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In order to examine the potential role of bacterial collagenases in periodontal tissue destruction, we recently
isolated a gene, prtC, from Porphyromonas gingivalis ATCC 53977, which expressed collagenase activity (N.
Takahashi, T. Kato, and H. K. Kuramitsu, FEMS Microbiol. Lett. 84:135-138, 1991). The nucleotide
sequence of the gene has been determined, and the deduced amino acid sequence corresponds to a basic protein
of 37.8 kDa. In addition, Southern blot analysis indicated that the prtC gene is conserved among the three major
serotypes of P. gingivalis. The enzyme has been purified to near homogeneity from Escherichia coli clone NTS1
following Mono Q anion exchange and sequential gel filtration chromatography. The molecular mass of the
purified enzyme was estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis to be ca. 35 kDa,
and the active enzyme behaved as a dimer following gel filtration chromatography. The collagenase degraded
soluble and reconstituted fibrillar type I collagen, heat-denatured type I collagen, and azocoll but not gelatin
or the synthetic collagenase substrate 4-phenylazobenzyloxycarbonyl-Pro-Leu-Gly-Pro-p-Arg. Enzyme activity
was enhanced by Ca’* and inhibited by EDTA, sulfhydryl-blocking agents, and the salivary peptide histatin.
Preliminary evidence for the existence of a second collagenase expressed by strain 53977 was also obtained.

Porphyromonas gingivalis, a gram-negative anaerobic
rod-shaped bacterium, has been isolated from the lesions of
advanced adult periodontitis (35, 45) and has been implicated
as a periodontal pathogen (20, 38, 47). These organisms
exhibit a number of potential virulence traits, including high
proteolytic activity (15). The proteases from P. gingivalis
may degrade periodontal tissues (36, 40, 46) as well as
inactivate host defense mechanisms (6, 31, 43). Since type 1
collagen serves as a major supporting structure for the teeth,
it may be particularly relevant that these organisms exhibit
collagenase activity (10, 46). This activity appears to be
localized primarily in the membrane fraction of these organ-
isms (28), but the enzymes have not yet been purified to
homogeneity and extensively characterized. However, since
the collagenase activity detected in the gingival fluid from
diseased sites appears to be primarily of human origin (12,
15), there is no direct evidence that bacterial collagenases
play a role in periodontal diseases.

In order to investigate the potential role of P. gingivalis
collagenases in periodontitis, we have recently isolated the
prtC gene which expressed collagenase activity from P.
gingivalis ATCC 53977 (44). Although extensive biochemical
characterization of the collagenase activity from Clostridium
histolyticum has been carried out (32), little molecular ge-
netic characterization of the bacterial enzymes has been
reported. In contrast, both the isolation and sequence char-
acterization of a number of different eucaryotic collagenase
genes has been described (11). In addition, except for some
partial sequence data for a collagenase isolated from Vibrio
alginolyticus (9), no information is presently available re-
garding the nucleotide sequences of the bacterial enzymes.

In the present communication, we report the sequence
analysis and further characterization of a purified collage-
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nase expressed from the prtC gene of P. gingivalis. To our
knowledge, this information represents the first report of the
complete sequence of a bacterial collagenase gene. These
results are discussed in light of the potential role of the
collagenase in P. gingivalis virulence.

MATERIALS AND METHODS

Bacteria and growth conditions. Escherichia coli NTS1
containing plasmid pS1 was grown and maintained in LB
broth supplemented with ampicillin (50 pg/ml) at 30°C as
previously described (44). P. gingivalis strains were main-
tained anaerobically on blood agar plates containing myco-
plasma broth (BBL Microbiology Systems, Cockeysville,
Md.) supplemented with 1.5% agar, 10% sheep blood, hemin
(5 pg/ml), and menadione (1 pg/ml). P. gingivalis strains
were grown anaerobically in mycoplasma broth supple-
mented with hemin (5 pg/ml) and menadione (1 pg/ml).

Nucleotide sequencing of the prtC gene. For nucleotide
sequence determination, overlapping DNA fragments from
plasmid pS1 were subcloned into M13 mp18 and M13 mp19.
Single-stranded template DNA was isolated by the proce-
dure of Messing (23). To sequence the promoter region of the
prtC gene, double-stranded pS1 DNA was used together
with synthetic oligonucleotide primers. Nucleotide se-
quences were determined for the M13 DNA inserts by the
dideoxy-chain termination method (30) with Sequenase ver-
sion 2.0 (United States Biochemical Corp., Cleveland, Ohio)
and standard M13 primers using [**S]dATP. Sequence anal-
ysis was performed with the IBI Pustell sequence analysis
program (International Biotechnologies, Inc., New Haven,
Conn.).

Southern blot analysis. For Southern blot analyses, chro-
mosomal DNA was digested with Clal and Pstl. After
electrophoresis on a 1.0% agarose gel, the separated DNA
fragments were transferred to nitrocellulose membranes by
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using the PosiBlot pressure-blotting system (Stratagene, La
Jolla, Calif.) and hybridized with biotin-labeled DNA probe.
The 1.9-kb Clal-HindIIl biotin-labeled DNA probe was
constructed by using the random primer DNA-labeling
method (3).

Northern (RNA) blot analysis. Total RNA from P. gingi-
valis ATCC 53977 was extracted with guanidium thiocyanate
and then subjected to ultracentrifugation in a cesium chlo-
ride solution (29). The isolated RNA was separated by
electrophoresis on a 2.2 M formaldehyde-1.0% agarose gel
and transferred to a nitrocellulose membrane by capillary
elution. The ECL direct nucleic acid labeling and detection
system (Amersham International plc, Amersham, United
Kingdom) was used to identify the RNA fragments. The
Clal-HindIII 1.9-kb DNA fragment from plasmid pS1 was
used as a probe. The blots were exposed on blue-light-
sensitive autoradiography film (Hyperfilm-ECL; Amersham)
for 3 or 4 h.

Purification of the prtC gene product. E. coli NTS1 was
grown overnight in 1.0 liter of LB broth containing ampicillin
(50 pg/ml) at 30°C. The harvested cells were washed with 50
mM Tris HCI buffer (pH 7.8) and suspended in 6 ml of the
same buffer. The bacterial cells were disrupted by sonication
and centrifuged to remove the cellular debris (44), and the
resultant crude extract was filtered through a Millipore filter
(pore size, 0.22 pm). The filtrate was injected into a Mono Q
anion exchange chromatography column for separation with
a fast-protein liquid chromatography system (Pharmacia-
LKB Biotechnology, Inc., Piscataway, N.J.). Elution with a
gradient of 0 to 1 M NaCl in 50 mM Tris-HCI buffer (pH 7.8)
was utilized to purify the collagenase. The active fractions
were then pooled and concentrated through a Centricon-10
ultrafilter (Amicon Corp., Danvers, Mass.). The enzyme
sample from the Mono Q column was next applied onto a
TSK-G3000SW gel filtration column. Collagenase-containing
fractions were pooled and concentrated by ultrafiltration.
The enzyme was reapplied to a TSK-G3000SW column, and
the active fractions were again pooled and used as the
purified enzyme.

Enzyme assays. Collagenase activity was determined by an
assay system using *H-labeled reconstituted fibrillar type I
collagen (specific activity, 0.020 GBq/mg; New England
Nuclear, Boston, Mass.) as described by the supplier. Incu-
bation was performed at 22°C for 3 h. In this system,
collagenolytic activity is monitored by quantitating the pro-
duction of soluble radioactive collagen fragments, which are
readily separated from undigested collagen fibrils by centrif-
ugation. Units of enzyme were defined by using the collage-
nase from C. histolyticum (315 U/mg; Sigma, St. Louis, Mo.)
as a standard. In addition, collagenase activity was assayed
as previously described (44) by incubating the enzymes with
type I collagen (Sigma) at 30°C for 24 h. Reaction mixtures
were then analyzed by 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) (19, 44). The
ability to hydrolyze azocoll and the synthetic collagenase
substrate PZ-PLGPA (4-phenylazobenzyl-oxycarbonyl-Pro-
Leu-Gly-Pro-p-Arg) were examined by utilizing standard
assay procedures (4, 48). Gelatinase activity was determined
by the X-ray film method (26).

Purified cystatin SA-I was obtained from M. J. Levine
(State University of New York, Buffalo), and histatin 5 was
obtained from Y. Kuboki (Hokkaido University, Sapporo,
Japan).

Nucleotide sequence accession number. The nucleotide
sequence of the prtC gene has been deposited in the Gen-
Bank data base and given the accession number M60404.
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RESULTS

Sequence analysis of the prtC gene. Recently, the prtC gene
coding for collagenase activity was isolated on a 5.9-kb DNA
fragment from P. gingivalis ATCC 53977 cloned into plasmid
vector pPL-lambda (44). Since deletion analysis and sub-
cloning indicated that the gene was located at one end of the
insert, overlapping DNA fragments from this region were
utilized to determine the nucleotide sequences of both DNA
strands. A single long open reading frame was identified in
this region (Fig. 1) which contained 1,002 base pairs (initiat-
ing at base position 85) coding for a putative protein with 333
amino acids (with a calculated molecular mass of 37.8 kDa).
Alternatively, initiation at base position 94 would yield a
slightly smaller protein with 330 amino acids. Either protein
would be relatively basic, with an estimated pI of 9.7 for the
larger protein.

A potential ribosome-binding site (34), AGGA, was iden-
tified starting at base position 80, but the actual sequences
for P. gingivalis binding sites have yet to be determined. No
sequences corresponding to E. coli promoter regions could
be identified upstream from the potential initiation codons
for the collagenase. However, fewer than 100 base pairs
have been sequenced upstream from the start of the preC
gene, since this gene is located at the extreme end of the P.
gingivalis insert in plasmid pS1 (see Fig. 3). A comparison of
the amino acid sequence of the P. gingivalis collagenase with
other proteins in the National Biomedical Research Founda-
tion data base did not reveal significant similarities with any
other protein sequence, including those of several eucaryotic
collagenases.

The presence of the prtC gene in other P. gingivalis strains.
In order to determine whether or not the pr¢C gene is unique
to strain 53977 or whether it is present in other strains of P.
gingivalis, Southern blot analyses of several other repre-
sentative strains were carried out utilizing a prtC probe.
Chromosomal DNA from strains of the three major sero-
types of P. gingivalis (7) (381 [serotype a], W50 [serotype b],
and 53977 [serotype c]) were cleaved with Clal and Ps¢I and
probed with a 1.9-kb Clal-HindIII fragment containing most
of the prtC gene and some downstream sequences (Fig. 2
and 3). The results demonstrated identical patterns for all
three strains. In addition, an avirulent mutant of strain W50,
WS0/BEL1 (14, 15), displayed the same two positive bands.
These results suggest that the prtC gene and the 3'-flanking
sequence are present in all three serotypes of P. gingivalis
and that DNA rearrangement of the prtC gene in mutant
WS0/BE1 is apparently not responsible for its avirulent
phenotype.

Identification of the prtC transcript. In order to determine
whether the prtC gene was transcribed as part of a polycis-
tronic mRNA or whether it was transcribed independently,
Northern blot analysis of mRNA extracted from strain 53977
was carried out with the 1.9-kb DNA fragment from plasmid
pS1 as a probe. The results (Fig. 3) indicated that the single
mRNA containing the przC transcript was approximately 4.4
kb in length. Since the prtC gene is approximately 1.0 kb in
length, this gene appears to be transcribed as part of a
polycistronic mRNA. It was not possible to determine the
start site of this transcript, since only a small portion of the
sequence upstream from prtC gene is presently available.

Purification and characterization of the collagenase ex-
pressed by E. coli NTS1. The collagenase activity present in
the cytoplasmic fluids from E. coli NTS1 was purified to near
homogeneity (Table 1). After passage of the crude enzyme
through a Mono Q anion exchange column, there was an
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10 20 30 40 50
* . - - *
GAT CTG TAC AAA ATA GCA GAG ATT TGC AGA GAT AAA GGC GTA AAG AGC TAT TTA ACG

60 70 80 90 100
M . Clar

* L] * —
GTG AAT ACC GTC ATA TAC GAC GAG GAC ATG ACA CTC ATG CGC TCC GTC ATC GAT GCG
Met Thr Leu Met Arg Ser Val Ile Asp Ala

120 130 140 150 160 170
* - * . - .
GCA CAA AAG GCA CAA ATA TCT GCC ATT ATA GCT TCC GAC GTG GCT GCG ATG ACG TAT
Ala Gln Lys Ala Gln Ile Ser Ala Ile Ile Ala Ser Asp Val Ala Ala Met Thr Tyr
180 190 200 210 220
* * - - -
GCC AAC GAG ATC GGA GTA GAA GTG CAT CTG TCC ACT CAG CTC AAT ATC AGC AAT GCG
Ala Asn Glu Ile Gly Val Glu Val His Leu Ser Thr Gln Leu Asn Ile Ser Asn Ala
230 240 250 260 270 280
* * - * * *
GAA GCC CTA CGC TTT ATC GCG CTT GCC ATG TGG TCG TAT TGG CAG AGA GCT GAA TAT
Glu Ala Leu Arg Phe Ile Ala Leu Ala Met Trp Ser Tyr Trp Gln Arg Ala Glu Tyr
290 300 310 320 330 340
- * - * - *
GGA TCA GGT ACG TAC AAT CCA CGA GAC CAT CGT CAG GGC CAT ATC TGT GGA CCT AAA
Gly Ser Gly Thr Tyr Asn Pro Arg Asp His Arg Gln Gly His Ile Cys Gly Pro Lys
350 360 370 380 390
- * * - *
GGC CAT CCC GTA CGT ATA GAG ATG TTC GCT CAC GGC GCT CTG TGT ATG GCC GTT TCG
Gly His Pro Val Arg Ile Glu Met Phe Ala His Gly Ala Leu Cys Met Ala Val Ser
400 410 420 430 440 450
- - * - * *
GGC AAG TGC TAT CTA AGC CTG CAC GAA CAC AAC ACG TCC GCC AAC AGA GGA GCC TGT
Gly Lys Cys Tyr Leu Ser Leu His Glu His Asn Thr Ser Ala Asn Arg Gly Ala Cys
BglII PstI 480 490 500 510
—— - * * *

GCG CAG ATC TGC AGG AGG GGC TAC ACC GTC AAG GAT AGC GGT CTG GAA CTG GAC ATT
Ala Gln Ile Cys Arg Arg Gly Tyr Thr Val Lys Asp Ser Gly Leu Glu Leu Asp Ile

520 530
2 3 Bgl1I 550 s60 570

GAG AAC CAA TAC ATC ATG TCG CCG AAA GAT CTG AAG ACT ATT CAT TTC ATC AAT AAG
Glu Asn Gln Tyr Ile Met Ser Pro Lys Asp Leu Lys Thr Ile His Phe Ile Asn Lys

580 590 600 610 620
* * * . -
ATG ATG GAT GCC GGC GTA CGA GTA TTC AAG ATA GAA GGA AGG GCA CGT GGC CCC GAA
Met Met Asp Ala Gly Val Arg Val Phe Lys Ile Glu Gly Arg Ala Arg Gly Pro Glu
630 640 650 660 670 680
- L] - . - -
TAC GTC TAT ACG GTC TGC CGC TGC TAC AAA GAA GCG ATC GAA GCC TAC TGC AAC GGC
Tyr Val Tyr Thr Val Cys Arg Cys Tyr Lys Glu Ala Ile Glu Ala Tyr Cys Asn Gly
690 700 710 720 730 740
* * - * * -
ACC TAT GAT GAA GAG TCC ATA GGC CGG TGG GAC GAA CAA TTG GCT ACG GTA TTC AAC
Thr Tyr Asp Glu Glu Ser Ile Gly Arg Trp Asp Glu Gln Leu Ala Thr Val Phe Asn
750 760 770 780 790
- - - * *
CGA GGC TTT TGG GAT GGC TAC TAC CTC GGA CAA CGG CTC GGC GAA TGG ACA CAT CGT
Arg Gly Phe Trp Asp Gly Tyr Tyr Leu Gly Gln Arg Leu Gly Glu Trp Thr His Arg
800 810 820 830 840 850
* - * * * -
TAC GGC TCA GGA CGT ACG CGA CAG AAA ACA TAT GTA GGC AAG GGA ATC AAA TAC TTC
Tyr Gly Ser Gly Arg Thr Arg Gln Lys Thr Tyr Val Gly Lys Gly Ile Lys Tyr Phe
BEO 0:0 ECoRI 520 920 910

AGC CGT CTC GGT GTG GCT GAA TTC GAG ATA GAG TCC GGC GAA CTG CAT ATA GGC GAT
Ser Arg Leu Gly Val Ala Glu Phe Glu Ile Glu Ser Gly Glu Leu His Ile Gly Asp

920 930 940 950 960
- - * * -
GAG ATT GTG ATC ACC GGC CCT ACT ACA GGT GTG ATC ATC CAA AAG GTG GAA GAG ATC
Glu Ile Val Ile Thr Gly Pro Thr Thr Gly Val Ile Ile Gln Lys Val Glu Glu Ile
970 980 990 1000 1010 1020
- * * * * *

CGA TAC GAA CTG CAA ACC GTG GAA AAG GCG ACA AAG GGA CAA CGC ATT TCC ATT CCG
Arg Tyr Glu Leu Gln Thr Val Glu Lys Ala Thr Lys Gly Gln Arg Ile Ser Ile Pro

1030 1040 1050 1060 1070 1080
Y * . * * *

GTA AAG GAG AAA GTG CGT CCG TCG GAC AAG CTC TAC CGG TTC GAC AAA AGA GAA GAA
val Lys Glu Lys Val Arg Pro Ser Asp Lys Leu Tyr Arg Phe Asp Lys Arg Glu Glu

1090 1100 1110 1120 1130 1140
* * * - * *
TAA GAT GTA GGG ACC GAG AGC GAA TTA TCA CCT CTC AAA CCC GAC AAA ACC CAA TGA

1150 1160 1170 1180 1190
* . - " *
TAT GAA AGA GAA AGA ATA CCT GTT CTC CCT CGA CAT GAA GGT GAG AGA CTA TGA ATG

FIG. 1. Nucleotide sequence of the prtC gene and the deduced
amino acid sequence of the collagenase. The locations of the
restriction enzyme digestion sites are indicated along the sequence.

apparent enhancement of activity. This may represent the
removal of an inhibitor of the collagenase activity which is
present in E. coli extracts, but this has not yet been
documented. As predicted from the apparent pl of the
enzyme deduced from the amino acid sequence, the enzyme
did not bind to the Mono Q column and was present in the
flowthrough fractions. Sequential gel filtration of the concen-
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FIG. 2. Southern blot analysis of Clal-Pstl-digested chromo-
somal DNA of P. gingivalis with the biotin-labeled Clal-Hindlll
1.9-kb fragment from plasmid pS1 as a probe. Lanes: 1, pS1; 2, P.
gingivalis ATCC 53977 (serotype c); 3, P. gingivalis 381 (serotype
a); 4, P. gingivalis W50 (serotype b); 5, P. gingivalis W50/BE1
(beige or nonpigmented colonial variant of W50). Numbers at the
left indicate molecular sizes in kilobase pairs.

trated enzyme on TSK-G3000SW columns resulted in an
enzyme fraction displaying only a single protein band of
approximately 35 kDa following SDS-PAGE (Fig. 4). This
size corresponds to the predicted size of 37.8 kDa deter-
mined following nucleotide sequencing. In addition, the
collagenase activity displayed an apparent molecular size of
70 kDa on the gel filtration column (data not shown).
Therefore, it appears that the enzyme behaves as a dimer in
its native form.

The purified enzyme degraded soluble (Fig. 5) as well as
fibrillar reconstituted type I collagen (Table 1), azocoll, and
heat-denatured (boiled for 5 or 10 min) type I collagen.
However, the enzyme did not hydrolyze gelatin or the
synthetic bacterial collagenase substrate PZ-PLGPA (data
not shown). Therefore, the P. gingivalis collagenase appears
to display properties which are distinct from those of other
bacterial collagenases (18, 41). In addition, unlike eucaryotic
collagenases (32), the P. gingivalis collagenase did not yield
distinct degradation products when it was analyzed at differ-
ent time periods (Fig. 5). It is likely that the purified enzyme
degrades type I collagen to small peptide fragments which
migrate off of the SDS-PAGE gel.

The purified collagenase is slightly stimulated in the pres-
ence of Ca®* but is strongly inhibited by Zn®* and Fe**
(Table 2). Neither Mg?* nor Mn?* significantly affected
enzyme activity. The enzyme appears to contain essential
sulfhydryl groups, since p-chloromercuribenzoic acid is a
strong inhibitor of the collagenase activity (Table 3). How-
ever, reducing agents such as 2-mercaptoethanol and dithio-
threitol did not enhance enzyme activity, as has been ob-
served for many enzymes from anaerobic bacteria (8, 14, 27,
39, 49). A metal cofactor appears to be required for activity,
since the chelator EDTA inhibited collagenase activity.
Several general protease inhibitors (phenylmethylsulfonyl
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FIG. 3. Northern blot analysis. Hybridization of the blotted total
RNA from P. gingivalis ATCC 53977 was performed with the
labeled Clal-HindIII fragment from plasmid pS1 (at top) as a probe
with the ECL direct nucleic acid-labeling and detection system.
Numbers at the left indicate molecular sizes in kilobases. Restriction
sites: B, Bglll; Ba, Ball; C, Clal; E, EcoRl; H, HindIIl; K, Kpnl; P,
Pstl; S, Smal; A, Aval. sod, superoxide dismutase gene.

fluoride [PMSF], N-o-D-tosyl-L-lysine chloromethyl ketone
[TLCK], and L-1-tosylamido-2-phenylethyl chloromethyl
ketone [TPCK]) had little effect on the prtC gene product. It
was also of interest that two salivary peptides, cystatin and
histatin, had opposite effects on the collagenase activity. The
cysteine-rich peptide cystatin (2) enhanced enzyme activity,
while histatin (25) acted as an inhibitor.

Evidence for two collagenases expressed by strain 53977.
When crude extracts of P. gingivalis ATCC 53977 were
subjected to anion exchange chromatography on Mono Q
columns (Fig. 6), two peaks of collagenase activity could be

TABLE 1. Purification of collagenase activity from E. coli NTS1

Purification prg::iln Total activity Sp acta Purification
step (mg) U % (U/mg) (fold)
Sonic extract 660 488.4 100 0.74 1
Mono Q 107 1350.4 267 12.2 16.5
TSK-G3000SW 1.6 64.2 13 40.1 54.2
TSK-G3000SW 1.1 48.7 10 44.3 59.9

“ Units of enzyme activity per milligram of protein in the pooled fraction
from each step. Collagenase activity was determined by the *H-labeled type I
collagen assay system.
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FIG. 4. SDS-PAGE analysis of the purified collagenase. Lanes:
1, molecular mass standards (from top to bottom, 66, 45, 36, 29, 24,
and 20.1 kDa); 2, partially purified enzyme from the initial TSK-
G3000SW column (5 ng); 3, final enzyme preparation (1 pg); 4, final
enzyme preparation (5 png).

detected. The active fractions not retained by the column
contained a protein of approximately 35 kDa as detected
following SDS-PAGE (data not shown) and therefore ap-
pears to correspond to the product of the prtC gene. How-
ever, a second collagenase activity was retained by the
column and was eluted with the salt gradient. This enzyme
fraction did not display a 35-kDa protein when subjected to
SDS-PAGE. Therefore, these results are consistent with the
presence of at least two collagenase enzymes produced by
strain 53977.

DISCUSSION

The recently isolated prtC gene was shown to express an
enzyme which hydrolyzes soluble type I collagen (44). The
present investigation revealed that the collagenase was also
capable of degrading reconstituted fibrillar collagen similar
to the enzyme extensively characterized from C. histolyti-
cum (32). However, unlike the latter enzyme, the P. gingi-
valis collagenase did not hydrolyze the synthetic collagenase
substrate PZ-PL.GPA. Likewise, unlike most collagenases
(17, 18, 32, 41), the prtC gene product did not degrade gelatin
but could hydrolyze the more extensively denatured type 1
collagen. The reasons for this difference in substrate speci-
ficity for the collagenase is presently unknown. Additional
investigation will be required to determine the cleavage
specificity of the P. gingivalis enzyme. In addition, the prtC
gene product exhibited no structural similarity with eucary-
otic collagenases and did not contain the HELGH peptide
consensus sequence found in these enzymes (11). Likewise,
degradation of type I collagen by the P. gingivalis enzyme
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FIG. 5. Identification of the type I collagen degradation products
following digestion with the purified collagenase. Collagenase activ-
ity of the purified enzyme was analyzed by SDS-PAGE on 10%
polyacrylamide gels. In all assays, 20 pg of soluble type I collagen in
50 mM Tris HCI-5 mM CaCl, buffer (pH 7.8) was used as a
substrate. Lanes: 1, molecular mass standards (from top to bottom,
66, 45, 36, 29, 24, and 20.1 kDa); 2, purified enzyme (0.7 pg); 3,
native type I collagen incubated with buffer as a control; 4 through
9, native type I collagen incubated with purified enzyme for 4 (lane
4), 8 (lane 5), 10 (lane 6), 14 (lane 7), 18 (lane 8), and 24 (lane 9) h at
30°C.

resulted in multiple cleavage products (Fig. 5) rather than the
two distinct peptides generated by the action of mammalian
collagenases (24, 32). Therefore, the properties of the prtC
gene product suggest that the encoded collagenase is a
unique enzyme. However, since no other bacterial collage-
nase has yet been completely sequenced, the P. gingivalis
enzyme could be related to some of these enzymes (18, 32,
41).

Sequence analysis of the prtC gene revealed two potential
ORFs which differed by only three amino acids in length.
Hydrophobicity analysis revealed that the amino-terminal
sequences of both putative proteins were relatively hydro-
phobic (data not shown). Therefore, it may be possible that
these sequences represent a signal peptide-like structure and

TABLE 2. Effects of metal ions on collagenase activity

Metal ion Relative collagenase
(concn [mM]) activity (%)”
None 100
Ca?* (5.0) 135
Mg“ (5.0) 96
Mn2* (5.0) 93
Zn?* (5.0) 2
Fe3* (5.0) 39

P. GINGIVALIS prtC GENE 3893

TABLE 3. Effects of chemical agents on collagenase activity

4 Collagenase activity was determined by the *H-labeled type I collagen
assay system.

Chemical agent” Relative collagenase

(concn) activity (%)”

NODE -ttt e enaes 100
PCMB (1.0 mM).............. 41
2-ME (1.0 mM) ............ 77
DTT (1.0 mM).............. 84
EDTA (5.0 mM) ........... 56
PMSF (1.0 mM) .............. 91
TLCK (1.0 mM) .............. 105
TPCK (1.0 mM) ....ccoiniiniinianinnnnn. 96
Cystatin SA-I (0.7 pM) 134
(1.4 pM) 145

Histatin 5 (1.0 pM) ceooenininiinnnnns 73
[ZC0NTR. § R, 67

“ Abbreviations: PCMB, p-chloromercuribenzoic acid; 2-ME, 2-mercapto-
ethanol; DTT, dithiothreitol; PMSF, phenylmethylsulfonyl fluoride; TLCK,
N-a-D-tosyl-L-lysine chloromethyl ketone; TPCK, L-1-tosylamido-2-phenyl-
ethyl chloromethyl ketone.

b Collagenase activity was determined by the *H-labeled type I collagen
assay system.

the collagenase is located external to the cytoplasmic mem-
brane in P. gingivalis. In support of this idea, collagenase
activity could be detected in the outer membrane fraction of
one strain of these organisms (28), and activity characteristic
of the prtC gene product was observed in both the cytoplas-
mic and membrane fractions of strain 53977 (data not
shown). However, since this investigation has also sug-
gested the presence of two collagenases in strain 53977,
additional approaches will be required to clearly demon-
strate the cellular localization of the prtC gene product.

The molecular size of the prtC gene product predicted
from the amino acid sequence (37.8 kDa) and that estimated
from gel filtration chromatography (70 kDa) suggest that the
enzyme behaves as a dimer in its native state. It is of interest
that Sorsa et al. (42) identified a collagenase of the same
molecular size following gel filtration chromatography of
extracts of P. gingivalis ATCC 33277.

The present demonstration that the prtC gene is tran-
scribed as part of a polycistronic mRNA is of great interest,
since a number of different virulence factors have been
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FIG. 6. Collagenase activity from the contents of a Mono Q
anion exchange column of P. gingivalis ATCC 53977 sonic extracts.
Collagenase activity was determined by the *H-labeled type I
collagen assay system. No collagenase activity was detected in
fractions 4 through 14.
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proposed for P. gingivalis (15), including proteases, hemag-
glutinins, and neutrophil-neutralizing factors. Our laboratory
has demonstrated that the genes for superoxide dismutase
(sod), a trypsinlike protease (prtT), and a hemagglutinin are
present downstream from the prtC gene on the strain 53977
chromosome (5, 27). Therefore, it will be of great interest to
identify the genes which are cotranscribed with the preC
gene and examine the regulation of this potential virulence-
related mRNA. Experiments addressing this issue are cur-
rently in progress in our laboratory.

Since P. gingivalis is present in the human oral cavity, it
was of interest to examine the effects of potential salivary
inhibitors on its collagenase activity. It has been reported
that the trypsinlike protease of P. gingivalis could be inhib-
ited by the salivary peptide histatin (25) and that this peptide
also inhibited the C. histolyticum collagenase. Likewise, this
peptide produced moderate inhibition of the prtC gene
product (Table 3). Another salivary peptide, cystatin SA-I,
has been demonstrated to inhibit thiol-dependent proteases
(1). Since the prtC gene product is not dependent upon
reducing agents (Table 3), it was not surprising that cystatin
did not act as an inhibitor of collagenase activity. In con-
trast, moderate stimulation of activity was demonstrated.
This effect does not appear to be dependent upon the high
cysteine content of cystatin, since both 2-mercaptoethanol
and dithiothreitol did not stimulate activity.

The results of this study have also suggested the presence
of two distinct collagenases produced by strain 53977. A
recent report has suggested that a P. gingivalis trypsinlike
protease displayed collagenase activity (40). Since this latter
enzyme both is thiol dependent and appears to have a larger
molecular size than the prtC gene product, it may be possible
that this enzyme is responsible for the collagenase activity
which is retained by Mono Q columns. However, this latter
enzyme has not been extensively characterized either genet-
ically or enzymatically.

P. gingivalis strains have been utilized in experimental
animal models to demonstrate virulence (13, 16, 21, 37). A
spontaneous mutant of strain W50 was isolated and demon-
strated to be less virulent in a rodent model system (22). This
mutant, W50/BE1, was shown to be defective in several
potential virulence characteristics, including collagenase ac-
tivity (33). However, the present investigation suggests that
the loss of virulence in the mutant does not result from
extensive rearrangement of the prtC gene.

The isolation of the prtC gene will make it possible to
construct P. gingivalis mutants which are defective in this
gene for testing in appropriate animal model systems. The
recent development of a P. gingivalis gene transfer system
for inactivating cloned genes in these organisms on the basis
of conjugation (5a) will make it possible to construct such
mutants. In this manner, it should be possible to define the
potential role of the prtC in the virulence of these periodon-
topathogenic organisms.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the advice of C. Kato in
carrying out the nucleotide sequencing.

This work was supported in part by grant DE08293 from the
National Institutes of Health.

REFERENCES
1. Abrahamson, M., A. J. Barret, G. Salvesen, and A. Grubb. 1986.
Isolation of six cysteine proteinase inhibitors from human urine.
J. Biol. Chem. 261:11282-11289.
2. Al-Hashimi, 1., D. P. Dickinson, and M. J. Levine. 1988. Purifi-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

J. BACTERIOL.

cation, molecular cloning, and sequencing of salivary cystatin
SA-1. J. Biol. Chem. 263:9381-9387.

. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, and

J. G. Seidman. 1987. Current protocols in molecular biology,
vol. 1. John Wiley & Sons, Inc., New York.

. Chavira, R., Jr., T. J. Burnett, and J. H. Hageman. 1984.

Assaying proteinase with azocoll. Anal. Biochem. 136:446-450.

. Choi, J.-I., N. Takahashi, T. Kato, and H. K. Kuramitsu. 1991.

Isolation, expression, and nucleotide sequence of the sod gene
from Porphyromonas gingivalis. Infect. Immun. 59:1564-1566.

.Dyer, D. Personal communication.
. Endo, J., M. Otsuka, E. Ohara, M. Sato, and R. Nakamura.

1989. Cleavage action of a trypsin-like protease from Bacteroi-
des gingivalis 381 on reduced egg-white lysozyme. Arch. Oral
Biol. 34:911-916.

. Fisher, J. G., J. J. Zambon, and R. J. Genco. 1987. Identification

of serogroup-specific antigens among Bacteroides gingivalis
components, abstr. no. 927. J. Dent. Res. 66:222.

. Fujimura, S., and T. Nakamura. 1987. Isolation and character-

ization of a protease from Bacteroides gingivalis. Infect. Im-
mun. 55:716-720.

. Fukushima, J., H. Takeuchi, E. Tanaka, K. Hamajima, Y. Sato,

S. Kawamoto, K. Morihara, B. Keil, and K. Okuda. 1990.
Molecular cloning and partial DNA sequencing of the collage-
nase gene from Vibrio alginolyticus. Microbiol. Immunol. 34:
977-984.

Gibbons, R. J., and B. MacDonald. 1961. Degradation of collag-
enous substrates by Bacteroides melaninogenicus. J. Bacteriol.
81:614-621.

Goldberg, G. 1., S. M. Wilhelm, A. Kronberger, E. A. Bauer,
G. A. Grant, and A. Z. Eisen. 1986. Human fibroblast collage-
nase. J. Biol. Chem. 261:6600-6605.

Golub, L. M., K. Siegel, N. S. Ramamurthy, and 1. D. Mandel.
1976. Some characteristics of collagenase activity in gingival
crevicular fluid and its relationship to gingival diseases in
humans. J. Dent. Res. 55:1049-1057.

Heijl, L., J. Wennstrom, J. Lindhe, and S. S. Socransky. 1980.
Periodontal disease in gnotobiotic rats. J. Periodontal Res.
15:405-419.

Hinode, D., H. Hayashi, and R. Nakamura. 1991. Purification
and characterization of three types of proteases from culture
supernatants of Porphyromonas gingivalis. Infect. Immun. 59:
3060-3068.

Holt, S. C., and T. E. Bramanty. 1991. Factors in virulence
expression and their role in periodontal disease pathogenesis.
Crit. Rev. Oral Biol. Med. 2:177-281.

Holt, S. C., J. Ebersole, J. Felton, M. Brunsvold, and K. S.
Kornman. 1988. Implantation of Bacteroides gingivalis in non-
human primates initiates progression of periodontitis. Science
239:55-57.

Kang, A. H., Y. Nagai, K. A. Piez, and J. Gross. 1966. Studies
on the structure of collagen utilizing a collagenolytic enzyme
from tadpole. Biochemistry 5:509-515.

Keil, B., A.-M. Gilles, A. Lecroisey, N. Hurion, and N. T. Tong.
1975. Specificity of collagenase from Achromobacter iophagus.
FEBS Lett. 56:292-296.

Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

Mayrand, D., and S. C. Holt. 1988. Biology of asaccharolytic
black-pigmented Bacteroides species. Microbiol. Rev. 52:134—
152.

McKee, A. S., A. S. McDermid, A. Baskerville, A. B. Dowsett,
D. C. Ellwood, and P. D. Marsh. 1986. Effect of hemin on the
physiology and virulence of Bacteroides gingivalis W50. Infect.
Immun. 52:349-355.

McKee, A. S., A. S. McDermid, R. Wait, A. Baskerville, and
P. D. Marsh. 1988. Isolation of colonial variants of Bacteroides
gingivalis W50 with a reduced virulence. J. Med. Microbiol.
27:59-64.

Messing, J. 1983. M13-dideoxy methods. Methods Enzymol.
101:20-78.

Nagai, Y., C. M. Lapiere, and J. Gross. 1966. Tadpole collage-



VoL. 174, 1992

25.

26.

27.

nase. Preparation and purification. Biochemistry 5:3123-3130.

Nishikata, M., T. Kanehira, H. Oh, H. Tani, M. Tazaki, and Y.
Kuboki. 1991. Salivary histatin as an inhibitor of a protease
produced by the oral bacterium Bacteroides gingivalis. Bio-
chem. Biophys. Res. Commun. 174:625-630.

Norgyvist, A., B. Norrman, and H. Wolf-Watz. 1990. Identifica-
tion and characterization of a zinc metalloprotease associated
with invasion by the fish pathogen Vibrio anguillarum. Infect.
Immun. 58:3731-3736.

Ono, M., K. Okuda, and I. Takazoe. 1987. Purification and
characterization of a thiol protease from Bacteroides gingivalis
strain 381. Oral Microbiol. Immunol. 2:77-81.

27a.0togoto, J., and H. K. Kuramitsu. Unpublished data.

28.

29.

30.

31.

32.
33.

34.

3s.

36.

37.

Robertson, P. B., M. Lantz, P. T. Marucha, K. S. Kornman,
C. L. Trummel, and S. C. Holt. 1982. Collagenolytic activity
associated with Bacteroides species and Actinobacillus actino-
mycetemcomitans. J. Periodontal Res. 17:275-283.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Sato, M., M. Otsuka, R. Maehara, J. Endo, and R. Nakamura.
1987. Degradation of human secretory immunoglobulin A by
protease isolated from the anaerobic periodontopathogenic bac-
terium, Bacteroides gingivalis. Arch. Oral Biol. 32:235-238.
Seifter, S., and E. Harper. 1970. Collagenases. Methods En-
zymol. 16:613-635.

Shah, H. N., S. U. Seddon, and S. E. Gharbia. 1989. Studies on
the virulence properties and mietabolism of pleiotropic mutants
of Porphyromonas gingivalis (Bacteroides gingivalis) W50. Oral
Microbiol. Immunol. 4:19-23.

Shine, J., and L. Dalgarno. 1974. The 3’ terminal sequence of
Escherichia coli 16S ribosomal RNA: complementarity to non-
sense triplets and ribosomal binding sites. Proc. Natl. Acad.
Sci. USA 71:1342-1346.

Slots, J. 1977. The predominant cultivable microflora of ad-
vanced periodontitis. Scand. J. Dent. Res. 85:114-121.

Slots, J., and R. J. Genco. 1984. Black-pigmented Bacteroides
species, Capnocytophaga species, and Actinobacillus actino-
mycetemcomitans in human periodontal disease: virulence fac-
tors in colonization, survival, and tissue destruction. J. Dent.
Res. 63:412-421.

Slots, J., and E. Housmann. 1979. Longitudinal study of exper-
imentally induced periodontal disease in Macaca arctoides:

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

P. GINGIVALIS prtC GENE 3895

relationship between microflora and alveolar bone loss. Infect.
Immun. 23:260-269.

Slots, J., and M. A. Listgarten. 1988. Bacteroides gingivalis,
Bacteroides intermedius and Actinobacillus actinomycetem-
comitans in human periodontal diseases. J. Clin. Periodontol.
13:570-577.

Smalley, J. W., and A. J. Birss. 1987. Trypsin-like enzyme
activity of the extracellular membrane vesicles of Bacteroides
gingivalis W50. J. Gen. Microbiol. 133:2883-2894.

Smalley, J. W., A. J. Birss, and C. A. Shuttleworth. 1988. The
degradation of type I collagen and human plasma fibronectin by
the trypsin-like enzyme and extracellular membrane vesicles of
Bacteroides gingivalis W50. Arch. Oral Biol. 33:323-329.
Soberano, M. E., and G. Schoellmann. 1972. Specificity of
bacterial collagenase: studies with peptides newly synthesized
using the solid-phase method. Biochim. Biophys. Acta 271:133-
144.

Sorsa, T., V.-]J. Uitto, K. Suomalainen, H. Turto, and S. Lindy.
1987. A trypsin-like protease from Bacteroides gingivalis: par-
tial purification and characterization. J. Periodontal Res. 22:
375-380.

Sundgyist, G., J. Carlsson, B. Herrmann, and A. Tarnvik. 1985.
Degradation of human immunoglobulins G and M and comple-
ment factors C3 and C5 by black-pigmented Bacteroides. J.
Med. Microbiol. 19:85-94.

. Takahashi, N., T. Kato, and H. K. Kuramitsu. 1991. Isolation

and preliminary characterization of the Porphyromonas gingi-
valis prtC gene expressing collagenase activity. FEMS Micro-
biol. Lett. 84:135-138.

Tanner, A. C. R., C. Haffer, G. T. Bratthall, R. A. Visconti, and
S. S. Socransky. 1979. A study of the bacteria associated with
advancing periodontitis in man. J. Clin. Periodontol. 6:278-307.
Toda, K., M. Otsuka, Y. Ishikawa, M. Sato, Y. Yamamoto, and
R. Nakamura. 1984. Thiol-dependent collagenolytic activity in
culture media of Bacteroides gingivalis. J. Periodontal Res.
19:372-381.

Van Winklehoff, A. J., T. J. M. Van Steenbergen, and J.
DeGnaaff. 1988. The role of black-pigmented Bacteroides in
human oral infections. J. Clin. Periodontol. 15:145-155.
Waunsch, E., and H. G. Heidrich. 1963. Quantitative bestimmung
der kollagenase. Z. Physiol. Chem. 333:149-151.

Yoshimura, F., M. Nishikata, T. Suzuki, C. I. Hoover, and E.
Newbrun. 1984. Characterization of trypsin-like protease from
the bacterium Bacteroides gingivalis isolated from human den-
tal plaque. Arch. Oral Biol. 29:559-564.



