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Heme binding and uptake are considered fundamental to the growth and virulence of the gram-negative
periodontal pathogen Porphyromonas gingivalis. We therefore examined the potential role of the dominant P.
gingivalis cysteine proteinases (gingipains) in the acquisition of heme from the environment. A recombinant
hemoglobin-binding domain that is conserved between two predominant gingipains (domain HA2) demon-
strated tight binding to hemin (K, = 16 nM), and binding was inhibited by iron-free protoporphyrin IX (K; =
2.5 pM). Hemoglobin binding to the gingipains and the recombinant HA2 (rHA2) domain (K, = 2.1 nM) was
also inhibited by protoporphyrin IX (K; = 10 M), demonstrating an essential interaction between the HA2
domain and the heme moiety in hemoglobin binding. Binding of rHA2 with either hemin, protoporphyrin IX,
or hematoporphyrin was abolished by establishing covalent linkage of the protoporphyrin propionic acid side
chains to fixed amines, demonstrating specific and directed binding of rHA2 to these protoporphyrins. A
monoclonal antibody which recognizes a peptide epitope within the HA2 domain was employed to demonstrate
that HA2-associated hemoglobin-binding activity was expressed and released by P. gingivalis cells in a batch
culture, in parallel with proteinase activity. Cysteine proteinases from P. gingivalis appear to be multidomain
proteins with functions for hemagglutination, erythrocyte lysis, proteolysis, and heme binding, as demon-
strated here. Detailed understanding of the biochemical pathways for heme acquisition in P. gingivalis may

allow precise targeting of this critical metabolic aspect for periodontal disease prevention.

Evidence for the potential importance of cysteine protein-
ases from Porphyromonas gingivalis in periodontal disease pa-
thology is increasing. Periodontal disease affects the majority
of adults to some degree and may be associated with significant
systemic morbidity (2, 46), including dental infection and loss
of teeth (36). P. gingivalis is implicated as an important peri-
odontal pathogen by its high incidence and relative levels in
human disease (1, 11) and by its virulence in monoinfected
animals (14, 15). Virulence of P. gingivalis has been attributed
to several components of the microorganism, including fim-
briae (25, 37), short-chain volatile acids (12, 65), lipopolysac-
charide (26, 58), collagenase activity (3, 39), and noncollag-
enolytic cysteine proteinase activity (8, 10, 54).

Cysteine proteinase activity may affect the remodeling of
matrix proteins and disrupt the immune response by stimulat-
ing the collagen-degrading activity of host cells (8, 10, 62),
degrading fibronectin (34), inactivating gamma interferon (68)
and interleukins (6, 17), interfering with the complement cas-
cade (63, 67), and degrading immunoglobulins (16, 52). Also,
clotting and vascular permeability mechanisms may be dis-
turbed (27, 28, 54), fibrinogen may be degraded (33, 54), and
erythrocytes may be agglutinated and lysed (44, 56) by cysteine
proteinase activity, possibly for the acquisition of metabolically
necessary iron, heme, or porphyrin from hemoglobin. Numer-
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ous different P. gingivalis cysteine proteinases described in sev-
eral reports have been demonstrated to be antigenically re-
lated (9, 47, 48) and the products of three related genes (41,
51). This unique family of enzymes, named gingipains, has two
major gene products, Arg-gingipain-1 (RGP-1) and Lys-gingi-
pain (KGP) (41), which prefer proteinacious substrates with an
arginine or lysine in the P1 position, respectively.

Bacterial cysteine proteinase activity has been demonstrated
within diseased periodontal pockets (13, 20), and epitopes of
gingipains are detectable in clinical plaque samples from pa-
tients with adult periodontitis (unpublished data), so the gin-
gipains are likely to be clinically relevant. The gingipains are
expressed on the outer membrane of P. gingivalis and may also
be released with vesicles or as soluble proteins (9, 18, 24).
Gingipains have been suggested to account for up to 85% of
trypsin-like proteolytic activity in a P. gingivalis culture (49),
and under certain growth conditions in vitro, these enzymes
can accumulate to become the most abundant P. gingivalis
proteins in a culture (9).

The catalytic domains of RGP-1 and KGP constitute ap-
proximately one-third of the translated protein products. The
remaining two-thirds of these two gingipain molecules consist
of four COOH-terminal domains (HA1 to HA4) which are
highly homologous between these two predominant gingipains
(Fig. 1). These noncatalytic COOH-terminal domains were
originally named hemagglutinin (HA) domains because at
least one was thought to participate in hemagglutination (47).
They may each be separated posttranslationally from the cat-
alytic domain and from one another, presumably through au-
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FIG. 1. Domain structure and homologies between the gingipains RGP-1
and KGP. CAT represents the putative catalytic domain. Shaded areas represent
regions of >98% amino acid identity between the two gingipains. Each fraction
represents the degree of identity for each RGP-1 domain. Approx. kDa, approx-
imate molecular mass in kilodaltons.

tolysis some time after logarithmic growth in vitro (9, 59). The
functions of the first, third, and fourth HA domains are un-
known. The second HA domain (HA2) has recently been im-
plicated in hemoglobin binding (19, 43). Because all of the
domains of the gingipains are found together predominately in
loose, noncovalent associations with one another after hydro-
lytic separation (9, 59), the gingipains appear to be multifunc-
tional proteins for aggregation of erythrocytes and then lysing
of these cells to obtain hemoglobin for the acquisition of iron,
heme, or porphyrin.

P. gingivalis (formerly Bacteroides sp.) can utilize inorganic
iron, free or protein-associated heme, or organic iron sources
such as transferrin (5). Several investigators have previously
shown that P. gingivalis binds to and internalizes hemin with
various affinities and at various rates (4, 21, 53, 57, 60, 64).
These earlier reports suggest that there are at least two heme-
binding proteins of P. gingivalis with different affinities for
hemin which may respond to environmental changes by rapidly
changing their position or associations within the outer mem-
brane.

Hemin binding and uptake appear to be related to the reg-
ulation of proteinase and fimbriae expression and to vesicle
formation (7, 38, 40) and were recently proposed to establish
an antioxidative shield for protection from oxidative radicals
(61). Binding of protoporphyrin IX in P. gingivalis was also
implied by competition with labelled hemin (4, 64), and pro-
toporphyrin IX was reported to support growth (53). Proto-
porphyrin IX limitation was shown to be coordinated with
phenotypic expression of proteinase activity (42). Hemin bind-
ing by P. gingivalis may therefore represent a capacity for
protoporphyrin binding.

Recently, Nakayama et al. have isolated a hemoglobin-bind-
ing protein associated with the outer membrane of P. gingivalis
and identified this protein as one homologous with the HA2
domain of the gingipains (43). In that report, adsorption of
hemoglobin to whole P. gingivalis cells was associated with the
presence of the HA2 domain. Also, hemin accumulation within
the P. gingivalis cells was shown to be dependent on functional
expression of KGP (45). The HA2 gingipain domain may
therefore function as a hemoglobin-binding domain in P. gin-
givalis.

Understanding the molecular and biochemical mechanisms
involved in key regulatory pathways is paramount in develop-
ing strategies for control of disease. In this study, we obtained
evidence, by using a monoclonal antibody (MADb) which rec-
ognizes the hemoglobin-binding (HA2) domain of P. gingivalis
cysteine proteinases, that the HA2 domain can bind to hemo-
globin primarily and specifically through a portion of the heme
moiety that is surface exposed in the hemoglobin structure. We
also found that the unique epitope of MAb 5A1 within this
heme-binding domain was expressed in parallel with hemoglo-
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bin-binding activity and proteinase activity in cellular and cell-
free culture fractions of P. gingivalis.

MATERIALS AND METHODS

RGP-1 and KGP isolation. Polydomain RGP-1 and KGP were isolated and
characterized as previously described (68) by arginine-Sepharose affinity chro-
matography of detergent-extracted P. gingivalis ATCC 33277 cells. Alternatively,
polydomain RGP-1 and KGP were isolated as previously described (9) by argi-
nine-Sepharose affinity chromatography from cell-free supernatant of a 10-day P.
gingivalis batch culture.

Enzyme activity assays. The proteinase activities of P. gingivalis culture frac-
tions were measured by using the substrates N-tert-butoxycarbonyl-Tle-Glu-Gly-
Arg-7-amido-4-methylcoumarin or N-fert-butoxycarbonyl-Glu-Lys-Lys-7-amido-
4-methylcoumarin at 30°C in Tris buffer without added reducing agents.
Substrate hydrolysis was monitored over time by measuring 4,4, with a 380-nm
excitation beam on a Perkin-Elmer LS 50B luminescence spectrophotometer.

Development of MAbs 5A1 and IIB2. Antigingipain MAbs 5A1 and I1IB2 were
prepared in mice as previously described (9).

Expression and purification of recombinant HA2 (rHA2). Forward and re-
verse primers (AACCTGCAGCGCGCAGACTTCACGG and GGAAGCCAA
TGGCGCCAAAAGATCTAGT) were designed to amplify the HA2 domain
from the P. gingivalis RGP-1 proteinase gene (accession no. U15282). Restriction
sites for PstI and BglII were designed into the 5’ ends of the primers to facilitate
cloning. The digested PCR product was ligated into the QIAexpressionist type
IIT construct providing a six-His tag at the COOH terminus (Qiagen Corp.).
Transformation of the ligated construct was performed by electroporation into
Escherichia coli NM522 cells. E. coli cultures were grown at 37°C to an optical
density at 600 nm (ODgq) of 0.6 and then induced by incubation with 0.1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) for 6 h. Cells were harvested and
resuspended to 5 ml/g (wet weight) in buffer A (8 M urea, 0.1 mM NaH,PO,,
0.01 mM Tris-HCI, pH 7.9). The cells were stirred for 2 h at room temperature,
taking care to avoid foaming. This cell lysate was subjected to centrifugation at
31,000 X g for 30 min at room temperature to pellet the cellular debris, and then
the supernatant was subjected to ultracentrifugation at 130,000 X g for 2 h. The
clarified lysate was loaded onto a nickel-nitrilotriacetic acid column (Qiagen
Corp.), pre-equilibrated with buffer A. The nickel-nitrilotriacetic acid column
was washed with buffer A until the baseline was reached. The protein was
refolded on this column by running a linear gradient of urea from 8 to 0 M in 20
mM Tris-HCI-500 mM NaCl-10% glycerol (pH 7.9). The protein was then
eluted with 50 mM Tris-HCI-500 mM NaCl-10% glycerol-250 mM imidazole
(pH 7.9). The eluant was diluted 100-fold in 50 mM sodium acetate buffer (pH
5.5) and applied to a hemoglobin-agarose column pre-equilibrated with the
dilution buffer. After loading, the column was washed with the same buffer until
the baseline was reached and then the hemoglobin-binding protein was eluted
with 50 mM Tris-HCI (pH 9). Protein concentrations were determined by Coo-
massie dye binding using bovine serum albumin as the standard.

SDS-PAGE and Western blotting. Sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) was performed by using 12% gels with 4%
stackers by the method of Laemmli (32). All samples were diluted with SDS
sample buffer before electrophoresis with (reducing) or without 2-mercaptoetha-
nol. Western blotting was performed by the method of Towbin et al. (66), and
proteins were transferred from the gels to polyvinylidene difluoride (PVDF)
paper (Bio-Rad) with 300 mA for 1 h. Blots were blocked with 0.1% bovine
serum albumin in 20 mM Tris-HCI with 500 mM NaCl containing 0.1% Tween
20 (TBS/Tween). An alkaline phosphatase (AP) conjugate of rabbit anti-mouse
immunoglobulin G (Dako Corp.) was used as a secondary antibody. Blots were
washed with TBS/Tween between antibody applications. The substrate for AP
was nitroblue tetrazolium in excess with 5-bromo-4-chloro-3-indolylphosphate
(Bio-Rad), and color was developed in 5 mM Tris (pH 9.5).

NH,-terminal amino acid sequencing of proteins resolved by SDS-PAGE was
performed as previously described (9).

ELISA. Enzyme-linked immunosorbant assays (ELISA) were performed in
polystyrene microtiter wells. Proteins were used to coat the surfaces in 2.7 mM
KCI-1.5 mM KH,PO,~137 mM NaCl-8.1 mM Na,HPO, (PBS) with 10 mM
sodium azide (PBS/N;). All wells were blocked and washed in PBS with 0.1%
Tween 20 (PBS/Tween). Primary murine antibodies were applied in PBS/Tween
at a concentration of 0.5 wg/ml for at least 1 h. Secondary goat anti-mouse
antibodies conjugated with AP (Dako Corp.) were applied at a concentration of
1.1 pg/ml for 30 min, and then AP activity was monitored at 414 nm by hydrolysis
of the substrate 4-nitrophenylphosphate (Boehringer GmbH, Mannheim, Ger-
many) in 5 mM Tris (pH 9.5) by using a Titertek Twinreader PLUS photometer
(absorbance maximum of 3.0 ELISA units). Mean apparent dissociation con-
stants (K,;s) were derived by solid-phase ELISA as previously described (50) and
are accompanied by standard errors of the means.

Ligand-binding assay. The ligand-binding assay was a variant of the ELISA in
which the ligand (i.e., hemin or hemoglobin) that had been used to coat the wells
in PBS/N; was subsequently allowed to bind to a second ligand-binding protein
(i.e., rHA2 or gingipains) in PBS/Tween. The ligand-binding protein was then
detected with MADb 5A1 or 1IB2, followed by a rabbit anti-mouse AP conjugate,
and developed as already described for ELISA. Bovine hemoglobin was used in
these experiments. Hemin was from stock solutions dissolved in 0.1 N NaOH,
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FIG. 2. Hemoglobin binding by rHA2, RGP-1, and KGP. (a) Microtiter wells
were coated with hemoglobin and then incubated with threefold dilutions of
purified rHA2 at 2.5 pg/ml (), RGP-1 at 5 pg/ml (O), or KGP at 5 ug/ml (A).
Association of rHA2 with hemoglobin was measured with MAb 5A1, followed by
substrate development after binding of a secondary anti-mouse AP-conjugated
antibody. (b) Hemoglobin binding by native, but not denatured, gingipains. Wells
were coated with hemoglobin and then incubated overnight with dilutions of
either RGP-1 (@), KGP (A), RGP-1 denatured by boiling (O), or KGP dena-
tured by boiling (A). For this experiment, native or denatured gingipains that
bound to hemoglobin were recognized by MADb I1IB2, which specifically detects
both native and denatured gingipains. Primary antibody IIB2 was followed by
substrate development after binding of a secondary anti-mouse AP-conjugated
antibody. These data are representative of three separate experiments. Abs,
absorbance.

and although the NaOH would replace the chloride ion of hemin with a hydroxy-
late ion (hematin), the term hemin will be used for this compound throughout
this report. The K, and apparent inhibition constant (K;) for ligand binding were
derived as previously described (50) in these assays by using serial dilutions of the
ligand-binding protein or competitor, respectively, with even amounts of coated
ligand. The reported results are means accompanied by the standard errors of
the means.

Peptide synthesis. Peptides were synthesized by Chiron Mimotopes with ter-
minal amines and carboxylic acids. The peptide 1 sequence was ALNPD-
NYLISKDVTG, and the peptide 2 sequence was GEAPAEWT-
TIDADGDGQGWL.

Materials. All chemicals and compounds were purchased from Sigma unless
otherwise specified.

Statistics. Statistical differences between measurements of the gingipains and
rHA2 were determined with one-tailed Student ¢ tests.

RESULTS

The polydomain RGP-1 and KGP isolated from 3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS)-
extracted P. gingivalis cells possessed SDS-PAGE profiles,
NH,-terminal sequences, proteolytic activities, and inhibition
profiles characteristic of gingipain-like molecules previously
described by us (9, 68) and others (3, 47, 54) (data not shown).

The HA2 domain was cloned, expressed, and purified as a
six-His tag fusion. Nucleic acid and NH,-terminal amino acid
sequencing verified the identities of the clone and the ex-
pressed protein, respectively, as the HA2 domain of RGP-1
(data not shown).

Hemoglobin is bound by rHA2 and by native but not dena-
tured RGP-1 and KGP. In the solid-phase ligand-binding as-
say, rHA2, RGP-1, and KGP each bound to hemoglobin (Fig.
2a). As MAb 5A1 was used to detect rHA2 bound to hemo-
globin and did not interfere with this binding, it was evident
that the epitope for MAb 5A1 within the HA2 domain was
separate from the hemoglobin-binding site of HA2. The he-
moglobin-binding affinities of rHA2, RGP-1, and KGP (K, =
2.1 = 0.6 nM) were similar (P = 0.24), and the binding curves
of neither rHA2 nor the gingipains were indicative of multisite
binding (Fig. 2a). High-affinity binding to hemoglobin at a
single site within only the HA2 domain of both native RGP-1
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and KGP is sufficient to account for these observations. The
binding site for hemoglobin within the gingipains appeared to
be associated with a higher-order protein structure, since de-
naturation of RGP-1 and KGP by boiling effectively eliminated
their ability to bind hemoglobin (Fig. 2b).

Hemoglobin binding of the HA2 domain is mediated
through the heme moiety. To begin characterizing the binding
between rHA2 and hemoglobin, we examined the binding be-
tween rHA2 and hemin, as well as binding to hemoglobin
degraded by proteinase K. rHA2 bound not only to wells
coated with hemoglobin but also to wells coated with hemin or
with proteolytically degraded hemoglobin (Fig. 3a). Binding of
the rHA2 domain to hemin-coated wells was approximately
eightfold weaker than binding to hemoglobin in solid-phase
assays (K, = 16 = 1 nM) (Fig. 3b).

The HA2 domain binds the porphyrin ring structure. To
dissect the binding of the rHA2 domain to hemin, the K;s of
iron-free protoporphyrin IX in solution phase competition as-
says were determined. By using the standard ligand-binding
assay described herein, rHA2 or the gingipains were preincu-
bated with dilutions of protoporphyrin IX and then allowed to
bind to the hemin-coated wells. Binding of the gingipains or
rHAZ2 to hemin was inhibited by the addition of protoporphy-
rin IX (K; = 2.5 £ 0.3 uM) (Fig. 4a). The apparent K; values
of rHA2 and the gingipains were similar (P = 0.42). These data
indicated that binding of rHA?2 or the gingipains to hemin was
specific for some aspect of the protoporphyrin ring. Impor-
tantly, binding of rHA2 or the gingipains to hemoglobin was
also inhibited by protoporphyrin IX (Fig. 4b) (K; = 10 = 2
wM) and preincubation with the protoporphyrin effectively
eliminated binding to hemoglobin.

Directed protoporphyrin binding by rHA2. Examination of
the hemoglobin crystal structure indicated that only the region
of the heme moiety possessing the propionate functional
groups (Fig. 5) would be exposed for possible protein-protein
contact. We therefore reasoned that blocking access to the
acidic region of protoporphyrin molecules would have an effect
on rHA?2 binding and allow more specific characterization of
binding between the HA2 domain and the porphyrin ring. In a
modification of the ligand-binding assay system described
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FIG. 3. Binding of the HA2 domain to the heme moiety. (a) Binding of rHA2
to dilutions of hemin (#), hemoglobin (Hgb) (O), or hemoglobin degraded by
proteinase K (A). Microtiter wells were coated with dilutions of samples, and
then overnight binding of rHA2 to coated wells was detected with MAb 5A1,
followed by substrate development after binding of a secondary anti-mouse
AP-conjugated antibody. The absence of contaminating protein within 90 pg of
the hemin preparation and the absence of nondegraded subunits of hemoglobin
remaining after proteinase K treatment were verified by SDS-PAGE (data not
shown). (b) Binding of rHAZ2 to hemin. Microtiter wells were coated with hemin,
and overnight binding of rHA2 dilutions was detected with MAb 5A1 as de-
scribed above. These data are representative of two separate experiments. Abs,
absorbance.
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FIG. 4. Inhibition of hemin or hemoglobin binding. Microtiter wells were
coated overnight with hemin (a) or hemoglobin (b). rHA2 in E. coli lysate
(100-fold dilution) (X), RGP-1 at 65 ng/ml (@) or KGP at 65 ng/ml (A) was
preincubated with dilutions of 300 wM protoporphyrin IX for 1 h and then
transferred to the ligand-coated plates for overnight incubation. Binding of
rHAZ2 or the gingipains to coated wells was detected with MAb 5A1 or IIB2,
respectively, followed by substrate development after binding of a secondary
anti-mouse AP-conjugated antibody. These data are representative of two sep-
arate experiments. The absence of contaminating protein in a 90-wg protopor-
phyrin IX preparation was verified by SDS-PAGE and Coomassie dye binding
(data not shown). ABS, absorbance.

above, surfaces were first coated with ethylene diamine to
provide fixed, free, primary amines for carbodiimide linkage of
carboxylic acid groups. Hemin, protoporphyrin IX, and hema-
toporphyrin bound to wells coated with ethylene diamine with
or without carbodiimide treatment, as determined by A,
measurement (Fig. 5, striped bars). rHA2 binding to the car-
bodiimide-treated porphyrins in the wells was almost elimi-
nated, however, compared to the relatively greater association
of rHA2 with the nonderivatized porphyrins (Fig. 5, solid
bars). These data indicated that the rHA2 domain specifically
recognized the three porphyrin compounds in the region of the
propionic acid groups, as we were able to block rHA2 binding
by directionally attaching the carboxylic acids of hemin, pro-
toporphyrin IX, or hematoporphyrin to fixed amines. Since the
heme moiety within hemoglobin is almost identical to these
porphyrin molecules, the data suggested that the heme moiety
of hemoglobin was bound by rHA2 and by the HA2 domain of
the gingipains in a similar, directed, high-affinity manner.

The MAD 5A1 epitope is recognized in the rHA2 domain and
in denatured, but not native, RGP-1 and KGP. In ELISA,
MADb 5A1 bound to rHA2 with high affinity (K, = 2.2 X
1071 + 0.5 X 107 M) (Fig. 6a). MAb 5A1 also bound to
denatured RGP-1 and KGP but did not bind to the native
gingipains isolated from CHAPS-extracted P. gingivalis cells
(Fig. 6b). Soluble high-molecular-weight aggregates of gingi-
pain domains isolated from the cell-free fraction of a P. gingi-
valis batch culture by arginine-Sepharose affinity chromatog-
raphy (9) were, however, recognized by MAb 5A1 (K, = 1.7 X
10719 = 0.6 X 107 M) (Fig. 6¢). The similarity of the disso-
ciation constants (P = 0.36) and binding curves suggested that
MAD 5A1 recognized the same HA2 epitope in these polydo-
main gingipains as in rHA2.

The MAb 5A1 epitope is represented by an amino acid
sequence within the HA2 gingipain domain. By use of linear
synthetic peptides, the epitope of MAb 5A1 was determined to
be associated with the peptide ALNPDNYLISKDVTG (K, =
3.8 nM), which represents amino acids 1215 to 1229 of trans-
lated KGP within the HA2 domain (Fig. 7, peptide 1). Dot blot
analysis on a PVDF membrane confirmed the unique immu-
noreactivity of this peptide with MAb 5A1 (data not shown). A
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search of the SwissProt database for the linear sequence of
peptide 1 or of the GenBank database by using the deduced
nucleic acid sequence of this epitope resulted in no molecules
with perfect homology to the peptide other than the gingipains
and HagA, a large HA with regions of identity to the entire
HA?2 domain.

Correlation of HA2 domain immunoreactivity with hemo-
globin binding in a P. gingivalis culture. Detection of the HA2
epitope with MADb 5A1 in unfractionated P. gingivalis samples
was correlated with hemoglobin binding. Because proteinase
activity and gingipain expression have been shown to progres-
sively change during the course of an extended P. gingivalis
batch culture (9), we examined cell-associated and extracellu-
lar fractions during 8 days of culture. Both Arg- and Lys-
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FIG. 5. Directed porphyrin binding by rHA2. Microtiter wells were coated
with 100 mM ethylene diamine (pH 4.7) and then incubated with hemin, proto-
porphyrin IX, or hematoporphyrin at 90 pg/ml overnight in 50% dimethyl for-
mamide in the presence (+) or absence (—) of 10 mM carbodiimide. Wells were
washed four times with water, and then the amount of porphyrin bound to the
wells was determined by measuring absorbance (Abs) at 414 nm (striped bars).
Wells were blocked with PBS/Tween and then incubated with rHA2 at 125 ng/ml
overnight. Binding of rHA2 to coated wells was detected with MAb 5Al, fol-
lowed by substrate development after binding of a secondary anti-mouse AP-
conjugated antibody (solid bars). Error bars represent standard deviations of
absorbance measurements. Diagrams of the chemical structures of hemin, pro-
toporphyrin IX, and hematoporphyrin are presented adjacent to the correspond-
ing data.
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FIG. 6. Measurement of high-affinity binding of MAb 5A1 with rHA2, denatured but not native gingipains, and gingipains from the culture supernatant. (a) RGP-1
(@), KGP (A), or tHA2 in crude E. coli lysate (m) was used to coat microtiter wells and incubated with serial dilutions of MAb 5A1. (b) Dilutions of RGP-1 (O), KGP
(&), or heat-denatured RGP-1 (@) or KGP (A) were used to coat microtiter wells with threefold dilutions from 10 wg/ml and then incubated with MAb 5A1. (c) Purified
rHA2 (w) or purified high-molecular-weight aggregates of gingipain domains isolated from culture supernatant (@) were used to coat microtiter wells and incubated
with serial dilutions of MADb 5A1. These data are representative of three separate experiments. Abs, absorbance.

specific proteinase activities of the P. gingivalis cells peaked
near day 3 of culture (Fig. 8a and b, triangles). Proteinase
activities of the cell-free culture supernatants steadily rose
throughout the culture period (Fig. 8a and b, squares).
Immunoreactive protein in the cell-free conditioned culture
medium detected with MAb 5Al steadily accumulated
throughout the 8-day culture period, similar to proteolytic ac-
tivity (Fig. 8c, open squares). Immunoreactive protein associ-
ated with hemoglobin binding in this supernatant fraction also
increased steadily throughout the extended culture in a parallel
manner (Fig. 8c, closed squares). In the cellular fraction of the
P. gingivalis culture, expression of immunoreactive protein in-
creased early during the culture period with a peak near day 3
followed by a slight decrease and then an increase to peak
levels again by day 7, similar to the proteolytic activity of this
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FIG. 7. Immunoreactivity of synthetic peptides with MAb 5SA1. ELISA dem-
onstrating selective immunoreactivity of MAb 5A1 with peptide 1. Peptide 1 (m)
or 2 (A) was used to coat microtiter plates at a concentration of 5 pg/ml,
incubated overnight, and then incubated with dilutions of MADb 5A1. These data
are representative of two separate experiments. Abs, absorbance.

fraction (Fig. 8c, open triangles). Immunoreactive protein as-
sociated with hemoglobin binding in the cellular fraction fol-
lowed a parallel pattern of expression (Fig. 8c, closed trian-
gles). These data demonstrated that detection of protein
immunoreactive with MAb 5A1 in crude cellular and extracel-
lular fractions of a P. gingivalis culture was directly associated
with hemoglobin binding, suggesting that MAb 5A1 specifically
recognized the hemoglobin-binding HA2 domain within the P.
gingivalis culture. Also, the data demonstrated a profile of HA2
domain expression and hemoglobin-binding activity similar to
the profile of cellular and extracellular proteolytic activity ex-
pressed by P. gingivalis.

DISCUSSION

Control of P. gingivalis growth to prevent periodontal pa-
thology might be achieved by interference with one or more
pathways for obtaining heme. To this end, we have reported on
a MAD which recognizes an epitope within the hemoglobin-
binding domain of the abundant P. gingivalis cysteine protein-
ases, named gingipains, and demonstrated increasing levels of
this HA2 domain associated with hemoglobin binding and pro-
teinase activity in an extended P. gingivalis culture. Further, we
have characterized the binding between the HA2 domain and
hemoglobin, suggesting that binding is mediated in large part
by specific recognition of the porphyrin ring of the heme moi-
ety within hemoglobin.

The hemoglobin-binding affinities of RGP-1, KGP, and the
HAZ2 domain measured in our experiments were similar. Also,
binding curves for these interactions were typical of single-site
binding, which is consistent with the idea that the HA2 domain
of the cell-derived gingipains is solely responsible for hemo-
globin binding. The similarity of the inhibition profiles for the
gingipains to that of rHA2 further suggested that mediation of
gingipain binding to heme was through only the HA2 domain.
These data do not, however, rule out other possible heme-
binding sites in the gingipains with affinity identical to that of
HAZ2.

Hemoglobin binding by the separated catalytic domain of
KGP was recently demonstrated (31). Our data, obtained by
using polydomain gingipains, did not provide evidence for this



VoL. 181, 1999 PORPHYRIN BINDING BY P. GINGIVALIS GINGIPAINS 3789
a b c
lle-Gly-Gly-Arg Glu-Lys-Lys
c 5.0 < i
E 4.0 § = |
€ 3.0 E ¥
: :
o 2.0 ° ®
‘© o .
g 1.0 £
e c :
0.0 Fmrt—— 0.0 ¥— I 0 B—————
12345678 12345678 1234567
; culture period (d) culture period (d) culture period (d)

FIG. 8. Expression of HA2-related immunoreactive hemoglobin-binding protein from P. gingivalis. Aliquots of P. gingivalis culture medium were removed daily
during a period of 8 days (d), immediately separated into a cell pellet and culture supernatant, and then frozen until use. The ODgq, and purity of the culture were
measured daily. The cell pellets were dispersed evenly into 1 ml of PBS/N;. (a and b) Arg- and Lys-specific proteinase activities, respectively, of the cell-free culture
supernatant (CJ) and cellular fraction (A) were measured as described in Materials and Methods. Measurements of the cellular fractions were normalized to the culture
densities (ODgq) recorded daily. (c) The HA2 domain (1/243 dilution; [J) and the HA2 domain associated with hemoglobin binding (1/81 dilution; m) in culture
supernatants were measured by ELISA and a ligand-binding assay, respectively, as described in Materials and Methods. In P. gingivalis whole-cell fractions, the HA2
domain (1/243 dilution; A) and the HA2 domain associated with hemoglobin binding (1/9 dilution; A) were measured by ELISA and a ligand-binding assay, respectively,
as described in Materials and Methods. Measurements of the cell-associated fractions were normalized to the culture densities (ODg4,) recorded daily. The
corresponding background immunoreactivity with murine anti-human CD-19 immunoglobulin G was subtracted from each measurement. These data are representative
of two separate experiments in which the patterns of expression were similar. Abs, absorbance.

second hemoglobin-binding site. It is likely, however, that sep-
arated domains of the gingipains behave differently than when
associated either noncovalently or within a single polydomain
polypeptide. The inability of MAbs which recognize either
isolated gingipain domains or peptides to recognize the larger
polydomain gingipains of cells exemplifies this potential (this
report and reference 22).

Apparent dissociation constants in the nanomolar range rep-
resented significantly tighter binding of the HA2 domain to
hemoglobin than previously reported (43). Further, this rela-
tively tight binding in our experiments was measured at a
nearly neutral pH and not at the pH maximum for binding of
5.5 reported earlier. Differences in experimental systems for
measuring binding may account for this discrepancy.

Protoporphyrin IX inhibited binding of rHA2 to hemin.
Also, protoporphyrin IX and hemin did not differ statistically
in the ability to inhibit the binding of rHA2 to hemin (data not
shown). This indicated that the sequestering of porphyrin by
HAZ2 functioned independently of iron. The side chain groups
of the porphyrin also did not appear to determine HA2 bind-
ing. Hematoporphyrin differs from protoporphyrin IX only by
the hydroxylation of the two side chain ethylene groups. These
groups are located opposite the positions of propionate groups
across the plane of the porphyrin. As the binding to HA2 of
these two porphyrins was comparably strong (Fig. 5), it can be
concluded that HA2 binding was insensitive to the nature of
the chemical groups attached at these positions. This contrasts
with the blocking of rHA2 binding in both hematoporphyrin
and protoporphyrin IX by directional attachment through
chemical modification of the propionate groups.

The iron chelator 2,2'-dipyridal at a concentration of 2 mM
also inhibited the binding of rHA?2 to hemin, although the K; of
the dipyridal was 200-fold higher than the K; of protoporphyrin
IX (data not shown). This may indicate that tHA2 also had
some weak interaction with the iron, but direct steric interfer-
ence by the dipyridal in the absence of direct iron binding by
rHAZ2 could also be considered.

Binding of hemin by the rHA2 domain was eightfold weaker
than that of hemoglobin, although it would be expected to be
similar if binding of the HA2 domain to hemoglobin occurred
solely through the porphyrin ring of the heme ligand. Compe-
tition experiments demonstrated that protoporphyrin IX also
inhibited hemoglobin binding, although it was approximately
fourfold less competitive than in hemin-binding assays. A por-
tion of the hemoglobin polypeptide may, therefore, contribute
to the interaction of HA2 with hemoglobin in a cooperative
manner. Because protoporphyrin IX alone completely blocked
the interactions between rHA2 or the gingipains and hemo-
globin, however, binding between the HA2 domain and the
heme moiety must have been essential for the maintenance of
this cooperative hemoglobin binding. Alternatively, the weaker
binding of rHA2 with hemin in these experiments might also
be due to the possibility that iron-protoporphyrins in solution
can dimerize, ruffle, or associate differently than when bound
to hemoglobin (23, 29, 55). Further, the HA2-binding region of
the relatively smaller hemin ligand when bound directly to a
surface may be less sterically accessible to the HA2 domain
than when heme is presented and supported as part of a large
globular protein where the propionate groups and the adjoin-
ing rim of the porphyrin ring protrude slightly beyond the
surface of the protein (35).

Gingipains recovered from the culture supernatant subse-
quent to the first day of growth were previously shown to
consist of noncovalently aggregated lower-molecular-weight
domain fragments of the gingipains (9, 59). Although MAb
5A1 did not recognize native gingipains purified from solubi-
lized P. gingivalis cells, MAb 5A1 did detect gingipain domain
aggregates purified from the culture supernatant. This is not
surprising, considering that the antibodies were made against
the domain fragments of these gingipains (9), and it demon-
strates potential differences between high-molecular-weight
gingipains recovered by various means.

It is not known whether the HA2 domain was recognized in
our cultures as a separate domain, as implicated by the isola-
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tion of the separate HA2 domain from envelope fractions (19),
or whether the HA2 domain was part of a polydomain complex
of gingipain fragments or derived from the hagA gene product.
Since the gingipains would be required for hydrolytic release of
the HA2 domain from the hagA gene product, as well as from
the gingipains themselves (43, 45), analysis of porphyrin bind-
ing in hagA knockout strains of P. gingivalis is needed to ad-
dress this question. Our data demonstrated that the presence
of the HA2 domain released by the cells paralleled proteinase
activity, as well as hemoglobin-binding activity, suggesting that
the hemoglobin-binding HA2 domain was derived from the
gingipains. Although these data do not directly implicate the
HAZ2 domain in iron, heme, or porphyrin acquisition by the P.
gingivalis organism, the HA2 domain was associated with he-
moglobin binding and could be considered a specific target for
interference with heme acquisition by P. gingivalis. An HA2-
specific antibody which blocks HA2 binding to heme or hemo-
globin might be useful in dissecting the role of this porphyrin-
binding domain in whole-cell metabolism and virulence.

Hemagglutination was the original function ascribed to the
four COOH-terminal domains of the gingipains (47). Although
the HA2 domain functions as a porphyrin-binding domain, it
might, in addition, participate in hemagglutination. The sepa-
rate rHA2 domain, at a concentration of 2 pg/ml, did not
agglutinate erythrocytes, however, and MAb 5A1, which bound
to the HA2 domain, did not inhibit the hemagglutination ca-
pacity of whole P. gingivalis cells (data not shown). We are cur-
rently investigating the functions of each gingipain HA domain.

Sequence analysis and trypsin susceptibility make the hemin-
binding Omp26 described by Bramanti and Holt clearly differ-
ent from the HA2 domain (4, 30). We have therefore identified
a second hemin-binding protein in P. gingivalis. Interestingly, a
recent independent analysis of hemin binding by whole cells of
P. gingivalis described two different affinities (64). Now we have
demonstrated that hemin- or hemoglobin-binding activity is
also released by P. gingivalis in batch cultures. It is not imme-
diately clear what advantage P. gingivalis would gain by releas-
ing heme-binding activity, but it may be speculated, consider-
ing the recovery of the separate HA2 domain from the outer
membrane (43), that soluble HA2 might reassociate with other
gingipain domains on the P. gingivalis cells after scavenging and
binding to heme or hemoglobin. A specific association of the
HAZ2 domain with an active catalytic domain may be required
for removal of the heme moiety from hemoglobin.

Characterization of the binding between the rHA2 domain
and porphyrins should allow design of efficient affinity ligands
for purification of HA2 and allow structure-based design of
inhibitors of heme or hemoglobin binding. Heme acquisition is
considered to be fundamental to the growth of P. gingivalis,
and intervention with specific agents to disrupt pathways for
heme binding or uptake may allow the eventual control or
prevention of periodontal disease.
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