered to be an NH,-terminal propeptide,

GAAQGT. 'ACGATCGAACCTGCAAACGATGTACGTGOCAACGAA 2280

E VvV K R G DGL F V TIE EUPANDVRANE 740

'ATOGGGAGACAATACGGUTTACCAQTTCT TGTTOGATACCGATCACAATACATTCOGAAGTGTCATTCCGACAACCOGTCCTCTCTTTACC 2400

HNTTPF G S8 VI P ATG TP L FT 700

GGAACAGCTTCTTCCAATCTTTACAGTGCGAACTTCGAGTATTTGATCCCOGCC AATOCCGATCCTETTGTTACTACACAGAATATTATOGTTACAGGACAGGUTGAAGTTGTAATCCCC 2520
g T A 58 §$ NL Y 58 A NTEYULTIUPANAD®PVVTTOGQNIIUVTOGU QQGTEVV IFP 820
GGTOUTGTTTACGACTATTGCATTACGAACCCGGAACCTAGCATCCGGAAANGATATOGA TORC AGGAGA TGGAGGCAACCAGCCTOCACGTTATGACGATTTCACATTCGAAGCAGGCAANG 2640
G G VY DY CI TN UP®PEUDPASGIKMKU®W I AGDG GNUOQPARTYUDUDTE?PTT EPEALGHK 960

AAGTACACCTTCACGATGCGTCOCGCCGGAATGCRAGATOGAM TGATATUGAAGTCGAAGACGA' A TCCAGGAA 2760
K Y T F TMHRRANAGMGD GG TDMXEV EDDS P A 5 T Y K Ij Q E 9500

AGCTGCAGRCAATCATGAGTATTGOGTOGAAGTT,

TCTCCGAAGGTATGTAARGACGTTACGGTAGAA 2880

OGTCTGACGGCTACGACATTCGAAGAAGACGGTAT: 'AAGTACACAGCCGGCGTA
6 L T A T TP EZEDU GV A AGNMHTEUY CVEV K YT AGV S8 P KV CKUDVTVE 940

GGATCCAATGAA'

3000

TTTGCTCCTGTACAGAACC TGACOGGTAGTOCAGTCGRCCAGAAAGTAACGLTTAAGTHGGA TAC AL GTAATGGTACCCCAAATCCGAA TCCGAATCOGAATCOGGGA
G S N EF APV QNULTGS AV GQKVTITH(HR Y ¥ $k39:NGTUPNZPNZPNTPINTPG 980

TCGA'

ACAAT 3120

ACAACAACACTTTCCGAATCATTCGAAAATOGTATTCCTGCCTCATOGAAGACGA' TGCAGACGGTGACGRGCATGECTGGAACCTUGAM TGCTCCCAGAATCGCTGOCT:
T T T UL $ B S P EN G 1 P A S§ WK T I DADGUDUGHUGGWEK P GNAPGTIAGOGTYN 1020

AGCAN ATATTCAGAGTCA' ATAGGAGTTCTT.

ATCTGATAACACCOGCATTGGATTTGCCTAACGGAGGTAAGTTGACTTTICTOG 3240

TTOGGTCTTOGTOGT. 'ACCCCTGACAACT.
$ N @ CV Y s BE S8 GL G GI1IGVLT®PDNYTLTITZ®P?PALUDTLU?PNGSGHXKTLTUFW 1060

GTATGOGCACAGGATGCTAATTATGCATCCGAGCACTA'
V CA QDA ANZYA S B HY AV

ATTCGTGGTAGTATACAGGGT.

TOCATCTTCGACCOGTAACGATGCATCCAACTTCACGAATOCTTTITTOGAAGAGACGATTAOGGCAAAAGGT 3360
A § 8§ T G NDASNUFTNALILETZETTITAIKSG G 1100

TATGTTC 34860

GTTCGCTCOOCGGAAGCT., 'ACTTOGCGCC AGAMACGGTAGACCTTCCCACAGGETACGAAATATGTTOCTTTCCGTCACTTCCAAMGC ACGGA’
VR S P EA I RG S I QG TUWUROQKTVDULU®PAGTUZKTZ YV A F RHTFOQSTUDMXTFP 1140

TACATOGACCTTGA'

'ACTCN TOGACTACTATCGATGCCGAT 3600

TGAGGTTGAGATCAAGGCCAATOGC AAGCECGCAGACTTCACGGAAACGTTCGAGTCTTCT: \TOGAGAGGCACCAGCGGAA'
Y I pL DEV ET1 KANGI KR RADTFTUETT?'?E S S§THGZ EBAPALEWMWTTTIDATD 1180

TAAC 3720

GGCGATGGTCAGGATTGGCTC TUTC TG TCTTCOGGAC AATTOGAC TGGC TAACAGCTC ATOGCGGCACCAACGTAGTAGCC TCT TTC TCATOGAATOGAATAGC TTTGAATCCTGA'
G D G Q D W UL CUL S S G QL DWULTAHG GG GTNUVVAST S8 WNUGMKAMLMTLNUPTIDN 1220

TATCTCATCTCAAAGGATGTTACAGGCGCAACGAAGGTAANGTACTACTA'

TCACTATGCGGTGATGATCTCCAAGACOGRCACGAACGCCGGA 3840

TACAGTCAACGACOGTTTTCCCGOOGA
Y L I 8 KDV TGATI KU VIXYYYAVND DG GT?PUPOGDHTYA AV XIS KT GTNAG®G 1260

TAAAT.

'ACGGTA 3960

GACTTCACGGTTGTTTTCGAAGAAACGCCTAACOGAA' 'AGGOCGRAGCAAGA TTCUGTCTTTCCACGGAAGCCAATOGCGOCAAACCTCAAAGTGTATGGATCGAGCGT.
D P TV VP EETU®PNUGTINTIEKG GG GARTPGLSTZEANUGAIK?POQSV W I ERTUV 1300

GATTTICCTECGIGCACGAAGTA'

TTTGAACTACATTCTTTTOGATGATATTCAGTTCACCA'

TTAT 4080

TGTTOCTTTCCUTCACTACAATTOCTCUGA’ TAOGTOGCAGCCCCACCCOGACCGA
DLPAGTKYVAPRHYNCSDLNYILLDDIOPT)IGGSPTPTDIS 1340

\TCAAGGAAGITCTGACCGAAACGACCT TOGAMAMACGICATACCT. TAAGTATTOCGTOGAAUTGAAGTACACAGCC
T Y T VY R DG T K K BE G L TZE®ETTTFEEDGVATU GNU HZEBEYZ CUVEVEKTYTA 1380
AAAGAACCTGAAGGCACAACCOGATOGCIGCGACGTOGTTCTCAAGTOGGAAGCCCOGAGT

QQOTTA AACTATTAATOCGACTCAGTTCAN

TCTCCGAAGGTGTGTGTAAMCGT. 'TCCTOT. h
G V 8 Pp K VCV NV TINUPTAGQTPNUPVI KNTLIEKAQPDGGDUVYV

'ACOGGCAATCA’ 4200

4320
1420

"AATAACTOGGATATCACOCTCAATGAATTTACG 4440

GGCAAACGAGGAGAACTACTTAATGAAGATT T TGAAGGAGACGC TATTCCCACAGGGTOGAC AGC ATTGGATGCCGATOGTGACGGT,
G K R G B L L NEDTFBE G DA ATIPTGWTALTUDADG GDUGGNNUWDTITULNETT 1460

CGAGGAGAGCGTCATGTTCTT TCACCTTTACGOGRCCAGCAACGTAGCCATATCC TATTC TTC TT TACTTCAGGITCAAGAATAT TTGCCTCTCACGCCGAACAACTTTCTGATCACTCCG . 4560
R G ERHVL S PLRASNVAISYS S SLL QGOQREZETYULUPLTUPNNYLTITTP 1500

TTACTTA

TGGAGTCATGATCATTATGCACTCTGTATCTCCAAGAGCGGAACGGCTUCAGCCGACTTCGAA 4680

AAGGTTGAAGGAGCAAAGAAGA' TAAGGTGOGTTCACCOGGTCTTCCTCAA
K VE G A KK I T YKV G 8P GLP QW S5 HDUHYALTECTISUEK S GTAAADTFTE 1540

GTAATCTTTGAAGAAACGA

TATGTCOGCTTTCCGTCATTACAATTGCACGGATGTTCTG 4800

TGACCTACACTCAAGGAGGAGCCAACTTGACAAGAGAAAAAGACCTCCCTGCCGRACACGAAR'
v 1 r EETMHKTZYTOQGGANTILTH REBEKUDULZPAGTI KTYUVATFRHYNTCTUDUVL 1580

T 4920
1620

GCAGGAATGAGTACACAATCTCATGAGTATTGOUTAGAGGTTAAGTACGCAGCCAGCGTATCTCCGAAGGTTTGTATGGA’
A G M S AQSHEYCVEVEKYAAGYVYV S8 PKVCVDYTIPDOGV ADVTHAMNOQK 1660

CCTTACACGCTGACGGTTGTAGGAAAGACTATCACGGTAACTTGC CAAMGGCGAAGCTATGATC TACGAC ATGAACOGTCGTCGTC TAGC AGC GGETCGCAAC ACOGT TG TT T
Y DM RGRUERULAAGRNTVVYTA 1700

PYTLTVV G EKTTITUVTCOQGTEAMHNI1I

CAGGOOGGCTACTATGCAGTCA’
Q G G Y Y AV XK V V V DG K $ Y V E K L A

Fig. 3. Nucleotide and deduced amino acid sequences of the
kgp gene. Nucleotides and predicted amino acids are numbered on the
right. Amino acids are shown in the single letter code. Panel A shows
the region including the signal peptide, the NH,-terminal prosequence
and the proteinase domain, and panel B represents the COOH-termi-

TTATATTCCTGATGGAGTGOCAGACGTAACTGCTCAGAAG 5040

5160

TCAAGTAATTCTGTCTTOGACTCOGACTTTGOGCAGCACTTTAAAAGGCTUTATOCT 5280
.

K 1723

nal hemagglutinin region. Amino acid sequence determined by Edman
degradation of the purified enzyme is indicated by underlining.
Shadows and boxes indicate the sequence repeats of LKWD(or E)AP
and YTYTVYRDGTKI, respectively. The translational initiation and
termination codons (TAA) are indicated by triple asterisks.
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Fig. 4. Structural similarity be-
tween the kgp gene of strain 381

L L2
Catien 3 Z i N
B

kgp of strain 381

rgp1 of strain H66 i

Y

and the rgpl gene of strain HG8.
Nucleotide sequences of the kgp and
rgpl genes were divided into eight
portions based on the similarity in
sequences and lengths between the
two genes (A, the nucleotide number
60-2100; B, 2101-2166; C, 2167~
2718; D, 2719-2943; E, 2944-4077;
F, 4078-4299; G, 4300-4851; H,
4852-5229). The A region includes
the signal peptide, the NH;-terminal

prosequence, and most of the proteinase domain. The A and G regions of the kgp gene were different from the corresponding regions of the rgp!
gene, whereas more than 94% nucleotide sequence identity was observed in the regions B, D, E, F, H, and 33 bp after the terminal codons
between the two genes. The amino acid sequences of the C regions of kgp and rgpl exhibited moderate similarity (42% identity).

TABLE I. Similarity of the D and F regions of kgp and rgpl.
The upper right and lower left parts show the identity (%) in
nucleotide and amino acid sequences, respectively. The identity was
determined by using Gene Works software (IntelliGenetics).

TABLE II. Similarity of the C and G regions of kgp and rgpl1.
The upper right and lower left parts show the identity (%) in
nucleotide and amino acid sequences, respectively. The identity was
determined by using Gene Works software (IntelliGenetics).

kep(D) kgp(F) rgpl(D) __ rgpl(F) kgp(C) kgp(G) plC)  repl(G)
kgp(D) = 76 98 76 kep(C) = 48 34 99
kep(F) 72 - 74 97 kep(G) 19 - 34 39
rgp1(D) 96 5 — 73 rgp1(C) 42 15 - 24
rgp1(F) 71 97 74 — rgp1(G) 98 20 42 —

because the sequence is followed by 25 amino acid residues
identical with the NH,-terminal sequence of the purified
enzyme. The amino acid sequence of the mature enzyme
was found to start with the 229th Asp residue and to end
with the putative site of the 717th Arg residue. The
remaining COOH-terminal portion is thought to be the
COOH-terminal prosequence, which contains the hemag-
glutinin-related sequence starting with the 738th Ala
residue, identical to the NH,-terminal sequence of P.
gingivalis hemagglutinin (26, 33, 34). Interestingly, the
COOH-terminal region of KGP precursor contains three
direct repeats of two different amino acid sequences,
LKWD(or E)AP and YTYTVYRDGTKI. Thus, it is most
likely that the precursor of KGP consists of at least four
domains: the signal peptide, the NH,-terminal prose-
quence, the proteinase domain, and the COOH-terminal
hemagglutinin domain.

A comparison of the amino acid sequence of KGP with
sequences of other proteins in the GenEMBL Sequence
Data Library and the SwissProt Protein Sequence Data
Library revealed that the sequences of the proteinase
domain and the NH,-terminal prosequence had no signifi-
cant similarity with any other protein sequences, whereas
the sequence of the COOH-terminal region exhibited
significant similarity to those of RGP (24, 35) and PrpRI
(34). 1t 18 of special interest to note that the three direct
repeats of two different amino acid sequences, LKWD(or
E)AP and YTYTVYRDGTKI, observed in the COOH-ter-
minal region of KGP precursor were present in the COOH-
terminal region of RGP-1 (35). To compare the nucleotide
sequences of the kgp and rgpl genes and their deduced
amino acid sequences precisely, kgp was divided into eight
regions (Fig. 4) based on the similarity to rgpl. The A
region of kgp, which was composed of the signal peptide, the
NH;-terminal domain, and most of the proteinase domain
region, did not resemble that of rgpl, despite the similarity
in the length of both regions. On the other hand, there was

Vol. 120, No. 2, 1996

TABLE ITI. Proteolytic activity in the culture supernatants
from single and double knock-out mutants. KDP110 and
KDP111 are single knock-out mutants. KDP112 is a double knock-out
mutant.

Proteolytic activity (%)
Boc-Val-Leu-Lys-MCA  Boc-Glu-Lys-Lys-MCA

ATCC33277 100 100

KDP110 213 30.2
KDP111 29.0 39.0
KDP112 19.1 24.4

close similarity (more than 94% identity) in nucleotide
sequence between the other regions (B, D, E, F, H, and 33
bp after the terminal codon) of kgp and rgpl. In addition,
the D region was similar to the F region in both nucleotide
and amino acid sequences (Table I). The nucleotide se-
quences of the C regions of kgp and rgpl were not similar
to each other, but exhibited moderate similarity in amino
acid sequence (42% identity), while the nucleotide and
amino acid sequences of the G regions of the two genes were
not similar (Table IT). Surprisingly, the C region of kgp
shared extremely high similarity (99% identity) in nucleo-
tide sequence with the G region of rgpl.

Proteolytic Activity of KGP in RGP-Deficient Mutants—
To examine the effect of disruption of the rgp gene on the
translocation and activity of KGP, we constructed rgp
knock-out mutants by using suicide plasmid systems which
contain an internal DNA region of the rgp gene, as previ-
ously described (25), and measured the KGP activity in the
supernatants of the respective mutants by using two
synthetic substrates. As shown in Table II1, in either rgpA-
or rgpB-deficient single knock-out mutants (KDP110 and
KDP111, respectively), the KGP activity in each super-
natant was greatly decreased to 30-40% of the supernatant
of the wild-type ATCC33277 strain. The KGP activity was
more efficiently reduced in the rgpA rgpB double mutant
(KDP112) than in the single mutants. These results indi-
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cate that RGP is involved in the processing and transloca-
tion of KGP precursor in the cell.

DISCUSSION

The potential role of the proteolytic activity produced by P.
gingivalis as a virulence factor has led to much work on the
isolation and biological roles of the enzymes involved. Of
these, the lysine-specific cysteine proteinases and the
arginine-specific cysteine proteinase RGP are considered to
be major etiologic enzymes of P. gingivalis because of their
abilities to degrade various physiologically important
proteins (13, 22). However, much of the data on these
proteinases with regard to molecular mass, agsociation with
hemagglutinin activity, substrate specificity, and sensitiv-
ity to various protease inhibitors is ambiguous. Recently,
Potempa et al. (36) reported that the single enzyme KGP is
responsible for the trypsin-like activity with lysine-X
specificity associated with this organism. Although partial
NH;-terminal amino acid sequences of its fragments have
been presented (26), little is known about the gene for
KGP. In this paper, we present for the first time the
complete sequence of the cloned gene for the lysine-specific
cysteine proteinase KGP from P. gingivalis. The initial
translation product is a large precursor, which is composed
of four functional regions (the signal peptide, the NH,-ter-

minal prosequence, the mature proteinase domain, and the
COOH-terminal hemagglutinin domain). Since the secret-
ed proteinase is devoid of the signal peptide, the NH,-ter-
minal prosequence, and the COOH-terminal hemagglutinin
region, the initial precursor is found to be completely
processed before or just after secretion from the cell into
the culture medium. The signal peptide is thought to be
essential for the inner membrane transport of the organ-
ism. The NH.-terminal prosequence is assumed to stabilize
the proprotein structure during transport. Since the
COOH-terminal region contains amphipathic A-sheet
structures interspersed by hairpin turns and loops, as
revealed by the method of Chou and Fasman (37), and since
such characteristic structures have also been shown in the
COOH-terminal prosequence of other extracellular pro-
teases from Gram-negative bacteria such as Neisseria
gonorrhoeae (38, 39), Serratia marcescens (40), and
Thermus aquaticus (41), and suggested to contribute to
secretion through the outer membrane, this region may be
important in translocating the proenzyme across the outer
membrane, besides its association with hemagglutination.
At present the precise active site cysteine residue of KGP

K. Okamoto et al.

remains to be established. However, considering that the
structural feature of each domain of KGP is basically
similar to that of the counterpart of RGP and that the
reactive cysteine residue of RGP is assigned to Cys*™
(numbering according to Ref. 24) based on the structural
similarity to the active site region of clostripain (24), or
more directly by labeling the active site cysteine residue
with Na-acetyllysine chloromethyl ketone (42), the puta-
tive active cysteine residue of KGP may be Cys*’” or Cys*’®.

Although both the NH,-terminal prepropeptide and the
COOH-terminal propeptide were eliminated from the
initial product during its transport to form the mature
enzyme, the enzyme(s) responsible for this processing are
not precisely known. However, we have recently reported
that RGP is a processing proteinase responsible for the cell
surface proteins, such as fimbrilin and the 75-kDa protein
(43), and RGP itself (24). Taken with this finding, the
observation that the proteolytic activity of KGP was
markedly decreased in the culture media of the RGP-defi-
cient mutants strongly suggests that RGP is closely related
to the processing and secretion of KGP.

Another striking structural feature of KGP is found in
the COOH-terminal region, in which there are three direct
repeats of the two different sequences LKWD(or E)AP and
YTYTVYRDGTKI. These two sequences are also found in
the COOH-terminal region of the rgp genes (rgpA, former-
ly agp, of strain 381 and rgpl of strain H66) (24, 35).
Although the rgpA gene of 381 (24) is apparently homol-
ogous to the rgp1 gene of H66 (35), there is a significant size
difference in the COOH-terminal region between the two
genes. The rgpl gene of H66 has the same three direct
repeats of the two different sequences as the present kgp
gene, whereas the rgpA gene of 381 is devoid of two of the
three repeats (Fig. 5). Several genes, including prtH of
W83 (44), rgpA of 381, rgp1 of H66, prtR of W50 (33), and
prpR1 of W50 (34), for arginine-specific cysteine protein-
ases associated with the organism have been described so
far. Thus, the reason for the size difference in the COOH-
terminal region between rgpA of 381 and rgp1 of H66 is not
known at this time. It may be due to strain differences or
cloning artifacts.

Comparison of the nucleotide sequences of kgp and rgpl
revealed that the nucleotide sequence ranging from the B
region to the site located 33 bp downstream of the terminal
codon, except for the C and G regions, is almost identical
between kgp and rgpl. Recombinational rearrangement
such as transposition or gene conversion may have occurred
in this nucleotide region between kgp and rgp1. At least two

c Fig. 5. Comparison of the

preproprotein structure of
KGP encoded by kgp gene of

\\
NG

AN

kgp-gene product of strain 381

[ RO

e e e et e e s |

strain 381 and the precursor

rgpA-gene product of straln 381

structures of RGP encoded by
rgpA of strain 381 and rgp1 of
strain HB66. The proposed do-
main structures of KGP of 381
were compared with those of the
gene products of rgpA of 381 and

rgp1-gene product of strain H66

rgpl of HE6. S, signal peptide;
N, NH,-terminal prosequence;

M, mature proteinase domain; C, COOH-terminal prosequence. The arrowheads and asterisks mdlcate the repeated sequences of LKWD(or E)-
AP and YTYTVYRDGTKI, respectively. A part of the COOH-terminal prosequence of KGP as well as the rgpI gene product is missing in the
COOH-terminal prosequence of the rgpA gene product, which is marked by dashed lines.
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other DNA regions on the P. gingivalis chromosome share
homology with this region (25). Therefore, these DNA
regions may also have taken part in this recombinational
event. In addition, it is possible that these homologous DNA
has been supplied from the chromosomal DNA of other P.
gingivalis cells (horizontal gene transfer). The C region of
kgp has very close similarity in nucleotide sequence with
the G region of rgpl. This result strongly suggests that
recombinational shufiling has taken place between these
regions. We found that each of the two direct repeats was
located at each end of the C and G regions. These nucleotide
repeats may have assisted in this rearrangement.

Although we cannot determine whether these recombina-
tional events have been generated through intrachromo-
somal rearrangement or interchromosomal rearrangement
by horizontal gene transfer, we tend to consider that gene-
conversion type intrachromosomal rearrangement ac-
counts for these events since there has been no report
concerning natural transformation in P. gingivalis and since
gene-conversion type recombination in P. gingivalis has
been observed in a previous study (45). Gene conversion
with respect to bacterial pathogenesis has been found in the
pilin of Neisseria gonorrhoeae and the variable major
protein of Borrelia hermsii (46, 47). Antigenic variation of
the proteins of these bacteria, which is caused by gene
conversion, provides them with the advantage of protection
from immunological challenge by their hosts. Therefore, it
is of particular interest to determine whether the recom-
binational rearrangement of the kgp and rgp genes encoding
major cysteine proteinases of P. gingivalis contributes to
its virulence.
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