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We have previously identified and characterized a heme/hemoglobin receptor, HmuR, in Porphyromonas
gingivalis. To analyze the conserved amino acid residues of HmuR that may be involved in hemin/hemoprotein
binding and utilization, we constructed a series of P. gingivalis A7436 hmuR mutants with amino acid replace-
ments and characterized the ability of these mutants to utilize hemin and hemoproteins. Site-directed mu-
tagenesis was employed to introduce mutations H95A, H434A, H95A-H434A, YRAP420-423YAAA, and
NPDL442-445NAAA into HmuR in both P. gingivalis and Escherichia coli. Point mutations at H95 and H434 and
in the NPDL motif of HmuR resulted in decreased binding to hemin, hemoglobin, and human serum albumin-
hemin complex. Notably, mutations of these conserved sites and motifs led to reduced growth of P. gingivalis
when human serum was used as the heme source. Analysis using a three-dimensional homology model of
HmuR indicated that H95, H434, and the NPDL motif are present on apical or extracellular loops of HmuR,
while the YRAP motif is present on the barrel wall. Taken together, these results support a role for H95, H434,
and the NPDL motif of the P. gingivalis HmuR protein in heme binding and utilization of serum hemoproteins
and the HmuR YRAP motif in serum hemoprotein utilization.

Iron, an essential nutrient for most pathogenic microorgan-
isms, plays a pivotal role in microbial metabolism, toxicity, and
pathogenesis. Iron-containing proteins not only take part in
electron transport, but also participate in other enzymatic re-
actions which are required for bacterial survival. Despite the
abundance of iron in nature, it can be a limiting nutrient for
bacteria within their environmental niches. This is due in part
to the complete sequestration of free iron by host iron-binding
proteins (19, 54, 55). Within the human host, the majority of
iron is found in the form of heme (a term used herein to
denote either the ferrous or ferric form of iron protoporphyrin
IX), which is the preferable iron source for bacterial growth
(47, 51).

In vivo, heme is bound by heme-binding proteins such as
hemoglobin, myoglobin, hemopexin, albumin, and cyto-
chromes (8, 15). Most heme sources used by gram-negative
pathogens are either too large to pass through the porin chan-
nels (>600 Da) or too scarce to be accumulated by passive
diffusion (2, 54). To survive within the iron-limited environ-
ment of the host, microorganisms have developed elaborate
systems for iron utilization (for reviews, see references 19 and
55). These include (i) the production of specific outer mem-
brane receptors, which bind iron- or heme-containing com-
plexes directly, (ii) the release of low-molecular-weight iron
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chelators, known as siderophores, which bind iron for uptake
(36, 45, 56), and (iii) the production and secretion of heme-
binding proteins called hemophores that bind heme and sub-
sequently deliver heme to the outer membrane receptors for
transport (21, 32, 46).

Porphyromonas gingivalis, a black-pigmented gram-negative
anaerobic bacterium, has been implicated as a major etiolog-
ical agent in the development and progression of chronic pe-
riodontitis (24). The majority of genes required for the de novo
porphyrin biosynthetic pathway are absent in P. gingivalis and
the bacterium must acquire protoporphyrin IX from the envi-
ronment (31). P. gingivalis is capable of utilizing a broad range
of heme-containing compounds such as hemoglobin, hemoglo-
bin-bound haptoglobin, hemin-bound hemopexin, and hemin-
saturated serum albumin (5, 53). Hemin, hemoglobin, and
serum albumin utilization in P. gingivalis requires the partici-
pation of the cysteine proteases, referred to as gingipains (11,
30), including the lysine-specific gingipain Kgp and arginine-
specific gingipain RgpA. Different portions of Kgp and RgpA
can bind hemoglobin, hemin, and protoporphyrin IX (1, 14, 29,
40, 48). Gingipains have also been demonstrated to degrade
host iron- and heme-containing proteins, including hemoglo-
bin, hemopexin, haptoglobin, and transferrin (6, 33, 53). Kgp
and RgpA may function both in a catalytic capacity and as
hemophore-like proteins to capture heme and deliver it to an
outer membrane receptor (41).

In addition to gingipains, P. gingivalis possesses additional
outer membrane proteins which are utilized for the binding
and transport of hemin (4, 20) and binding of hemoglobin (1,
18, 50). Several putative TonB-dependent outer membrane
receptors have been described recently. These include TIr
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TABLE 1. Bacterial strains

Species and strain

Relevant genotype

Source or reference

P. gingivalis

A7436 Wild type Laboratory collection

WS1 A7436, hmuR::ermF, Erm" 49

WS21 A7436, hmuR™>*, Erm* This study

WS22 AT7436, hmuR"™3*A Erm" This study

WS23 A7436, hmuRH%> Fla34A , Erm” This study

WS24 AT7436, hmuRYRAP420- 23YAAA , Erm” This study

WS25 A7436, hmuRNPPLA42- 44SNAAA] , Erm" This study

WS26 A7436 containing ermF cloned downstream of the ~imuR gene, Erm" This study

E. coli

XL10-Gold Tet" A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 Stratagene
relA1 lac Hte [F' proAB laclZAM15 Tnl0 (Tet") Amy Cam']

TOP10F’ F' [lacl® Tn10(Tet")] mcrA A(mrr-hsdRMS-mcrBC) $680lacZAM15 AlacX74 Invitrogen
recAl deoR araD139 (ara-leu)7697 galU galK rpsL (Str') endAl nupG

BL21(DE3)/pLysS F~ ompT hsdSg (rg~ mg~) gal dem (DE3)(pLysS) Cam” Invitrogen

(TonB-linked receptor) (52), IhtA (iron heme transport) (13),
and HemR (hemin-regulated receptor) (26). However, none of
these receptors has been characterized by detailed mutational
analysis.

We have previously described a P. gingivalis outer membrane
receptor, HmuR (hemin utilization receptor), which is utilized
for both hemin and hemoglobin binding and hemin transport
(41, 49, 50). The HmuR protein exhibits amino acid sequence
homology to TonB-dependent receptors involved in heme, vi-
tamin B,, or iron siderophore transport in other bacteria (49).
A P. gingivalis hmuR isogenic mutant was found to exhibit a
decreased ability to bind hemin and hemoglobin and impaired
growth when hemin or hemoglobin was used as the sole iron
source (49, 50). Escherichia coli cells overexpressing P. gingi-
valis HmuR as well as purified recombinant HmuR (rHmuR)
were also demonstrated to bind hemin, hemoglobin, and serum
albumin-hemin complex (41, 49).

To define the specific amino acid residues of HmuR in-
volved in heme utilization in P. gingivalis, we constructed a
series of AmuR mutants by site-directed mutagenesis and per-
formed functional analyses of these mutants in both P. gingi-
valis and E. coli backgrounds. In addition, a three-dimensional
homology model of the HmuR protein has been constructed
for structural analysis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The P. gingivalis and E. coli strains
used in this study are indicated in Table 1. P. gingivalis wild-type strain A7436 was
maintained on anaerobic blood agar (ABA; Remel, Lenexa, KS) plates. P.
gingivalis hmuR mutant strains WS1, WS21, WS22, WS23, WS24, WS25, and
‘WS26 were maintained on ABA plates supplemented with 1 pg of erythromycin
per ml. All P. gingivalis plates were incubated at 37°C in an anaerobic chamber
(Coy Laboratory Products, Ann Arbor, MI) with 85% N,, 5% H,, and 10% CO,
for 3 to 5 days. Following incubation at 37°C, cultures were inoculated into
Anaerobe Broth MIC (AB; DIFCO, Detroit, MI) and incubated at 37°C under
anaerobic conditions for 24 h. E. coli strains were maintained in Luria-Bertani
(LB) medium (DIFCO, Detroit, MI) or minimal M9 medium supplemented with
appropriate antibiotics.

Conserved amino acid residue analysis. A BLAST analysis of the HmuR
protein sequence was performed against the NCBI conserved domain database
(Fig. 1). Homologous proteins were aligned with the HmuR protein by perform-
ing ClustalW multiple sequence alignment analysis.

Construction and isolation of hmuR site-directed mutants of E. coli and P.
gingivalis. To introduce mutations into the ~AmuR gene, site-directed mutagenesis
was performed using an ExSite PCR-based site-directed mutagenesis kit (Strat-
agene, CA) following the manufacturer’s instructions. The plasmid pTO2
(pCRT7/CT-TOPO containing the AmuR gene with the signal peptide sequence)
(Table 2) (49) served as the template for PCR amplification. The following
site-directed mutations were introduced into the hmuR gene using different
primer sets: I, H95/A (CAT/GCT; hmuRM™%4); 11, H434/A (CAT/GCT;
hmuRM434N) T+11,  H95/A+H434/A (CAT/GCT and CAT/GCT;
hmuRHM9SA HA34A) M1 YRAP420-423/YAAA (TATCGTGCCCCC/TATGCT

Pg HmuR 414 LSYAEGYRAPSLOEMYFFFN---HGAFFIYG-—————————— NPDLKPEKSRML 453
Ed;HUpR 686 AKYATGFRAPTSDEIYFVFQ---HPSFSIYP--——-————-——- NLYLKAERRSEN 726
Hi_ Hhua 755 ARKYGEKAFRAPTSDEIYFTFL---HPDFSIRP----=-=-=-=-= NRDLOAETTAKT 794
Vv_Huph 466 TQISQGFRAPSFNELYYTYDNPGHGYTH---—=======- RENPNLESEKKSLS 507
Ve HutA 454 AQISQGFRAPDFQELYYSFGNPAHGYVF--—--—————-—-- KFNPNLEAEDDSVS 495
Sd_Shud 428 GSYAQAFRAPTMGEMYNDSK---HFSIGRFY-—-—- THNYWVPNPNLRPE-TNET 472
Ye HemR 441 GSYAQAFRAPTMGEMYNDSK---HFSMNIMG--NTLTNYWVPNPNLKPE-TNET 488
k A 807 ARKYSKGFRAPTSDEIYMTFE---HPQFSIQP-========== NTDLKAETIAKT 846

529 AKYSTGFRAPTSDETWLLFP---HPDFYLKA--—-——=—=—- NPNLKAEKKAKN 568

o 460 MGIARAYKAPS

616 TTYGKGWRPPAITETLTNGSA--HSSSTQY
387 ASYGTSYKAPNLGOLYGEYG-——

NPFLOPERSRAW 656

——————————————————— NPNLDPEKSKQW 418
LYQTNPNYILYSKGQGCYASAGGCYLQG-~--NDDLKAETSINK 530

FIG. 1. Conserved amino acid residues in the C-terminal region of P. gingivalis HmuR compared with representative hemoglobin, hemoglobin-
haptoglobin, heme, vitamin B,, and siderophore receptors. Conserved amino acids between receptors and the consensus sequence are indicated
in boldface letters. The positions of the amino acids were numbered according to the codons from the NCBI database. Pg, P. gingivalis; Hd,
Haemophilus ducreyi; Hi, Haemophilus influenzae; Vv, Vibrio vulnificus; Vc, Vibrio cholerae; Sd, Shigella dysenteriae; Ye, Yersinia enterocolitica; Nm,

Neisseria meningitidis; Sm, Serratia marcescens; Ec, Escherichia coli.
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TABLE 2. Plasmids used in this study

Plasmid Relevant characteristic(s)” Source or reference
pGEM-3Zf(-) Amp* Promega
pTO2 pCRT7/CT-TOPO containing the AmuR gene with the signal peptide sequence, Amp" 49
pTO2-1 pCRT7/CT-TOPO containing the hmuR">* gene with the signal peptide sequence, This study
Amp"

pTO2-11 pCRT7/CT-TOPO containing the hmuR"*3*A gene with the signal peptide sequence, This study
Amp"

pTO2-I+11 pCRT7/CT-TOPO containing hmuRH>AH4344 gene with the signal peptide sequence, This study
Amp"

pTO2-I11 pCRT7/CT-TOPO containing the hmuRYRAP420-423YAAA gene with the signal peptide This study
sequence, Amp"

pTO2-1V pCRT7/CT-TOPO containing the hmuRNFPLA42-443NAAA gene with the signal peptide This study
sequence, Amp"

pWS1 pGEM-3Zf(—) containing 485-bp N-terminal region of the ~AmuR gene and ermF 49
cassette within the Pstl site of the imuR gene

pl pGEM-3Zf(—) containing hmuR™**, ermF, and DSR This study

pll pGEM-3Zf(—) containing the C-terminal region of the ~muR"**** gene, ermF, and This study
DSR

pl + 11 pGEM-3Zf(—) containing hmuR™>*H4344 o F and DSR This study

plll pGEM-3Zf(—) containing the C-terminal region of the AmuRYRAP420-423YAAA gepne, This study
ermF, and DSR

plv pGEM-3Zf(—) containing the C-terminal region of the hmuRNPPIA4Z4SNAAA gene This study
ermF, and DSR

“ermF cassette, Bacteroides fragilis ermF encoding erythromycin resistance gene; DSR, downstream region (254 bp) of the himuR gene.

GCCGCC; hmuRYRAPA20-4Z3YAAA) and TV, NPDL442-445/NAAA (AATCCG
GATTTG/AATGCGGCTGCG; hmuRNPPLA42-44SNAAAY

To construct the H95 and H434 double mutation in ~imuR gene, the pCRT7/
CT-TOPO plasmid with the H95A or H434A mutation was first digested with
BstXI or Bcll, respectively, and then the 970-bp AmuR fragment containing
H434A was cloned into the pCRT7/CT-TOPO plasmid containing the hmuR
HO95A mutation (data not shown). For vector construction, the downstream
region (DSR) of himuR, encompassing a 254-bp fragment of the open reading
frame encoding a putative Mg/Co chelatase, was PCR amplified from P. gingivalis
A7436 genomic DNA and cloned into pGEM3zf(—) (Promega, Madison, WI) at
the PstI and HindIII sites. This fragment was introduced to improve homologous
recombination of the AmuR gene together with an antibiotic cassette in P.
gingivalis. Then the Bacteroides fragilis ermF gene encoding erythromycin resis-
tance was cut out from the pWS1 plasmid (Table 2) (49) and cloned into the
pGD plasmid at the PstI site, yielding the pGED plasmid. The final
pGEM3zf(—) constructs containing specific mutations of the himuR gene, ermF
cassette, and the downstream region of the imuR gene were verified by PCR and
DNA sequencing. These constructs were linearized by Ndel digestion and intro-
duced into P. gingivalis A7436 by electroporation (49). Transformants were
selected on ABA plates supplemented with 1 pg/ml erythromycin. Positive col-
onies containing the mutated smuR gene were screened by PCR and verified by
DNA sequencing and Southern blot analysis. For overexpression of recombinant
HmuR protein, pCRT7/CT-TOPO plasmids containing the hmuR gene with
specific mutations (Table 2) were transformed into E. coli BL21(DE3)/pLysS
(Invitrogen, Carlsbad, CA).

Expression of rHmuR in E. coli cells. E. coli BL21(DE3)/pLysS transformants
containing the imuR gene, hmuR gene with point mutations, or vector alone
were prepared using the pPCRT7/CT-TOPO expression vector (Invitrogen, Carls-
bad, CA) according to standard transformation procedures. Expression of rH-
muR (containing the native signal peptide sequence at the N terminus and the
V5-6His tag at the C terminus) in BL21(DE3)/pLysS cells was induced by the
addition of isopropylthiogalactopyranoside (IPTG) (0.5 mM). Cells were then
harvested, resuspended in phosphate-buffered saline (PBS) and adjusted to an
optical density at 660 nm (ODgg) of 1.0.

Outer membrane fractions of E. coli strains were prepared as described
previously (49); 20 g of protein from each preparation was solubilized in
Laemmli sample buffer under reducing conditions (in the presence of dithio-
threitol) and separated in 12% polyacrylamide gels in the presence of sodium
dodecyl sulfate (SDS). Transfer of proteins onto nitrocellulose membranes was
carried out in 30 mM CAPS buffer, pH 11, containing 10% methanol. Proteins
were probed with monoclonal anti-V5-horseradish peroxidase antibodies (In-
vitrogen, Carlsbad, CA) and visualized by chemiluminescence staining (Pierce,
Rockford, IL).

Binding of hemin to E. coli cells expressing rHmuR with specific site-directed
mutations. E. coli BL21(DE3)/pLysS cells expressing recombinant wild-type
HmuR or HmuR with point mutations (containing the native signal peptide
sequence at the N terminus and the V5-6His tag at the C terminus), as well as
cells harboring the vector alone were grown in M9 medium and harvested after
IPTG (0.5 mM) induction. Cells and hemin solutions were prepared as described
previously (41). The binding of hemin to whole E. coli cells was determined by a
decrease of absorbance of the supernatant of the samples compared to the
control sample containing only hemin (380 nm). Binding to E. coli cells express-
ing HmuR site-directed mutants was then compared with E. coli cells expressing
wild-type HmuR, which was set arbitrarily at 100%. The saturation of hemin
binding was determined as described previously (41) and data were further
analyzed by nonlinear regression and two-way analysis of variance (ANOVA)
using GraphPad software.

Binding of hemin and hemoglobin to P. gingivalis cells. P. gingivalis wild-type
(A7436) and mutant (WS1, WS21, WS22, WS23, WS24, WS25, and WS26)
strains were grown in AB overnight at 37°C under anaerobic conditions. Bacteria
were then inoculated into basal medium (BM: 15 g of Trypticase peptone, 5 g of
yeast extract, 0.5 g cysteine, 0.5 mg menadione per liter) supplemented with
hemin (5 mg per liter) and incubated at 37°C under anaerobic conditions for
24 h. These cultures were depleted of stored heme by passage three times in BM.
After the third passage (ODgg of 0.5), cultures were centrifuged (room temper-
ature, 9,000 X g, 10 min), washed, and resuspended in PBS. The final ODg4, was
adjusted to 1.0 in PBS (pH 7.4). Then, 800 wl of each cell suspension was mixed
with 200 wl hemoglobin (final concentration, 4 M) or hemin (final concentra-
tion, 10 pM). Samples were then incubated at 37°C for 1 h and centrifuged (as
described above), and the ODsg, (hemin) or OD,q, (hemoglobin) of the super-
natant was determined. Samples containing only hemoglobin or hemin diluted in
PBS were incubated under the same conditions and served as controls.

Hemin and hemoglobin binding to P. gingivalis whole cells was determined by
comparison of the decrease of the supernatant absorbance of the P. gingivalis
hmuR mutants to that of the wild-type strain, which was arbitrarily set as 100%
(49). Three independent experiments were performed in duplicate.

Growth analysis of the P. gingivalis hmuR mutants in the presence of various
heme sources. P. gingivalis wild-type (A7436) and mutant (WS1, WS21, WS22,
WS23, WS24, WS25, and WS26) strains were grown in AB overnight at 37°C
under anaerobic conditions and depleted of heme as described above. The
cultures were then centrifuged (room temperature, 9,000 X g, 10 min), washed
and resuspended in PBS to a final ODgg of 1.0. These suspensions were used to
inoculate BM alone or BM supplemented with 1.5 uM hemin, 4 uM hemoglobin,
and 10% human serum (preincubated with 0, 1.5 wM or 50 .M hemin). Bacterial
growth was monitored by measuring OD at 660 nm (Beckman DU7500 spectro-
photometer) at different time points. Three independent experiments were per-
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formed in duplicate. Gram stains were performed every 24 h to verify the purity
of P. gingivalis cultures. Ratios represented the growth (OD value) of P. gingivalis
hmuR mutant strains cultured in different heme sources at different time points
compared with that of the wild-type strain, which was arbitrarily set as 1. Data
from three independent experiments were expressed as means * standard de-
viations and were analyzed by two-way ANOVA using GraphPad Prism 4.0
software. A P of <0.01 was considered significant.

Native gel analysis. Free heme and heme associated with serum proteins were
detected by the presence of yellow bands (the color of heme) and UV-detectable
bands (which light up heme groups) following native polyacrylamide gel electro-
phoresis (PAGE) (34). For native PAGE analysis, 10-ul samples were mixed with
an equal volume of 2X native sample buffer containing 62.5 mM Tris-HCI (pH
6.8), 40% glycerol, and 0.01% bromophenol blue (Bio-Rad, Hercules, CA),
loaded onto a 12% polyacrylamide-Tris-HCI gel, and electrophoresed using
running buffer without sodium dodecyl sulfate at 70 V for 3 h. The gel was then
observed under UV light. The appearance of a band that corresponds to human
serum albumin (HSA) was considered evidence for HSA-hemin (HSA-Hm)
complex formation.

ELISA detection of serum albumin-hemin complex bound to P. gingivalis cells.
The serum albumin-hemin complex was prepared by incubating equal molar
ratios of hemin and human serum albumin at 37°C for 1 h (41). Nonbound hemin
was removed by dialysis at 4°C. Formation of hemoprotein complexes was con-
firmed by native gel analysis and by a spectrophotometric UV method (observed
Soret peak: Hm, 380 nm; HSA-Hm, 404 nm; no Soret peak for HSA apoprotein)
(22). P. gingivalis cells were depleted of heme as described above, washed with
PBS, and then fixed with 3% formaldehyde and resuspended in carbonate-
bicarbonate buffer (pH 9.6). Immunol 4Hbx enzyme-linked immunosorbent as-
say (ELISA) plates (Dynex, Chantilly, VA) were coated with 100 pnl of cells
(OD, of 0.3) and incubated at 4°C overnight. After blocking with TTBS (Tris-
buffered saline containing 0.05% Tween), HSA-Hm complexes were then ap-
plied to P. gingivalis cells and incubated at 37°C for 1 h. Anti-HSA monoclonal
antibodies (Antibody Shop, Gentofte, Denmark) and alkaline phosphatase-con-
jugated anti-mouse immunoglobulin G (Sigma, St. Louis, MO) were added to the
samples. Nonspecific binding was washed out with TTBS three times (5 min)
between the steps. The plates were developed with p-nitrophenyl phosphate
(Sigma, St. Louis, MO) and read at 405 nm. The amount of HSA bound to P.
gingivalis was determined from a standard curve of HSA protein.

Molecular modeling. Crystal structures of two homologous E. coli proteins,
FepA (7), the ferric enterobactin receptor, and BtuB (10), the cobalamin (vita-
min B,,) receptor, were used as templates in the homology modeling of the
HmuR protein. Structure-based amino acid sequence alignment between BtuB
(PDB code INQE) and FepA (PDB code 1FEP) was obtained using the SAL
server (27) followed by visual inspection and manual realignment using the
computer program O (25). A protein segment from residues 43 to 553 of HmuR
was also aligned to the BtuB and FepA sequences by BLAST. A manual realign-
ment was performed to reduce gaps. The homology model of HmuR was then
generated and refined by the amino acid sequence alignment-based three-dimen-
sional structure-modeling program MODELLER (37). The DeepView/Swiss-
Pdb viewer was used for model analysis (23).

RESULTS

Construction of site-directed zmuR mutants. Comparison of
the amino acid sequences of HmuR and several heme/hemo-
globin and siderophore receptors revealed that HmuR con-
tains highly conserved motifs which include the invariant his-
tidine residues (H95 and H434), as well as the FRAP (in
HmuR YRAP) and NPNL (in HmuR NPDL) amino acid
boxes (Fig. 1), all of which may be involved in heme utilization.
These conserved residues and motifs were selected for analysis.

Site-directed mutagenesis was utilized to introduce the fol-
lowing specific mutations into the P. gingivalis hmuR gene (Fig.
2): H9SA (WS21), H434A (WS22), HOSA-H434A (WS23),
YRAP420-423YAAA (WS24), and NPDL442-445SNAAA
(WS25). A P. gingivalis ermF control strain (WS26), which
contains the same ermF cassette as the mutants but an intact
hmuR gene, was used as a control. The frequency of isolating
mutants (containing the correct imuR gene sequence) from
erythromycin-resistant colonies was approximately 20%. The
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desired mutations in the hmuR gene were verified by PCR,
DNA sequencing, and Southern blot analysis (see the supple-
mental material), which indicated a single copy of the himuR
gene in the P. gingivalis chromosome in both the wild-type and
mutant strains.

Growth analysis of P. gingivalis hmuR site-directed mutants.
Our previous studies established that HmuR is specific for the
uptake of organic heme sources, such as hemin and hemoglo-
bin, but not inorganic iron (49). To examine the ability of the
hmuR mutants to grow with different heme-containing sources,
growth analysis was performed using hemin, hemoglobin, and
human serum. P. gingivalis wild-type strain A7436 and the
hmuR site-directed mutant strains were depleted of heme and
then inoculated with different heme sources. WS1, a hmuR
isogenic mutant with the AmuR gene disrupted by the eryth-
romycin cassette, and WS26, which contains the ermF cassette
but an intact ~muR gene, were used as controls. BM without an
added heme source did not support the growth of P. gingivalis
(data not shown), indicating good starvation of heme in these
bacterial cells. When cells were grown in BM supplemented
with hemin (Fig. 3A and D) or hemoglobin (Fig. 3B and E), no
differences between the hmuR site-directed mutants and the
wild-type strain were observed. Only the growth of the P.
gingivalis WS1 strain, containing the inactive imuR gene, was
decreased, which was in agreement with our previous studies
(49, 50). When human serum, which simulates the in vivo
environment, was used as the sole heme source, all the ~muR
mutants exhibited significant growth defects compared to the
wild-type strain (Fig. 3C and F). This defect was not due to the
presence of ermF in these mutants since the WS26 strain,
which contains the intact zmuR gene and ermF cassette, grew
similarly to the wild-type strain.

To further examine utilization of serum heme sources by P.
gingivalis strains, additional growth analysis was performed us-
ing human serum supplemented with different concentrations
of hemin (Fig. 4A to D). BM alone cannot support the growth
of P. gingivalis cells (Fig. 4A). When serum was used as the sole
heme source without addition of free hemin, all the AmuR
mutants exhibited significant growth defects compared to the
wild-type strain (Fig. 4B). When hemin at a low concentration
(1.5 M) was added to human serum, the P. gingivalis hmuR
mutant strains demonstrated reduced growth in the early and
exponential growth phase (Fig. 4C), but not in the stationary
phase. When hemin at a high concentration (50 pM) was
added to the human serum, the P. gingivalis hmuR mutant
strains exhibited growth kinetics similar to that observed with
the wild-type and ermF control strains (Fig. 4D).

Results from a native gel analysis (Fig. 4E) indicated that
heme is present in complex form with serum proteins when a
lower concentration of hemin (1.5 pM) was added to serum,
while heme is present in both free form and complex form
(with human serum albumin) when a higher concentration of
hemin (50 nM) was added to serum. The observed deficiencies
of the hmuR mutants to utilize serum hemoproteins at low
heme concentration indicates the involvement of HmuR and
its conserved residues in serum hemoprotein utilization.

Binding of hemin, hemoglobin, and albumin-hemin complex
to P. gingivalis hmuR site-directed mutants. Next, we evaluated
the effect of the HmuR point mutations on hemin, hemoglo-
bin, and albumin-hemin binding to P. gingivalis mutants. Spec-
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FIG. 2. Construction of site-directed ~imuR mutants in P. gingivalis and E. coli. The site-directed mutants of smuR were constructed as
described in Materials and Methods. The mutated zmuR gene was either introduced into the P. gingivalis chromosome or transformed into E. coli
for overexpression. pGD, pGEM3zf(—) plasmid with the downstream region of the ~muR gene; pGED, pGEM3zf(-) plasmid with ermF cassette

and DSR.

trophotometric assays were used to determine the amount of
hemin or hemoglobin removed from the solution by the cells.
For heme, only the hmuR isogenic mutant (WS1) exhibited
reduced hemin binding compared to the wild-type strain; none
of the AmuR site-directed mutants demonstrated significant
hemin binding deficiency (data not shown).

Binding of hemoglobin showed a different pattern (Fig. 5A).
As expected, the ~AmuR isogenic mutant (WS1) demonstrated
less hemoglobin binding than the wild-type strain, indicating
the involvement of HmuR in binding of P. gingivalis with he-
moglobin. The two mutants with single histidine mutations
hmuR™>* (WS21) and AmuR™3*** (WS22), did not show re-
duced binding. However, the strain with the double histidine
mutation AmuRTAHS34A (WS23), did show 30% less hemo-
globin binding than the wild-type strain (A7436). In addition,
the P. gingivalis hmuRNPPIA4Z44NAAA (WSD5) mutant cells
exhibited 38% reduced hemoglobin binding from the wild-type
strain (A7436) and ermF control strain (WS26). The
hmuRYRAPA0-AIYAAAL (WGD4) mutant strain did not exhibit
significant differences in hemoglobin binding from the wild-
type strain.

We also examined the binding of the most abundant serum
hemoprotein, HSA-Hm, to P. gingivalis cells by ELISA. Bind-
ing of HSA-Hm to P. gingivalis cells was calculated by subtract-
ing the background absorbance of control samples that con-
tained P. gingivalis cells alone but no added proteins. As shown
in Fig. 5B, the hmuR™3** (WS22), hmuR™>A-H4344 (WS23),
and AmuRNPPLA4ZABNAAA (WSD5) mutants showed reduced
binding (P < 0.05), while the hmuRYRAP420-423YAAA (WG4
mutant did not. Compared with the wild-type P. gingivalis
strain, the ~imuR isogenic mutant WS1 displayed reduced abil-
ity to bind HSA-Hm complex (P < 0.01).

Hemin binding to E. coli expressing HmuR. The results from
the above binding experiments indicated the presence of more
than one heme binding/uptake system in P. gingivalis. To sep-
arate the effect of changes in a single protein from the back-
ground of other heme/hemoprotein uptake systems, we intro-
duced the HmuR protein containing specific mutations into an
E. coli background. Binding of hemin to E. coli cells overex-
pressing rHmuR was examined by spectrophotometric assay as
described previously (41). Specific hemin binding was calcu-
lated by subtracting the hemin bound to the cells harboring the
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FIG. 3. Growth of P. gingivalis hmuR mutant strains in media with hemin (A and D), hemoglobin (B and E), or human serum (C and F) as the
heme source. P. gingivalis wild-type strain A7436 and the ~imuR site-directed mutant strains were depleted of heme, resuspended in BM, and then
inoculated into (A and D) BM supplemented with 1.5 pM hemin, (B and E) BM supplemented with 4 .M hemoglobin, (C and F) BM containing
10% human serum, or BM alone (data not shown). Bacterial growth was monitored by measuring the absorbance at 660 nm of the cultures at the
indicated time points. Panels A to C: representative growth of three independent experiments with similar trends. Panels D to F: relative growth
of the ~AmuR mutants compared to that of the wild-type strain. Ratios (y axis) represent the growth (OD value) of P. gingivalis hmuR mutant strains
cultured in BM supplemented with different heme sources at different time points compared with that of the wild-type strain, which was arbitrarily
set as 1. Data from three independent experiments were expressed as means * standard deviations and were analyzed by two-way ANOVA. &,
A7436, P. gingivalis wild-type strain; m, WS1, P. gingivalis hmuR::ermF; A, WS21, P. gingivalis hmuR"%>*; @, WS22, P. gingivalis hmuR"4*; X,
WS23, P. gingivalis hmuR"MH34A O WS24, P. gingivalis hmuRYRAPAZ04BYAAA &, "WS25 P. gingivalis hmuRNPPIA-4SNAAA, 7 \WSo6, P,

gingivalis ermF control.

vector alone from that bound to the cells expressing rHmuR.
The protein expression levels determined in outer membrane
fractions were comparable for all strains studied (Fig. 6A).
When the assay was performed with 10 wM hemin, we found
that E. coli cells with the rHmuR mutations H95A, H434A,

and H95A-H434A exhibited decreased hemin binding, with
34%, 26%, and 65% less hemin bound, respectively, than by
the wild-type rHmuR cells (Fig. 6B). E. coli cells expressing
HmuR with the NPDL amino acid motif replaced by NAAA
showed lower hemin binding (34% less hemin bound), but
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P. gingivalis wild-type strain A7436 and the hmuR site-directed mutant strains were depleted of heme and inoculated into BM alone (A) or BM
containing 10% human serum supplemented with 0 (B), 1.5 uM (C), or 50 uM (D) of hemin for growth analysis as described in Materials and
Methods. The free and complexed forms of heme in different media were examined by native gel analysis and detected by UV light (E). ¢, A7436,
P. gingivalis wild-type strain; m, WS1, P. gingivalis hmuR::ermF; A, WS21, P. gingivalis hmuR™*; @, WS22, P. gingivalis hmuR"***; X, WS23, P.
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control.

replacement of YRAP by YAAA did not result in a significant
change in binding (Fig. 6B).

A more complete picture of hemin binding was obtained by
running spectrophotometric assays at a series of hemin con-
centrations (Fig. 6C). Compared with the E. coli cells express-
ing wild-type HmuR, E. coli cells expressing HmuR with
HO5A, H434A, H95A-H434A, and NPDL/NAAA replace-
ments exhibited an overall reduced hemin binding (two-way
ANOVA, P < 0.0001), indicating the involvement of these
conserved residues in binding of hemin to HmuR. E. coli cells

containing the vector alone bound hemin nonspecifically with
low efficiency. This binding did not show saturation, and the
transformed data clustered around the origin (data not
shown).

DISCUSSION

In this study, we defined conserved HmuR residues and
motifs that are involved in heme utilization by constructing
site-directed ~AmuR mutants in both P. gingivalis and E. coli and
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FIG. 5. Binding of hemoglobin (A) and human serum albumin-
hemin complex (B) to P. gingivalis A7436 and mutant whole cells. P.
gingivalis cells depleted of heme were used for either the spectropho-
tometric hemoglobin binding assay (A) or the ELISA HSA-Hm bind-
ing assay (B) as described in Materials and Methods. Data were ana-
lyzed using Student’s ¢ test and are shown as the mean * standard
deviation from at least three independent experiments, each per-
formed in duplicate. #x, P < 0.01; *, P < 0.05 (mutant strains versus
wild-type strain). A7436, P. gingivalis wild-type strain; WS1, P. gingi-
valis hmuR::ermF; WS21, P. gingivalis hmuR™%*; WS22, P. gingivalis
hmuR" 3%, WS23, P. gingivalis hmuRMSA 4344 WS4, P. gingivalis
hmuRYRAP420-423YAAA; WSZS, P. gingivalis th‘RNPDLA42-445NAAA;
WS26, P. gingivalis ermF control.

characterizing these mutants by functional analysis. It is well
established that histidines are common axial ligands for heme
(9, 44). Both hemoproteins and outer membrane receptors
contain histidines that can bind heme (3, 42). In Yersinia en-
terocolitica, two histidine residues (H128 and H461) seem to be
involved in heme utilization by the heme receptor HemR (3).
Our results indicate that in E. coli cells overexpressing mutated
rHmuR proteins, both histidine 95 and histidine 434 are in-
volved in the binding of hemin to HmuR. In addition, the
conserved NPDL motif seems to be involved in hemin binding,
while the YRAP motif is not required. Binding of hemin was
observed in the order wild-type =~ YRAP/YAAA > NPDL/
NAAA ~ H95A ~ H434A > H95A-H434A. In contrast to the
observations in E. coli, P. gingivalis site-directed imuR mutants
did not show reduced hemin binding compared to the wild-
type strain. The mutants also had a normal growth phenotype
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FIG. 6. Binding of hemin (B and C) to E. coli cells expressing
wild-type HmuR and HmuR with site-directed mutations. The level of
rHmuR expression (A) was determined by SDS-PAGE and Western
blot analysis of outer membrane fractions as described in Materials
and Methods. The binding of hemin (10 uM hemin in B) to whole E.
coli cells was determined by a decrease of absorbance of the superna-
tant of the samples compared to the control sample containing only
hemin. Binding to E. coli cells expressing HmuR site-directed mutants
was then compared with that to E. coli cells expressing wild-type
HmuR, which was set arbitrarily at 100%. Five independent experi-
ments were performed in triplicate. Data are means * standard devi-
ation. *, P < 0.05; #x, P < 0.01 for E. coli expressing HmuR with point
mutations versus E. coli harboring wild-type HmuR. Binding of hemin
as a function of concentration (C) was determined as described pre-
viously (41).

when hemin was utilized as the sole heme source. Even the
removal of HmuR entirely in strain WS1 reduced the growth of
P. gingivalis by only about 20%, indicating the presence of
other heme uptake systems (i.e., HemR, IhtA, and TIr) in P.
gingivalis (39, 50). Expression of these alternative uptake sys-
tems may complement the deficiency in heme binding by the
mutated HmuR protein, allowing normal growth with hemin as
a heme source.

Analysis of hemoglobin binding to P. gingivalis mutants in-
dicated that both the H95 and H434 residues and the NPDL
motif may be involved in binding of hemoglobin to HmuR.
Although some reduced binding was observed in these mu-
tants, no significant deficiency was observed in growth when
hemoglobin was utilized as the sole heme source. These results
indicate that reduced heme binding in itself may not be suffi-
cient to effect bacterial growth significantly. In addition, ex-
pression of other hemoglobin utilization proteins may comple-
ment the hemoglobin binding deficiency. In a previous study,
we found that expression of the hmuR, kgp, and rgpA genes is
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coordinately regulated for maximum heme uptake (35). When
hemoglobin binding is compromised in the zmuR mutants, the
expression of the gingipains may complement the hemoglobin
binding deficiency and contribute to the sustained growth.

In human serum, heme is present not in its free form, but in
the form of complexes with serum heme-binding proteins such
as albumin, hemopexin, and lipoproteins (8, 28, 38). Among
these, albumin is the most abundant serum protein and the
bound heme is present in an albumin-hemin complex. Previous
studies in our laboratory have shown that rHmuR can bind
with HSA-Hm (41). Analysis of the mutants constructed in this
study demonstrated somewhat reduced HSA-Hm binding by
the H434A, HO5A-H434A, and NPDL/NAAA P. gingivalis mu-
tants. The binding deficiencies of these P. gingivalis mutants to
HSA-Hm could contribute to the reduced growth of the mu-
tants in serum. Compared with wild-type P. gingivalis (A7436),
the hmuR isogenic mutant (WS1) exhibited reduced binding,
but substantial HSA-Hm binding was still observed. This indi-
cates the presence of additional proteins in P. gingivalis that are
involved in HSA-Hm binding, which are not able to replace
HmuR for the utilization of serum hemoproteins when P.
gingivalis is grown in the presence of serum.

Gingival crevicular fluid is similar in composition to human
serum, which contains iron sources such as heme-albumin
complex and transferrin (12). The concentration of heme in
normal serum is to our knowledge not well known but presum-
ably very low and cannot support the growth of the P. gingivalis
hmuR mutants. When hemin at a low concentration (1.5 uM)
is added to human serum, heme is present in complex with
serum hemoproteins. Our data show that this amount of heme
cannot be utilized efficiently by the AmuR mutants in the early
and exponential phase of growth. The growth deficiency of the
hmuR mutant strains was not observed in the stationary phase
of growth. We have shown previously that gingipains are ex-
pressed by P. gingivalis during growth in medium containing
human serum (35). In addition, P. gingivalis gingipains can
degrade serum hemoproteins for heme utilization (53). Ex-
pression of gingipains in the early phase of growth, which can
release free heme from serum hemoproteins, allows utilization
of free hemin by these mutants in the late phase of growth.
When hemin at a high concentration (50 pM) is added to
human serum, no growth deficiency of the ~imuR mutants is
observed. The presence of free hemin can support the growth
of hmuR mutants, presumably via other free heme uptake
pathways in P. gingivalis.

In summary, results from mutational analysis indicate that
all of the analyzed residues of HmuR seem to be important in
serum hemoprotein utilization. While histidines 95 and 434 as
well as the NPDL motif are involved in the binding of heme/
hemoproteins to HmuR, the YRAP motif is not involved in
direct binding. This could be explained by the homology model
of HmuR. Similar to the other ligand-gated transmembrane
proteins such as FepA (7), FecA (16), FhuA (17), and BtuB
(10), the HmuR homology model demonstrated a beta-barrel
structure with two distinct domains (Fig. 7). The first domain is
a beta barrel with long loops on the extracellular side and short
turns on the periplasmic side. The second domain is a globular
amino-terminal domain that folds into the barrel pore. The
conserved H95 residue is present on a loop of the globular
domain, close to the membrane-spanning portion of the pro-
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FIG. 7. Conserved residue/motif analysis of HmuR by three-di-
mensional modeling. The three-dimensional homology model of
HmuR was constructed using the crystal structure of FepA (ferric
enterobactin receptor of E. coli) and BtuB (cobalamin receptor of E.
coli), two proteins homologous to HmuR. The figure shows the con-
served residues and motifs of HmuR. The conserved residues are
presented in different colors: H95, red; H434, blue; NPDL, pink; and
YRAP, yellow.

tein; the H434 residue is present on an extracellular loop of the
beta barrel. The YRAP motif resides on a strand of the barrel
wall and the NPDL motif is on one of the extracellular loops of
the barrel. Previous crystallographic studies have shown that
the apical or extracellular loops function for ligand binding in
TonB-dependent receptors such as FepA (7), FhuA (17) and
BtuB (10). The presence of H95, H434, and the NPDL motif
on the loops of HmuR indicated their probable function in
direct binding, which is supported by the mutational analysis.
The YRAP motif is almost entirely buried, indicating that it is
not important for heme/hemoprotein binding. This is sup-
ported by the observations that none of the studies in either P.
gingivalis or E. coli showed significant alteration of heme (he-
min) or hemoproteins (hemoglobin and HSA-Hm) binding
upon mutation of the YRAP motif. However, mutation of the
YRAP motif to YAAA did result in significantly reduced
growth of P. gingivalis in serum. These observations, and the
homology model, suggest a role for the YRAP motif in another
aspect of heme uptake (i.e., heme transport) by HmuR. Similar
observations have been made in other receptor proteins such
as TbpA (57) and HmbR (43).

Taken together, the data indicate that HmuR binds with
hemin and hemoproteins, but may function mainly as a recep-
tor to utilize heme from serum hemoproteins. The HmuR
conserved residues H95A and H434A and the NPDL and
YRAP motifs are involved in the utilization of serum hemo-
proteins by P. gingivalis. The significant defect of the AmuR
mutant strain (WS1) in utilizing serum heme sources for
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growth suggests that in P. gingivalis, HmuR is essential for
serum hemoprotein utilization rather than the utilization of
free hemin or hemoglobin. This is important for bacteria to
survive and proliferate in the early phase of periodontal dis-
ease, when no intensive bleeding providing P. gingivalis with an
excess of heme occurs.
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