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Previous genetic and biochemical studies have confirmed that hemoglobin and hemin utilization in Porphy-
romonas gingivalis is mediated by the outer membrane hemoglobin and heme receptor HmuR, as well as gingi-
pain K (Kgp), a lysine-specific cysteine protease, and gingipain R1 (HRgpA), one of two arginine-specific cys-
teine proteases. In this study we report on the binding specificity of the recombinant P. gingivalis HmuR protein
and native gingipains for hemoglobin, hemin, various porphyrins, and metalloporphyrins as assessed by spec-
trophotometric assays, by affinity chromatography, and by enzyme-linked immunosorbent assay. Protopor-
phyrin, mesoporphyrin, deuteroporphyrin, hematoporphyrin, and some of their iron, copper, and zinc deriva-
tives were examined to evaluate the role of both the central metal ion and the peripheral substituents on binding
to recombinant HmuR and soluble gingipains. Scatchard analysis of hemin binding to Escherichia coli cells
expressing recombinant membrane-associated six-His-tagged HmuR yielded a linear plot with a binding af-
finity of 2.4 3 1025 M. Recombinant E. coli cells bound the iron, copper, and zinc derivatives of protoporphyrin
IX (PPIX) with similar affinities, and approximately four times more tightly than PPIX itself, which suggests
that the active site of HmuR contains a histidine that binds the metal ion in the porphyrin ring. Furthermore,
we found that recombinant HmuR prefers the ethyl and vinyl side chains of the PPIX molecule to either the
larger hydroxyethyl or smaller hydrogen side chains. Kgp and HRgpA were demonstrated to bind various por-
phyrins and metalloporphyrins with affinities similar to those for hemin, indicating that the binding of Kgp and
HRgpA to these porphyrins does not require a metal within the porphyrin ring. We did not detect the binding of
RgpB, the arginine-specific cysteine protease that lacks a C-terminal hemagglutinin domain, to hemoglobin, por-
phyrins, or metalloporphyrins. Kgp and HRgpA, but not RgpB, were demonstrated to bind directly to soluble
recombinant six-His-tagged HmuR. Several possible mechanisms for the cooperation between outer membrane
receptor HmuR and proteases Kgp and HRgpA in hemin and hemoglobin binding and utilization are discussed.

Passive heme uptake through the outer membranes of gram-
negative bacteria is not a significant route of heme entry (24,
33), and most bacteria possess specific heme uptake systems to
use this compound as either an iron or iron-porphyrin source
(reviewed in reference 20). In most gram-negative bacteria
heme utilization is mediated by specific outer membrane re-
ceptors that bind directly to host heme-sequestering proteins.
Several gram-negative bacteria also produce extracellular heme-
binding proteins (hemophores). These secreted proteins ex-
tract heme from hemoglobin and deliver it to an outer mem-
brane-associated protein, which transports heme into the cell.
The best-characterized system is that of Serratia marcescens-
secreted protein HasA, which captures heme and hemoglobin
and delivers it to outer membrane receptor HasR (21, 28).

Porphyromonas gingivalis, the etiological agent of adult peri-
odontal disease, requires hemin for growth (17, 46). The bind-
ing and utilization of hemoglobin (2, 16, 25, 52) and hemin (5,
17, 54) have been demonstrated in P. gingivalis and related
species. P. gingivalis expresses several outer membrane pro-
teins in response to iron and heme limitation (5, 51); however,

the role of these proteins in heme transport is not well defined.
Several reports have also described P. gingivalis genes hemR,
ihtA, and tlr, which exhibit homology to genes encoding TonB-
dependent receptors (13, 23, 49). A role for the protein prod-
ucts of the P. gingivalis hemR, ihtA, and tlr genes has not been
delineated because the respective P. gingivalis mutants have
not been isolated.

We have described a P. gingivalis heme and hemoglobin
receptor (heme/hemoglobin receptor; HmuR) which has ho-
mology with TonB-dependent outer membrane hemoglobin/
heme receptors (50). P. gingivalis hmuR mutant cells bound less
hemoglobin and hemin than did the parental strain and exhib-
ited diminished growth with hemoglobin or hemin (50). Fur-
thermore, we demonstrated that recombinant HmuR ex-
pressed in E. coli bound hemin and hemoglobin (50). Amino
acid comparisons of the conserved motifs of several different
hemoglobin/heme receptors and the P. gingivalis HmuR pro-
tein revealed that HmuR contains highly conserved domains
containing invariant histidine residues (His95 and His434),
glutamic acid residues (Glu448 and Glu458), and the FRAP
(in HmuR YRAP) and NPNL (in HmuR NPDL) amino acid
boxes, which may be involved in hemoglobin and heme binding
(4, 50). It was previously shown that the hemR gene is identical
with the hmuR gene in the N-terminal portion but that these
two genes differ in their C termini (23, 50). Despite the fact
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that previous studies have determined that hemR is present in
strains 53977, 381, and W50, we were unable to amplify the
hemR gene from P. gingivalis A7436, suggesting that in this
strain hemin transport can occur independently of HemR.

In addition to conventional outer membrane receptors,
heme and hemoglobin utilization in P. gingivalis also requires
participation of the cysteine proteases referred to as gingipains
(12, 19, 26). The gingipains exhibit proteolytic enzymatic ac-
tivity against a range of host proteins including host proteinase
inhibitors, immunoglobulins, iron-sequestering proteins, extra-
cellular matrix proteins, bactericidal proteins and peptides,
and proteins involved in the coagulation, complement, and
kallikrein/kinin cascades (15, 22, 31, 45). P. gingivalis lysine-
specific gingipain K (Kgp) and arginine-specific gingipain R1
(HRgpA) are purified as noncovalent complexes of the cata-
lytic domain associated with four polypeptide chains derived
from the hemagglutinin domain (3, 11, 36, 37, 40, 41, 42).
These gingipains occur either in extracellular soluble or in
membrane-associated forms (40, 41). In contrast to Kgp and
HRgpA, a second arginine-specific gingipain, R2 (RgpB), con-
tains only a catalytic domain (44) and is not required for
hemoglobin and heme utilization in P. gingivalis. Previous stud-
ies have reported that different portions of Kgp and HRgpA
can bind hemoglobin, hemin, and protoporphyrin IX (PPIX)
(14, 25, 35, 38, 48). Kgp has also recently been demonstrated to
degrade hemoglobin (29, 53), hemopexin, haptoglobin (53),
and transferrin (6). Genetic analysis has confirmed a role for
Kgp in hemoglobin and hemin utilization in P. gingivalis (18,
51). It has recently been proposed that soluble Kgp and outer
membrane receptor HmuR function together for the transport
of hemin from hemoglobin in P. gingivalis (20).

In this study we report on the binding specificity of recom-
binant P. gingivalis HmuR and native soluble gingipains for
hemin, hemoglobin, porphyrins, and metalloporphyrins. A se-
ries of porphyrins and metalloporphyrins were chosen to eval-
uate the role of both the central metal ion and the peripheral
substituents in porphyrin binding to recombinant HmuR and
native gingipains. Our results demonstrate that outer mem-
brane receptor HmuR binds heme and related metalloporphy-
rins more tightly than hemoglobin. The iron, copper, and zinc
derivatives of PPIX bound to recombinant HmuR with similar
affinities, and more tightly than PPIX itself, suggesting that the
active site of HmuR has a histidine that binds to the metal ion
present in the porphyrin ring. Native Kgp and HRgpA bound
selected porphyrins approximately as well as the correspond-

ing metalloporphyrins, indicating that the binding of Kgp and
HRgpA to these compounds does not require a metal present
in the porphyrin ring. RgpB, which is missing the C-terminal
hemagglutinin domain present in Kgp and HRgpA, did not
bind to these compounds. Finally, we demonstrate that soluble
Kgp and HRgpA, but not RgpB, bind directly to recombinant
HmuR.

MATERIALS AND METHODS

Construction of HmuR expression plasmids. The hmuR gene was amplified
from total genomic DNA of P. gingivalis strain A7436 as previously reported (50).
Briefly, the forward primer (Table 1) was designed to produce hmuR either
without (F1) or with (F2) its native signal peptide sequence. The reverse primer
was designed to remove the native stop codon (R1) to preserve the reading frame
through the C-terminal tag. To obtain recombinant HmuR without the tag
consisting of the V5 epitope and six histidines (V5–six-His tag), the stop codon
was included (R2). The amplified products were purified and cloned into vector
pCRT7/CT-TOPO (Invitrogen, Carlsbad, Calif.), coding for the V5 epitope and
polyhistidine (six-His) regions. The resulting plasmids (pTO1, pTO2, pTO3, and
pTO4; Table 2) were then transformed into Escherichia coli strain TOP10F9
(Invitrogen). Transformants were selected on Luria-Bertani plates containing
100 mg of ampicillin/ml, and the insertion was confirmed by restriction enzyme
analysis, PCR, and sequence analysis.

Expression and purification of recombinant HmuR. E. coli strains BL21(DE3)
pLysS and BL21(DE3)pLysE (Invitrogen) were transformed with either pTO1,
pTO2, pTO3, pTO4, or pCRT7/CT-TOPO and grown overnight at 37°C in min-
imal medium (M9) supplemented with 100 mg of ampicillin and 34 mg of chlor-
amphenicol/ml. Overnight bacterial cultures were inoculated into fresh M9 me-
dium and grown at 37°C to an optical density at 600 nm (OD600) of 0.5 to 0.6.
Expression of the P. gingivalis hmuR gene was induced by the addition of 0.5 to
1 mM isopropyl b-D-thiogalactopyranoside (IPTG; Sigma, St. Louis, Mo.), fol-
lowed by a 3- to 5-h growth period. After IPTG induction, E. coli BL21(DE3)
pLysS and BL21(DE3)pLysE cells expressing TO1 were harvested by centrifu-
gation for 20 min at 8,000 3 g. Recombinant HmuR containing the V5–six-His
tag (rHmuR-6His) and lacking the signal sequence was purified from inclusion
bodies using Ni-chelate chromatography under denaturing conditions as de-
scribed previously (50). The purified protein was dialyzed to decreasing concen-
trations of urea and finally to 0.5 M urea made in 20 mM phosphate buffer, pH
7.4, containing 0.14 M NaCl (phosphate-buffered saline [PBS]) and 0.1% n-octyl-
b-D-glucopyranoside (OG; Sigma). After dialysis less than 10% of the rHmuR-
6His was susceptible to renaturation and present in the soluble fraction, as de-
termined by protein concentration. The remainder of the rHmuR-6His protein
obtained after the final dialysis was present in the denatured nonsoluble fraction.

To localize recombinant HmuR, total membrane fractions were isolated from
E. coli cells (adjusted to an OD600 of 1.0) harboring pTO2, pTO3, or the vector
alone after centrifugation (70,000 3 g, 1 h) of the supernatant remaining after
the first centrifugation at 8,000 3 g for 20 min. Total-membrane fractions were
solubilized in 0.5% sarcosyl (Sigma) in PBS containing protease inhibitors, and
after centrifugation (100,000 3 g, 1 h) outer membrane fractions were collected.
Detection of the recombinant HmuR was performed after polyacrylamide gel
electrophoresis (PAGE) in the presence of sodium dodecyl sulfate (SDS) using
Coomassie brilliant blue G-250 (CBB; Invitrogen) staining or after transfer onto

TABLE 1. Primers used in this study

Primera (sequence) Description

F1 (ATGGCCAACCCTCCGGCCCAACCTA)....................................Amplifies the hmuR gene without the signal peptide sequence and without
the stop codonR1 (GAAAGTGATCCGAACCAACCCGTAT)

F2 (ATGAAAAGTCTAGTAACAAAGCAGG) .................................Amplifies the hmuR gene with the signal peptide sequence and without
the stop codonR1 (GAAAGTGATCCGAACCAACCCGTAT)

F1 (ATGGCCAACCCTCCGGCCCAACCTA)....................................Amplifies the hmuR gene without the signal peptide sequence and with
the stop codonR2 (TTAGAAAGTGATCCGAACCAACCCGTAT)

F2 (ATGAAAAGTCTAGTAACAAAGCAGG) .................................Amplifies the hmuR gene with the signal peptide sequence and with the
stop codonR2 (TTAGAAAGTGATCCGAACCAACCCGTAT)

a F, forward; R, reverse.

5600 OLCZAK ET AL. J. BACTERIOL.



nitrocellulose membranes by probing with monoclonal anti-V5 antibodies (In-
vitrogen) or polyclonal anti-HmuR antibodies (Lampire Biological Laboratories,
Pipersville, Pa.). The latter were raised to the rHmuR-6His purified from inclu-
sion bodies. The immunoglobulin G (IgG) fraction was isolated from the result-
ing antiserum using a HiTrap protein A affinity column (Pharmacia Biotech,
Piscataway, N.J.). After incubation with a secondary antibody conjugated with
horseradish peroxidase (HRP; Sigma) chemiluminescence staining was used to
detect the complexes formed (50).

UV-Vis spectrophotometric analysis. Heme binding to rHmuR-6His purified
from inclusion bodies was monitored by UV-visual (UV-Vis) absorption analysis
on a Beckman DU 7500 spectrophotometer scanning from 200 to 800 nm. The
final mixture of 5 mM rHmuR-6His (renatured by dialysis against PBS, pH 7.4,
containing 0.1% OG and 0.5 M urea) with 20 mM hemin (dissolved in dimethyl
sulfoxide [DMSO]; final DMSO concentration in the mixture was 1 to 10%) was
placed in a cuvette (0.5-cm cell length), and spectra were recorded immediately
after mixing (time zero) and after 5, 15, 30, and 60 min of incubation at room
temperature (RT). Nonrenatured rHmuR-6His, present after dialysis in the
denatured nonsoluble fraction, was dissolved in PBS containing 0.1% OG and
8 M urea and was also examined by UV-Vis spectrophotometric analysis for
hemin binding. The UV-Vis analyses of serum protein complexes with hemo-
globin or hemin were performed under similar conditions as described above,
with the exception that PBS was used to dissolve and dilute all proteins.

Binding of E. coli cells expressing recombinant HmuR to hemoglobin, por-
phyrins, and metalloporphyrins. E. coli BL21(DE3)pLysS and BL21(DE3)
pLysE cells expressing rHmuR-6His (containing the V5–six-His tag) or rHmuR
(V5–six-His tag not produced) deposited in inclusion bodies (lacking the signal
sequence) or membrane associated (containing the signal sequence) and cells
containing the vector alone were grown in M9 medium and harvested before and
after IPTG induction. The cells were washed with PBS and adjusted to an OD600

of 1.0, and 0.8-ml aliquots of the cell suspension in PBS were mixed with 0.2 ml
of hemoglobin (5 mM) or hemin (10 mM) or other porphyrins or metallopor-
phyrins (10 mM). To reduce self-aggregation of hemin and other metalloporphy-
rins or porphyrins, DMSO (1 to 10%) was included in all assays (10, 20). PPIX
and mesoporphyrin (MPIX) were obtained from Aldrich Biochemicals (Milwau-
kee, Wis.); iron(III) a,b,g,d-tetraphenylporphine tetrasulfonic acid (FeTPPS4),
hematoporphyrin (HPIX), deuteroporphyrin (DPIX), the copper derivative of
MPIX (CuMPIX), and the zinc and copper derivatives of PPIX (ZnPPIX, and
CuPPIX, respectively) were obtained from Porphyrin Products (Logan, Utah);
the iron and zinc derivatives of MPIX (FeMPIX and ZnMPIX, respectively)
were obtained from Midcentury (Posen, Ill.); hemoglobin and hemin were ob-
tained from Sigma. Samples were incubated at RT for 1 h and centrifuged, and
the OD400 of the supernatant was measured. Compounds diluted in PBS were
incubated under the same conditions and served as appropriate controls. The
binding of all compounds was determined by the decrease of absorbance of the
supernatant compared to those for control samples, which were set as 100%. For
the saturation of hemin binding to rHmuR-6His, nonspecific hemin binding to
E. coli cells harboring the vector alone was subtracted from hemin binding to
E. coli cells expressing rHmuR-6His.

Purification of gingipains. Kgp, HRgpA, and RgpB were purified from P. gin-
givalis strain HG66 cultures as previously described (42, 44) and were kindly
provided by Jan Potempa (Jagiellonian University, Cracow, Poland). Approxi-
mately 5 mg of each gingipain from 1 liter of bacterial culture was purified to
homogeneity as determined by SDS-PAGE and CBB staining and, after transfer

onto a nitrocellulose membrane, by reactivity with the appropriate antibodies. In
addition, the concentration of active gingipain in each batch was determined by
active-site titration using specific inhibitors Z-Phe-Lys-2,4,6-trimethylbenzoyl-
oxymethylketone (FKck) and H-D-Phe-Phe-Arg-chloromethylketone (FFRck)
(Bachem Biosciences Inc., King of Prussia, Pa.) for gingipain K and gingipain R,
respectively (43). Antibodies to each purified gingipain (Lampire Biological
Laboratories) were produced as previously described (19). IgG fractions were
purified from the antisera using a HiTrap protein A affinity column (Pharmacia
Biotech), and their specificities and activities were confirmed.

Binding of recombinant HmuR to hemoglobin, gingipains, and serum pro-
teins. Binding of rHmuR-6His to hemoglobin, gingipains, and serum proteins
was examined by an enzyme-linked immunosorbent assay (ELISA). Six-His-
tagged rHmuR purified from inclusion bodies was immobilized (0.05 nmol per
well) onto the surface of Ni-nitrilotriacetic acid (NTA) HisSorb wells (Qiagen,
Valencia, Calif.) and incubated overnight at 4°C. This was followed by the
addition of hemoglobin, haptoglobin (Sigma), transferrin saturated with iron (Sig-
ma), human serum albumin (HSA; Sigma), hemopexin (Sigma), Kgp, HRgpA, or
RgpB (0.005 to 1.0 nmol per well). We also prepared complexes of hemoglobin
with haptoglobin, hemopexin with hemin, and HSA with hemin by incubation of
serum proteins with hemoglobin or hemin in a molar ratio of 1:1 for 1 h at 37°C.
The formation of these complexes was confirmed by UV-Vis analysis at 200 to
800 nm. Free hemoglobin or hemin was not observed in these preparations. The
complexes formed between rHmuR-6His and the proteins were detected by
probing with specific antibodies to each serum protein (goat antihemoglobin,
antihaptoglobin, antihemopexin, rabbit anti-HSA, and antitransferrin diluted
1:5,000, 1:10,000, 1:10,000, 1:5,000, and 1:5,000, respectively; Biomeda, Foster
City, Calif., or Sigma) or gingipain (rabbit anti-Kgp, -HRgpA, and -RgpB diluted
1:30,000, 1:20,000, and 1:10,000, respectively), followed by appropriate secondary
antibodies conjugated with HRP. Substrate o-phenylenediamine (Sigma) was
added to wells and incubated at RT for 15 to 30 min. The reactions were stopped
by addition of 50 ml of 12.5% sulfuric acid, and the absorbance was measured at
490 nm.

Binding of recombinant HmuR and gingipains to hemoglobin- or heme-aga-
rose. Hemoglobin- and heme-agarose beads (Sigma) were washed with PBS or
PBS containing 0.1% OG, resuspended in 20 ml of the buffer, and incubated with
agitation overnight at 4°C with rHmuR-6His purified from inclusion bodies (0.01
nmol of rHmuR-6His per sample) and Kgp, HRgpA, or RgpB (0.01 nmol of Kgp
and HRgpA and 0.02 nmol of RgpB; gingipains contained FKck and FFRck as
inhibitors) in a total volume of 50 ml. Hemoglobin-agarose contained 6.1 to 12.3
nmol of hemoglobin per sample (0.02 to 0.05 mmol of heme in a hemoglobin
sample), and heme-agarose contained 0.08 to 0.16 mmol of heme per sample.
After centrifugation, the supernatant fluids were collected and the conjugated
agarose beads were washed three times with PBS or PBS containing 0.1% OG.
All samples were then boiled in Laemmli sample buffer and after centrifugation
were subjected to SDS-PAGE. Gels were either stained with CBB or transferred
onto nitrocellulose membranes. Recombinant HmuR was detected on blots with
an anti-V5-HRP antibody (Invitrogen), and the other proteins were detected
with the appropriate antibodies. Chemiluminescence detection was performed as
previously described (50).

Binding of gingipains to hemoglobin and various porphyrins and metallopor-
phyrins. Binding of Kgp, HRgpA, and RgpB to hemoglobin, hemin, porphyrins,
and metalloporphyrins was studied using an ELISA. Polystyrene plates (Dynex,
Chantilly, Va.) were coated overnight at 4°C with 100 ml of 5 mM hemoglobin or

TABLE 2. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype Source or reference

P. gingivalis A7436 Wild type Laboratory collection
E. coli TOP10F9 F9 {lacIq/Tn10 (Tetr)} mcrA D(mrr-hsdRMS-mcrBC) f80lacZDM15 DlacX74 recA1

deoR araD139 D(ara-leu)7697 galU galK rpsL (Strr) endA1 nupG
Invitrogen

E. coli BL21 (DE3)pLysE F2 ompT hsdSB (rB
2 mB

2) gal dcm (DE3)pLysE(Camr) Invitrogen
E. coli BL21 (DE3)pLysS F2 ompT hsdSB (rB

2 mB
2) gal dcm (DE3)pLysS(Camr) Invitrogen

pCRT7/CT-TOPO Ampr Invitrogen
pTO1 pCRT7/CT-TOPO containing the hmuR gene without the signal peptide sequence

and with the fusion tag
50

pTO2 pCRT7/CT-TOPO containing the hmuR gene with the signal peptide sequence
and with the fusion tag

50

pTO3 pCRT7/CT-TOPO containing the hmuR gene with the signal peptide sequence
and without the fusion tag

This study

pTO4 pCRT7/CT-TOPO containing the hmuR gene without the signal peptide sequence
and without the fusion tag

This study
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10 mM porphyrins or metalloporphyrins per well. Human hemoglobin was dis-
solved in PBS, whereas all other compounds were dissolved in DMSO and then
diluted with PBS (final DMSO concentration of 1 to 10%). Nonspecific binding
sites were blocked overnight at 4°C with 1% bovine serum albumin (BSA)-PBS,
followed by addition of 0.01 to 2 nmol of Kgp, HRgpA, or RgpB (containing the
appropriate inhibitors) in 100 ml of 1% BSA-PBS per well. Bound gingipains
were detected by rabbit anti-Kgp, -HRgpA, or -RgpB antibodies diluted
1:30,000, 1:20,000, and 1:10,000, respectively, and by goat anti-rabbit IgG anti-
bodies conjugated with HRP, diluted 1:10,000. All reactions were performed for
1 h at 37°C. Washing was performed with PBS or PBS containing 0.1% Tween 20.
The color was developed as described above.

Statistical analysis. Data expressed as means 6 standard deviations (SD) were
analyzed using Student’s t test; P values below 0.05 were considered significant.

RESULTS

Recombinant HmuR-hemin spectra and saturation of he-
min binding to membrane-associated rHmuR-6His. In a pre-
vious study we demonstrated that recombinant HmuR contain-
ing its native signal peptide sequence and the V5–six-His tag
(rHmuR-6His) was exported and associated with the outer
membrane of E. coli cells (50). We also demonstrated that
E. coli cells expressing membrane-bound rHmuR-6His bound
hemoglobin and hemin (50). However, the binding specificity
of rHmuR-6His for these ligands has not been examined in
detail.

We examined the localization of the recombinant HmuR
lacking the V5–six-His tag (rHmuR) and compared its expres-
sion and localization with those of rHmuR-6His. As shown in
Fig. 1A and B the association of rHmuR and that of rHmuR-
6His with the outer membranes of E. coli cells and expression
levels of both proteins were comparable. We also determined
that the addition of the His tag did not significantly affect the
ability of E. coli cells expressing recombinant HmuR to bind
hemin (Fig. 1C). As expected, only E. coli cells expressing
membrane-associated rHmuR-6His (containing the His tag) or
rHmuR (lacking the His tag) were found to bind hemin. In
contrast, E. coli cells in which rHmuR-6His and rHmuR both
lacked the signal sequences and after expression were depos-
ited in inclusion bodies bound small amounts of hemin (Fig.
1C). These results indicate that E. coli cells expressing either
rHmuR-6His or rHmuR can bind hemin and that the His tag
did not significantly affect this binding.

The ability of rHmuR-6His purified from inclusion bodies to
bind heme was examined by incubating the soluble protein
with hemin and measuring the absorbance of hemin at 200 to
800 nm. Following the addition of rHmuR-6His (5 mM) to a
freshly prepared hemin solution (20 mM) the absorption spec-
trum of heme in the Soret region changed from the spectrum
of free heme (380 nm) to the typical spectrum of a heme-
protein complex (408 nm) (Fig. 2). Spectral changes of rHmuR-
6His with hemin were essentially complete after a 15-min in-
cubation. This shift in the wavelength of the absorbance re-
flects a modification of the heme absorption spectrum caused
by the binding of hemin to rHmuR-6His. We also found that
rHmuR-6His purified from inclusion bodies but nonrenatured
and dissolved in 8 M urea did not bind hemin (Fig. 2).

The saturation of hemin binding by membrane-associated
rHmuR-6His expressed in E. coli cells was further examined by
a spectrophotometric assay. Binding of hemin to whole E. coli
cells was expressed as a decrease in the absorbance of the
supernatant samples at 400 nm compared to that of samples

containing only hemin (Fig. 3A). Scatchard analysis of hemin
binding to rHmuR-6His yielded a linear plot with a binding
affinity (Kd) of 2.4 3 1025 M (Fig. 3B). E. coli cells containing
the vector alone bound hemin nonspecifically with very low
efficiency. This binding did not show saturation, and the trans-
formed data clustered around the origin (data not shown).
These results demonstrate that E. coli cells with recombinantly
expressed HmuR can bind hemin.

Binding of rHmuR-6His to hemin and hemoglobin immobi-
lized on agarose. The binding of recombinant HmuR to he-
moglobin and hemin was also assessed using hemoglobin and

FIG. 1. E. coli cells expressing rHmuR-6His (containing the signal
sequence and the V5–six-His tag) and rHmuR (containing the signal
sequence but lacking the V5–six-His tag) bind hemin. (A and B)
Localization of recombinant HmuR in E. coli cells. Membrane frac-
tions of E. coli cells harboring the vector alone (lane 1), expressing
rHmuR (lane 2), expressing rHmuR-6His (lane 3), and expressing
rHmuR-6His lacking the signal sequence and deposited in inclusion
bodies (lane 4) were adjusted to an OD600 of 1.0, and outer mem-
branes (lanes 1 to 3) and inclusion bodies (lane 4) were isolated. (A)
SDS–12.5% PAGE gel stained with CBB (10-ml portions of the sam-
ples were loaded onto the gel). (B) Western blot developed by probing
with anti-HmuR antibodies raised to the recombinant six-His-tagged
protein (5-ml portions of the samples were loaded onto the gel). (C)
Hemin binding to E. coli cells expressing rHmuR. E coli cells were
resuspended in PBS, adjusted to an OD600 of 1.0, and incubated for 1 h
at RT with 10 mM hemin. Binding was determined by the decrease in
the absorbance of the supernatant at 400 nm and was recorded as the
percentage of the input hemin. Three independent experiments were
performed in duplicate. Data are means 6 SD. Asterisk, P , 0.001 for
E. coli expressing membrane-associated rHmuR-6His (black bar) ver-
sus E. coli harboring the vector alone (grey bar); double asterisks, P ,
0.05 for E. coli expressing membrane-associated rHmuR (open bar) ver-
sus E. coli harboring the vector alone. E. coli expressing rHmuR-6His
(striped bar) and rHmuR (dotted bar) lacking the signal sequence,
both of which were deposited in inclusion bodies, is also shown.
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heme immobilized on agarose beads. The amounts of hemo-
globin and heme bound to agarose exceeded the amounts of
rHmuR-6His. We found that rHmuR-6His bound to heme-
agarose (Fig. 4). When rHmuR-6His was incubated with he-
moglobin-agarose, a larger amount of nonbound recombinant
protein was present in the flowthrough fraction than in the
heme-agarose flowthrough fraction (Fig. 4). These results con-
firmed that rHmuR-6His purified from inclusion bodies can
bind to hemoglobin and hemin and suggested that binding to
hemin can be more efficient than binding to hemoglobin. Sim-
ilar results were obtained using membrane-associated
rHmuR-6His. E. coli cells expressing rHmuR-6His bound
lower levels of hemoglobin than of hemin (see Fig. 6).

E. coli cells expressing membrane-associated rHmuR-6His
bind porphyrins and metalloporphyrins. We used a spectro-
photometric assay to assess the ability of whole E. coli cells
expressing membrane-associated rHmuR-6His to bind hemo-
globin, porphyrins, and metalloporphyrins. We compared the
binding of hemin with the corresponding zinc and copper met-
alloporphyrins (ZnPPIX and CuPPIX), as well as PPIX itself

(Fig. 5). The same series of metals were evaluated for MPIX,
in which the vinyl groups on the heme periphery at the 2 and
4 positions are replaced by ethyl groups (Fig. 5). To determine
if alterations at the 2 and 4 positions of the heme substantially
affect binding, we utilized DPIX and HPIX, which have H- and
CHOHCH3, respectively, at the 2 and 4 positions (Fig. 5).
E. coli cells expressing recombinant HmuR containing the His
tag were used for these studies; in initial studies we found that
the addition of the His tag did not significantly affect the ability
of recombinant HmuR to bind hemin (Fig. 1C) and other

FIG. 2. Absorption spectra of hemin–rHmuR-6His complex. The
absorption spectra in the Soret region of rHmuR-6His (5 mM) purified
and renatured from inclusion bodies alone (A) or with added hemin
(20 mM) were recorded immediately (B) and 5 (C) and 15 min (D)
after mixing. (E) Absorption spectrum of hemin (20 mM) added to
nonrenatured rHmuR-6His (5 mM) purified from inclusion bodies and
dissolved in 8 M urea (recorded after 15 min of incubation with
hemin). Dotted line, 20 mM hemin alone.

FIG. 3. Saturation of hemin binding to E. coli cells expressing
membrane-associated rHmuR-6His. Saturability of hemin binding (A)
and Scatchard plot analysis (B) of E. coli expressing recombinant
HmuR are shown. E coli cells were resuspended in PBS and incubated
for 1 h at RT with hemin. Binding was determined by the decrease of
absorbance of the supernatant at 400 nm and recorded as the percent-
age of the input hemin. Nonspecific hemin binding to E. coli cells
harboring the vector alone was subtracted from hemin binding to
E. coli cells expressing rHmuR-6His. Two independent experiments
were performed in duplicate. Data are means 6 SD.

FIG. 4. Binding of rHmuR-6His to hemoglobin or heme immobi-
lized on agarose. Recombinant HmuR-6His purified from inclusion
bodies (0.01 nmol per sample) was incubated with 20 ml of hemoglo-
bin-agarose (6.1 to 12.3 nmol of hemoglobin per sample; 0.02 to 0.05
mmol of heme in hemoglobin sample) or heme-agarose (0.08 to 0.16
mmol of heme per sample). Samples were then separated by SDS-
PAGE and detected using CBB staining (lane 1) or with the anti-V5
antibody (lanes 2 to 5). Lane 1, soluble rHmuR-6His purified and
renatured from inclusion bodies; lanes 2 and 4, rHmuR-6His bound to
hemoglobin (lane 2) or heme (lane 4); lanes 3 and 5, flowthrough frac-
tions from hemoglobin-agarose (lane 3) and heme-agarose (lane 5).

FIG. 5. Structures of the porphyrins and metalloporphyrins used.
The compounds utilized to examine the binding specificity of HmuR
and gingipains for heme are depicted. M, metal (Fe, Zn, or Cu) within
the PPIX ring.
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metalloporphyrins (data not shown). The binding of all com-
pounds was determined by the decrease in the absorbance of
the supernatant compared to those for control samples, which
were set as 100% (Fig. 6). Some of the porphyrins and metal-
loporphyrins showed substantial nonspecific binding to the
control E. coli cells harboring the vector alone (Fig. 6). To
account for this, the data were replotted for each compound in
Fig. 6 as the difference between the two data sets. The discus-
sion below refers to this difference for each compound.

The porphyrins themselves bound to E. coli expressing mem-
brane-associated rHmuR-6His in the following order of affin-
ity: MPIX . PPIX . DPIX ' HPIX. In the metalloprotopor-
phyrin series, E. coli expressing rHmuR-6His bound hemin,
CuPPIX, and ZnPPIX with almost equal affinities, which were
approximately four times higher than that for PPIX itself. The
same series of metalloporphyrins with the MPIX skeleton was
studied. In the MPIX series, there was substantial nonspecific
binding; when this background was subtracted, all of the deriv-
atives bound with the same affinity within experimental error.

We also examined FeTPPS4, as it was previously reported to
support the growth of Vibrio vulnificus as a single iron source
(34). E. coli cells expressing rHmuR-6His bound FeTPPS4 with
very low efficiency; this binding was comparable to the non-
specific binding observed in control cells containing the vector
alone (Fig. 6). Thus, the tetraphenylporphyrin structure makes
this compound less accessible for HmuR than the other metal-
loporphyrins based on the natural porphyrin skeleton (Fig. 5).

These results demonstrate that E. coli cells expressing mem-
brane-associated rHmuR-6His bind iron, copper, and zinc de-
rivatives of PPIX more tightly than PPIX. This presumably
suggests that the active site of HmuR has a histidine, which
binds to the metal present in the porphyrin ring.

Binding of rHmuR-6His to serum proteins. Serum hemo-
globin released from erythrocytes is tightly bound to hapto-
globin, and heme is bound to hemopexin or albumin (20).
Hemoglobin bound to haptoglobin and hemin complexed to
hemopexin can be used as iron sources by P. gingivalis, indi-
cating that this microorganism has a mechanism for removing
the hemin from these host iron-binding proteins (29, 53). To
determine if recombinant HmuR could bind haptoglobin,
hemopexin, or albumin, we examined the ability of rHmuR-

6His purified from inclusion bodies to bind these proteins by
ELISA. As a negative control, we utilized iron-saturated trans-
ferrin. We did not detect binding of rHmuR-6His to serum
apo-haptoglobin, albumin, apo-hemopexin, or transferrin sat-
urated with iron (Fig. 7). As expected, binding of rHmuR-6His
to hemoglobin was observed in this assay. Recombinant HmuR
was also demonstrated to bind complexes of haptoglobin with
hemoglobin, hemopexin with hemin, and albumin with hemin;
however, the affinities were lower than that of hemoglobin.

Binding of gingipains to hemoglobin, porphyrins, and met-
alloporphyrins. We next examined the ability of gingipains to
bind hemoglobin, porphyrins, and metalloporphyrins using
ELISA, as described above for rHmuR-6His. We found that
both Kgp and HRgpA bound to the porphyrins and metallo-
porphyrins tested with affinities similar to those for hemin (Fig.
8). The ability of these gingipains to bind metalloporphyrins
and porphyrins similarly confirms that the binding of Kgp and
HRgpA to these porphyrins does not require a metal present
within the porphyrin ring. Interestingly, we observed greater
binding of Kgp and HRgpA to hemoglobin than to the tested
porphyrins and metalloporphyrins (Fig. 8). These observations

FIG. 6. E. coli cells expressing membrane-associated rHmuR-6His bind porphyrins and metalloporphyrins. Binding to E. coli expressing
6His-rHmuR (grey bars), and to control E. coli harboring the vector alone (open bars) is shown. Black bars, differences between the two data sets.
E. coli cells were resuspended in PBS and incubated for 1 h at RT with hemoglobin (5 mM) or porphyrins or metalloporphyrins (10 mM). Binding
was determined by the decrease of absorbance at 400 nm of the supernatant and recorded as the percentage of the input porphyrins. Data are
means 6 SD from three independent experiments performed in duplicate. Hb, hemoglobin; Hm, hemin.

FIG. 7. Binding of rHmuR-6His to serum proteins. Ni-NTA plates
were coated with rHmuR-6His purified and renatured from inclusion
bodies (0.05 nmol per well) and incubated with human hemoglobin
(Hb), haptoglobin (Hp), human serum albumin (HSA), hemopexin
(Hx), transferrin saturated with iron (Tf-Fe), and complexes of Hp-Hb,
Hx-Hm, and HSA-Hm (0.005 to 1.0 nmol of serum protein per well).
The binding was detected using antibodies to the appropriate protein.
Values are representative of two separate experiments performed in
triplicate.
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suggest that substantial portions of the recognition sites of Kgp
and HRgpA for hemoglobin are due to protein-protein inter-
actions. In general, Kgp bound hemoglobin and the porphyrins
and metalloporphyrins more efficiently than HRgpA. RgpB,
which lacks the hemagglutinin domain, showed little or no
binding to hemoglobin, hemin, and the porphyrins and metal-
loporphyrins (Fig. 8).

Gingipain binding to heme- and hemoglobin-agarose. To
further examine the binding efficiency of the gingipains to
hemoglobin and hemin, we utilized heme- and hemoglobin-
agarose as described above for rHmuR-6His. We observed that
Kgp and HRgpA bound to hemoglobin and heme immobilized
on agarose (data not shown), confirming the results obtained
by ELISA (Fig. 8). RgpB demonstrated little ability to bind
hemoglobin or heme, since the majority of the protein incu-
bated with heme- or hemoglobin-agarose was present in flow-
through fractions (data not shown). These results further con-
firm that hemoglobin and heme binding to Kgp and HRgpA is
mediated via the hemagglutinin domains of these proteins. The
low binding of RgpB to hemoglobin and heme is most likely
caused by the nonspecific tendency of heme to bind to most
molecules and surfaces.

Interactions of gingipains with recombinant HmuR. In ad-
dition to binding hemoglobin, Kgp can degrade hemoglobin, as

well as hemopexin, haptoglobin, and transferrin (6, 29, 53).
Based on these results and the results presented here, we
reasoned that in a soluble form Kgp could function as a heme-
scavenging and hemoglobinase protein. The concept that Kgp
could function in a multifactor manner in heme transport in
P. gingivalis is supported by studies of the recently described
E. coli hemoglobinase, Hbp (39). In addition to binding hemo-
globin, Hbp can degrade hemoglobin and subsequently binds
the released hemin. In a similar fashion, we postulate that Kgp
could bind and degrade hemoglobin, and the released hemin
could then be delivered to outer membrane receptor HmuR.
This would require a direct interaction of Kgp with outer
membrane receptor HmuR. To examine the possible associa-
tion between Kgp or HRgpA and HmuR, we examined this
interaction by an ELISA. The purity of rHmuR-6His prepara-
tion is shown in Fig. 4. Our analysis indicated that the gingipain
preparations were pure and showed the same banding pattern
after SDS-PAGE and CBB staining (Fig. 9A) as previously
described (42, 44). This was also confirmed after transfer onto
nitrocellulose membranes by probing with the appropriate an-
tibodies raised to each gingipain (data not shown). As shown in
Fig. 9B, rHmuR-6His was found to bind to Kgp. We also ob-
served binding of rHmuR-6His to HRgpA at higher concen-
trations than those at which binding to Kgp was observed. We
did not detect binding of rHmuR-6His to RgpB (Fig. 9B). We

FIG. 8. Binding of gingipains to porphyrins and metalloporphyrins.
Plates were coated with hemoglobin (Hb; 5 mM) or porphyrins or
metalloporphyrins (10 mM). After incubation with RgpB (A), Kgp (B),
or HRgpA (C) (0.01 to 1 nmol per well), binding was detected using
antibodies to the appropriate protein. Values are representative of
experiments performed in triplicate on three separate occasions. Hm,
hemin.

FIG. 9. Interaction between rHmuR-6His and gingipains. (A) SDS–
12.5% PAGE gel stained with CBB showing the purity of gingipains
RgpB (lane 1), HRgpA (lane 2), and Kgp (lane 3); molecular mass
standards are shown on the right. (B) Reactivity of gingipains with
soluble rHmuR-6His. Ni-NTA plates were coated with rHmuR-6His
purified and renatured from inclusion bodies (0.05 nmol per well) and
incubated with Kgp (f), HRgpA (M), or RgpB (Œ) (0.005 to 1.0 nmol
of gingipains per well). Binding was detected using antibodies to the
appropriate gingipain. Values are representative of two separate ex-
periments performed in triplicate.
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also found that gingipain domains cleaved by boiling in the
presence of SDS and then separated by SDS-PAGE and trans-
ferred onto nitrocellulose membrane failed to bind rHmuR-
6His (data not shown). This suggests that the interaction be-
tween Kgp or HRgpA and HmuR requires the intact gingipain
molecule but not denatured and separated gingipain domains.

DISCUSSION

In this study we assessed the binding specificities of the
P. gingivalis outer membrane hemoglobin/heme receptor,
HmuR, and cysteine proteases Kgp, HRgpA, and RgpB for
hemoglobin, hemin, serum proteins, various porphyrins, and
metalloporphyrins. While rHmuR-6His purified from inclusion
bodies bound to hemin and hemoglobin and also, with lower
affinity, to complexes of haptoglobin-hemoglobin, hemopexin-
hemin, and albumin-hemin, we did not detect the binding of
recombinant HmuR to apo-haptoglobin, albumin, apo-he-
mopexin, or transferrin saturated with iron. We also found that
E. coli cells expressing rHmuR-6His bound not only hemin but
also CuPPIX and ZnPPIX with similar affinities. These were
bound approximately four times more tightly than PPIX itself.
All three metals that we examined in this study (iron, copper,
and zinc) can bind to the histidine within the active site in
heme-proteins (1, 47, 55). The observation that these metallo-
protoporphyrins bind to HmuR somewhat better than PPIX
itself is consistent with a histidine in HmuR serving as the axial
ligand, which binds to the metal ion present in the porphyrin
ring. For the porphyrins themselves, we found that the order of
affinity for HmuR-6His binding was as follows: MPIX .
PPIX . DPIX ; HPIX. This indicated that HmuR has a
preference for ethyl or vinyl side chains of heme. In total, our
results suggest that the HmuR binding site for heme has an
axial histidine and accommodates a porphyrin structure with a
periphery approximating that of the natural substrate hemin at
the 2 and 4 positions. It should also be noted that differential-
reconstitution experiments are subject to the issues that the
porphyrins and metalloporphyrins may bind to other compo-
nents in the mixture (20), that proteins and lipids interacting
with one another may change the constant for binding to any
individual component (8, 32), and that porphyrins and metal-
loporphyrins can aggregate in aqueous solution (7, 9, 27).

We demonstrated that soluble Kgp and HRgpA bound to
the various porphyrins and metalloporphyrins with similar af-
finities. This indicates that any interaction between Kgp and
HRgpA and the metal of the metalloporphyrin does not con-
tribute significantly to recognition of the metalloporphyrin.
Kgp and HRgpA bound hemoglobin more than 1 order of
magnitude more tightly on a per-heme basis than any of the
porphyrins and metalloporphyrins investigated. This is in
agreement with a study by DeCarlo et al. (14), which reported
that a recombinant polypeptide of the Kgp complex binds
hemoglobin more efficiently than hemin. In that report the
binding of the 19-kDa protein was inhibited by PPIX, indicat-
ing that hemin forms part of the recognition site for Kgp and
hemoglobin. The results obtained in our study suggest that the
recognition by Kgp and HRgpA of hemoglobin is mediated
significantly via protein-protein interactions. Together these
two studies point to roles for both heme-protein and protein-
protein interactions in Kgp hemoglobin binding. Based on

studies of two-component protein-protein complexes, it ap-
pears that heme itself will form only a minor portion of the
recognition site, probably less than 20% (20, 30). The rest of
the recognition could be due to the hemoglobin protein itself.

The dissociation constant of hemin binding to E. coli cells
expressing recombinant HmuR is lower than Kds for hemin
receptors in P. gingivalis described by Tompkins et al. (54).
According to this work P. gingivalis whole cells had both low-
and high-affinity binding sites for hemin (Kd 5 2.6 3 1027 to
6.5 3 1028 M and 3.6 3 10211 to 9.6 3 10211 M, respectively).
Our Kd for HmuR expressed in E. coli (2.4 3 1025 M) is
similar to that found for the S. marcescens TonB-dependent
hemoglobin/heme receptor, HasR (Kd 5 1024 to 1026 M) (21).
In this study we have shown that P. gingivalis outer membrane
receptor HmuR interacts with soluble gingipains Kgp and
HRgpA. This suggests that Kgp and HRgpA might function as
heme-scavenging proteins, cooperating with HmuR in hemo-
globin and heme utilization in P. gingivalis. By analogy with the
HasR-HasA system from S. marcescens, it is possible that
HmuR requires a hemophore-like protein (Kgp or HRgpA) to
increase hemoglobin and/or hemin binding to HmuR. Ghigo et
al. (21) have shown that HasR alone is sufficient for hemoglo-
bin and heme utilization but that E. coli more efficiently utilizes
heme from hemoglobin via HasR-HasA cooperation (Kd ,
1028 M). The HmuR system in P. gingivalis may function in an
analogous manner with Kgp and HRgpA.

Okamoto et al. (38) previously reported that P. gingivalis kgp
mutants are nonpigmented and are decreased in their ability to
bind hemoglobin. The phenotype of the kgp mutants described
by these investigators is similar to the phenotype of P. gingivalis
kgp mutants, which we previously constructed and character-
ized (18; W. Simpson and C. A. Genco, unpublished data).
These P. gingivalis mutant cells bind reduced levels of hemo-
globin and hemin and exhibit a delayed growth with hemoglo-
bin compared to the parental strain. We conclude from these
results that Kgp may not be absolutely required for hemoglo-
bin utilization in P. gingivalis but may make the process of
hemoglobin utilization more efficient. We have previously re-
ported that a P. gingivalis hmuR mutant does not grow with
hemoglobin or hemin as the sole iron source, indicating that
HmuR is required for hemoglobin utilization in P. gingivalis
(50). We also observed that, following prolonged growth on
blood agar plates, a P. gingivalis hmuR mutant is characterized
by higher pigmentation capacity than wild-type P. gingivalis and
nonpigmented kgp mutants (50; Simpson and Genco, unpub-
lished data). This may be due to excessive heme storage, pos-
sibly through Kgp, and an inability to internalize heme due to
the absence of HmuR. Furthermore, we found that a P. gingi-
valis hmuR kgp mutant is nonpigmented (Simpson and Genco,
unpublished data), suggesting that this mutant cannot store
and/or use heme due to the absence of HmuR and Kgp.

Overall our results indicate that outer membrane receptor
HmuR exhibits higher specificity for heme than either Kgp or
HRgpA. This finding would be expected if indeed soluble Kgp
and HRgpA function more as heme scavenger proteins than as
outer membrane receptors, which transport heme into the cell.
It is noteworthy that the amino acid sequences of Kgp and
HRgpA exhibit no similarity to those of TonB-dependent
outer membrane proteins, further suggesting that these pro-
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teins may function as extracellular heme-scavenging proteins
rather than classical outer membrane receptors.
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