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We have purified from Porphyromonas gingivalis W5() a 45 kDa arginine-specific, thiol-activated,
EDTA-sensitive endopeptidase, designated prtR. Oligonucleotide probes based on the N-terminal amino
acid sequence were used to isolate a genomic fragment containing an open reading frame (3654 bp) with
the potential to encode a 132 kDa protein including the prtR N-terminus. Analysis of this przR gene
revealed that the predicted nascent product contains a protease domain followed by a haemagglutinin
domain and is post-translationally processed by proteolytic (possibly autolytic) events to produce a 43-54
kDa arginine-specific, thiol protease and a 41-53 kDa haemagglutinin. Comparison of the przR with the
P. gingivalis prtH gene suggests that the prtH gene product also contains protease and haemagglutinin
domains but in the reverse order to that in the prtR. An overlapping but shifted reading frame at the 3" end
of the prtR encodes the 57 region of the prtH. ¢ 1995 academic press, inc.

Porphyromonas gingivalis has been implicated as a pathogen in the development of adult periodontitis; a
chronic inflammatory disease of the supporting tissues of the teeth that can lead to tooth loss (1,2). A
number of virulence factors have been implicated in the pathogenicity of P. gingivalis, in particular
proteases have received a great deal of attention for their ability to degrade a broad range of host proteins
including structural and defence proteins (3). The major proteolytic activities associated with this
organism are “trypsin-like” (4) or “collagenase-like” (5). P. gingivalis spontaneous mutants with reduced
“trypsin-like” activity have been found to be less virulent in animal models (6,7).

Using chloroform extraction of whole cells and FPLC chromatography we have purified from

P. gingivalis W50 a 45 kDa arginine-specific, thiol-activated, EDTA-sensitive endopeptidase designated
prtR (Genbank accession No. L26341). The prtR exists as part of a larger (90 kDa) complex containing a
45 kDa and a 44 kDa protein. The 44 kDa protein has an amino-terminal sequence identical with the 44
kDa haemagglutinin described by Pike ¢r al., (8). The N-terminal sequence of the prtR protease has been
determined in our laboratory and together with its arginine specificity is similar to gingipain of Chen et al.,
(9) although these workers reported the protein to be 50 kDa on SDS-PAGE analysis.

A large number of other workers claim to have purified proteases with “trypsin-like” specificity from P.
gingivalis, these proteases are also thiol proteases and specific for arginine and/or lysine in the P, position
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but vary in molecular mass from 44 kDa to 180 kDa (8,9,10,11,12). At present the relationship between
most of these protease structures is unclear and whether or not they are processed from a larger product of
a single gene or are derived from separate genes is of particular interest.

We have synthesised oligonucleotide probes based on the N-terminal sequence of the prtR and in this
work we report the molecular characterisation of the gene encoding the prtR protease from P. gingivalis
W50 and reveal its relationship with other P. gingivalis proteins implicated as proteases and

haemagglutinins.

Materials and Methods

Strains, media and growth conditions. Escherichia coli IM109 (recAl, supE44, endAl, hsdR17, gyrA96,
relAl, thi A (luc-proAB)) (13) and E. coli LE392 (supEd4, supF58, hsdR514, galK2, galT22, merB1,
trpRS5S5, lacY1) (14) were grown in LB medium at 37°C. P. gingivalis W50 (15) was grown in modified
batch culture medium (15) supplemented with 1 pg/ml haemin in an atmosphere of 10% COz, 10% H:
and 809% N2 at 37°C.

Cloning and DNA manipulation. E. coli strains containing plasmids were grown in LB broth
supplemented with 100 pg/ml ampicillin. DNA was isolated from E. coli by standard techniques (16).
Chromosomal DNA was isolated from P. gingivalis W50 as described previously (17). Lambda
bacteriophage DNA was isolated from lytic culture supernatants using the procedure of Benson and
Taylor (18). A genomic library of P. gingivalis W50 was constructed in the vector lambda GEM-12 as
described (16). Briefly, P. gingivalis W50 DNA was partially digested with EcoRI and then ligated into
EcoRI half site arms of A\GEM-12. The ligated DNA was packaged using Packagene (Promega, U.S.A.)
and used to infect E. coli LE392 cells. Plaque lifts and hybridisation was performed as described (16).
Genomic DNA recovered from probe-reactive clones was mapped and subcloned into pUC vectors (host,
E. coli IM109) for subsequent manipulation and sequencing. The degenerate primers used to isolate the
gene were derived from the N-terminal sequence information of the purified prtR protease. The synthetic
oligonucleotides were as follows: sense primer (5’AA(AG)GA(TCO)TT(TC)GT(TCAG)GA(TC)TGGAA
(AG)AA(TC)CA-3") that codes for the amino acid sequence [KDFVDWKNQ] and antisense primer
(5'TCICHTT (AGTATAG)TC(TCAG) CC(CTYTC(AG)TA-3") that is complementary to the sequence
that encodes the amino acid sequence | YEGDIKD].

DNA and protein sequence analyses. DNA sequence was determined by the dideoxy termination method
using [(1358] dATP (19), with modified T7 polymerase (20) and double-stranded DNA as a template.
Sequence data were analysed by the program suites and nucleic and protein databases accessed via the
Australian National Genomic Information Service.

Results and Discussion

The use of redundant oligonucleotides based on the N-terminal sequence data of the prtR resulted in the
isolation of a 13 kb EcoRI fragment from a probe-reactive AGEM-12 clone. Once mapped, subclones
were generated in pUC vectors for subsequent manipulation. Using a primer extension sequencing
strategy the probe reactive region of the genomic fragment from P. gingivalis was sequenced (both
strands) and 4.6 kb of the nucleotide sequence is presented in Figure 1. This genomic region contains a
single complete open reading frame 3654 bases between the 5° stop codon beginning at base 34 and the 3°
stop codon beginning at base 3691. The deduced amino acid sequence of the przR gene product encoded
by the open reading frame is shown under the nucleotide sequence (Fig. 1) and contains the N-terminal
sequence determined for the 45 kDa prtR protease (YTPVEEK...) and confirms that this gene encodes the
prtR of P. gingivalis.
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Figure 1. Nucleotide sequence of the cloned protease gene (preR) from P. gingivalis W5(). The sequence
is derived from an EcoRI-EcoRI fragment of AER 1. The deduced amino acid sequence of the open
reading frame is indicated below the nucleotide sequence. A putative Shine-Dalgamo (SD) sequence is
underlined 25 bp upstream from an initiation codon. The preR stop codon (TGA) is indicated by an
asterisk. N-terminal sequences previously identified are underlined. The shifted reading frame encoding
the prtH (26) is indicated as the second deduced amino acid sequence overlapping the carboxyl end of the
prtR gene product.
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The amino terminus of the 45 kDa endopeptidase is encoded 730 bp downstream of the 5’stop codon
(which begins at base 34, Fig. 1). Several possible start codons are present between the 5” stop codon and
the N-terminus determined for the mature prtR, however a possible Shine-Dalgarno sequence (bases 55-
59) was observed 25 bases upstream of the start codon which begins at base 85 (Fig. 1). The putative
Shine-Dalgamno sequence is based on sequence complementarity to the 3° end of the 16S rRNA of P.
gingivalis (21). The 44 kDa haemagglutinin which copurifies with the 45 kDa prtR is also encoded by the
prtR gene, with its N-terminus (SGQAEIV...) located 2206 bp from the 5’ stop codon and 1476 bases
downstream of the prtR N-terminal codon (Fig. 1). The pr¢R gene therefore has the potential to encode a
nascent translation product of 132 kDa molecular mass containing two domains with sequence homology
to the 45 kDa protease and the 44 kDa haemagglutinin. These proteins therefore appear to be the product
of post-translational modification which takes the form of proteolytic (possibly autolytic) cleavage of the
larger precursor molecule into the smaller protease and haemagglutinin molecules that remain complexed
to each other. The protease has been characterised by other workers including Chen ez al., (9) who
purified a 50 kDa arginine-specific, thiol protease designated gingipain that has the same N-terminal
sequence as our 45 kDa arginine-specific protease. The 44 kDa haemagglutinin has been purified and
characterised by a number of workers including Pike er al., (8). Nishikata and Yoshimura (22) and
Hayashi er al., (23).

At least two proteolytic events are required to produce the two mature proteins encoded by the prtR gene
(Fig. 1) and the arginyl- and lysyl-specific proteolytic activities associated with P. gingivalis could
generate many of the molecular size permutations of these molecules which have been reported in the
literature (24). Each of the mature N-termini is preceded by an arginyl residue and therefore both can be
generated by cleavage of the polypeptide by an endopeptidase with a specificity for arginine in the P,
position (R‘YTPVEEK... and RJ'SGQAEIV...). The two single cleavage events would produce a mature
protease with a molecular mass of 54 kDa, extending to the amino terminus of the haemagglutinin which
in tum would extend to the end of the translated molecule with a molecular mass of 53 kDa. The 53 kDa
predicted for the haemagglutinin is not consistent with the 44 kDa molecular mass observed in our
laboratory and by other workers but cleavage at one of the many arginyl or lysyl residues in the carboxyl
region of the haemagglutinin domain could account for the 44 kDa molecular mass. At 54 kDa the
predicted size of the protease domain is consistent with the 50 kDa gingipain of Chen ez al., (9) and also
the 50 kDa component of the high-molecular-mass Arg-gingipain which is a complex of several proteins
exhibiting both arginine-specific proteolytic and haemagglutination activities purified by Pike et al., (8).
However, as with the 53 kDa haemagglutinin, several other arginyl and lysyl residues are present in the
carboxyl region of the prtR protease domain and C-terminal truncation of the prtR protease could give rise
to molecules 43-54 kDa in size being consistent with our size of 45 kDa for the arginine-specific protease
It is interesting to speculate that the processing of an inactive precursor molecule into smaller active
fragments is part of a mechanism which may act to prevent premature activation within the cell, However
it is also possible that the proteolytic processing is part of a mechanism to evade host defenses.

Analysis of the deduced amino acid sequence of the przR revealed two regions of homology consistent
with its arginine-specific endopeptidase activity. Firstly a segment of the prtR sequence (beginning at bast
1999, Fig. 1) within the arginine-specific, endopeptidase domain exhibited homology with other cysteine
proteases in particular around a portion of the active site of papaya papain. Residues identical to the prtR
sequence are boxed, Fig. 2 (adapted from Bourgeau ez al., (25)) and may well reflect a region of the
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Figure 2. Homology between the prtR protease domain and other cysteine proteases. Residues identical
with prtR are boxed. preR, P. gingivalis W50 protease; priH, P. gingivalis W83 protease (26); tpr, P.
gingivalis W83 protease (25); 1, Carica papaya; 2, rat cathepsin; 3, Dermatophagoides pteronyssinus; 4.
Entamocba histolytica, 5, Trypanosoma brucei., 6, Trypanosoma cruzi; 7, Chinese gooseberry actinidin:
8, human cathepsin B; 9, papaya papain. This diagram was adapted from Bourgeau ez al. (25).

molecule critical for the activity of the endopeptidase. Included in this montage are segments of the
predicted amino acid sequences from the cloned and expressed P. gingivalis protease genes prtH (26) and
tpr (25).

Secondly. a 79 amino acid segment of the prtR sequence (beginning at base 961, Fig. 1) within the
arginine-specific endopeptidase domain exhibited a 349% identity with a domain of the catalytically active
subunit of the arginine-specific, human carboxypeptidase N (30). The motif GNXHXNE, including the
zinc binding residues H and E, of carboxypeptidase N is also found in the prtR sequence (beginning at
base 1066, Fig. 1). Asthe prtR protease was not inhibited by o-phenanthroline it is unlikely to be a zinc-
binding metalloprotease, but its stabilisation by Ca** may suggest that this region is important in Ca®*
binding. However. its similarity with carboxypeptidase N may also relate to arginine specificity.

A comparison of the prtR nucleotide sequence with those of other cloned genes from P. gingivalis in
particular the cloned protease genes, prtC (27), tpr (25). prtT (28) and prtH (26) revealed that the 3°
region of the prtR genomic fragment (from base 2843, Fig. 1) is identical to the 5’region of the nucleotide
sequence containing the preH gene. The N-terminal region of the prtH gene product is encoded by a
shifted reading frame that overlaps the prtR near the 3" end of that gene (Fig. 1). The initiation codon that
marks the beginning of the open reading frame for the prtf occurs 3200 bp 3’ of the start of the open
reading frame of preR and 455 bp 57 of the pr¢R translation termination codon (Fig. 1). Examination of the
predicted gene product of the prH revealed a similar situation to the protein encoded by the prtR in that
both appear to encode a larger molecule which undergoes proteolytic cleavage to give rise to smaller
proteins which have been characterised by N-terminal sequence analysis. The N-terminal sequence of a 17
kDa protein (PQFTEIFRQVDL...), associated with high molecular mass complexes purified from

P. gingivalis culture supematants by Pike et al. (8), shows significant homology to a region in the prtH
protein. These high molecular mass complexes exhibit haemagglutination activity as well as lysine-
specific and arginine-specific proteolytic activity and have been designated Lys-gingipain and high-
molecular-mass Arg-gingipain respectively by Pike ez al. (8). The sequence PQSVWIERTYDLPAGT is
encoded by the prtH beginning at base 3907 (Fig. 1) and contains identical residues (underlined) to the
sequence determined at the protein level by Pike et al. (8). The differences in the protein’s N-terminal
sequence and that of the deduced przH translation product may reflect P. gingivalis sirain differences
and/or incorrect assignments during N-terminal sequence analysis. The prtH also shows homology to
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another N-terminal sequence of a protein found in the large protease-haemagglutinin complexes purified
by Pike ez al. (8). The prtH sequence, ANEAKVYV... (underlined, Fig. 1, beginning at base 4382), has
been identified as the N-terminal sequence of a 44, 3() and 27 kDa component of Lys-gingipain, a 27 kDa
component of high-molecular-mass Arg-gingipain (8) and as a 43 kDa proteolytic fragment of 120 kDa
and 150 kDa cell-associated proteases, designated porphypain 2 and 1 respectively, with specificity for
both arginine and lysine in the P, position, purified from P. gingivalis by Ciborowski et al. (12). It appears
therefore that Lys-gingipain and the porphypains are derived, or at least have components derived, from
the prtH and that the large protease-haemagglutinin complex designated high-molecular-mass
Arg-gingipain purified by Pike et a/. (8) contains components derived from both the prtR and prtH.

It is interesting to speculate that the prtH, like the prtR contains both protease and haemagglutinin
domains although in the reverse order with the haemagglutinin domain first in the prtH. Three
subdomains, based on sequence homology, can be identified within the prtR haemagglutinin domain and
have been designated I, IT and III (Fig. 3). These three subdomains are also present in the prtH but in the
reverse order, that is, ITI, IT and I, in a putative haemagglutinin domain N-terminul of the protease domain
identified by Fletcher er al., (26) which is beyond the 3° end of our obtained sequence (Fig. 1). Further,
the prtH contains a motif -PTPT- (beginning at base 4040, Fig. 1) within the proposed haemagglutinin
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155
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273
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prtH [ NHEYCVEVKYTAGUV 5P K|K|c viN
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prtH Q|F|N|p VKN 1|k A

Haemagglutinin subdomain III

976 _ 991
prtH [P A|EWIT|T I DA D G DGO

108 120

1011 1028
PrtR EGLG IGVT
prtH s|s FiswnNlglMa -{LINPDNYL I

141 157

Figure 3. Homology between the priR haemagglutinin domain and the proposed haemagglutinin domain
of the prtH. The haemagglutinin domain of the priR has been divided into three subdomains I, II and 11
which oceur in the reverse order in the prtH. [dentical residues are boxed and amino acid residues are
numbered from the initiation codon residue methionine of both gene products (see Fig. 1).
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domain similar to the PNPTPTPN motif of the haemagglutinin from Mycoplasma gallisepticum (29)
which is homologous with the PNPNPNPN motif (beginning at base 2932, Fig. 1) of the haemagglutinin
domain of the prtR.

The cloning and sequencing of the prtR gene, which encodes a 132 kDa protein that contains both
protease and haemagglutinin domains that are post-translationally processed to a 45-50 kDa arginine-
specific thiol protease and a 44 kDa haemagglutinin, now confirms that these proteins are derived from a
single gene. The close structural relationship of the prtR and prtH genes and the homology observed
between the haemagglutinin domains of their products strongly suggest a common ancestral origin. The
presence of these genes in P. gingivalis may reflect the importance of the availability of haemin and amino
acids/peptides for growth, bioenergetics and virulence of this micro-organism (15). It is possible that the
close association of the protease and haemagglutinin activities would be of considerable benefit to the
organism in terms of sequential binding and lysis of red blood cells.
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