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Background and Objective: The gram-negative anaerobe Porphyromonas gingi-

valis has been implicated as an important pathogen in the development of adult

periodontitis, and its colonization of subgingival sites is critical in the patho-

genic process. We previously identified a 35 kDa surface protein (hemin binding

protein 35; HBP35) from P. gingivalis that exhibited coaggregation activity,

while additional analysis suggested that this protein possessed an ability to

bind heme molecules. For development of passive immunotherapy for

periodontal diseases, human-type monoclonal antibodies have been prepared

using HBP35 as an antigen in TransChromo mice. In the present study, we

focused on a single antibody, TCmAb-h13, which is known to inhibit heme

binding to recombinant HBP35. The aim of our investigation was to clarify the

redox-related function of HBP35 and consider the benefits of human-type

monoclonal antibodies.

Material and Methods: To examine the antigen recognition capability of TCmAbs

with immunoblotting and Biacore techniques, we used the native form as well as

several Cys-to-Ser variants of recombinant HBP35.

Results: We found that the redox state of recombinant HBP35 was dependent on

two Cys residues, 48C and 51C, in the thioredoxin active center (WCGxCx). Fur-

thermore, TCmAb-h13 recognized the reduced forms of recombinant HBP35,

indicating its inhibitory effect on P. gingivalis growth.

Conclusion: Hemin binding protein 35 appears to be an important molecule

involved in recognition of the redox state of environmental conditions. In

addition, TCmAb-h13 had an inhibitory effect on heme binding to recombinant

HBP35, thereby interfering with P. gingivalis growth.
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Periodontitis, one of the most common

oral diseases in humans, is induced by

infection with the anaerobic gram-

negative bacterium Porphyromonas

gingivalis. Various types of organisms

are commonly isolated from subgingi-

val microflora (1), and P. gingivalis has

been recognized as a major pathogen

of adult periodontitis (1,2). Possible

invasive routes into host tissues include

coaggregation with oral microflora,

such as Streptococcus gordonii, hem-

agglutination with erythrocytes fol-

lowed by uptake of iron atoms, and

attachment to host epithelial cells.

Hence, the proteins involved in each

step are recognized to be virulence

factors originating from the bacterium.

Our approach for disease prevention is

to establish a passive immunization

system by which endogenous antibody

molecules can be directly applied to

infected tissue (3). For this goal, sev-

eral of the virulence factors mentioned

above were examined (4,5). Among

those, we previously focused our

attention on a 35 kDa surface protein

expressed by P. gingivalis that is

involved not only in coaggregation

with oral microflora (6–8) and hemag-

glutination of erythrocytes, but also in

binding with heme molecules (9). For

this reason, this protein is now referred

to as hemin binding protein 35, or

HBP35. In addition, nucleotide

sequencing of the gene coding for this

protein (hbp35) revealed the presence

of a catalytic center for thioredoxin.

The amino-acid stretch Cys-x-x-Cys is

essential for enzymes possessing thior-

edoxin activity (10–12), because disul-

fide bond formation by nonenzymatic

air oxidation is relatively inefficient,

and organisms ranging from bacteria

to humans are equipped with enzyme

systems to catalyse this process. The

reversible redox reaction occurring at

the Cys residues provides chemical

potential for a number of biological

reactions. We further characterized

HBP35 by amino-acid substitution,

and our findings clearly suggested that

it is involved in disulfide bond forma-

tion in P. gingivalis (13).

Tomizuka et al. (14) developed

TransChromo (TC) technology, which

enables introduction of megabase-sized

segments of DNA into cells. They have

used this approach to develop mice

that carry megabases of human DNA

by utilization of a human chromosome

fragment as a vector. TransChromo

technology has been applied to devel-

opment of the TC Mouse�, which

incorporates entire human immuno-

globulin (hIg) loci. The TC Mouse�
expresses a fully diverse repertoire of

human immunoglobulins, including all

subclasses of IgGs (IgG1–IgG4). Fur-

thermore, immunization of the TC

Mouse� with various human antigens

has produced antibody responses

comprised of human antibodies. Using

such mice, we have obtained several

TC Mouse�-derived monoclonal

antibodies (TCmAbs), which have

shown different characteristics in terms

of binding to recombinant HBP35

(rHBP35) proteins. For example,

TCmAbs promoted the phagocytosis

of P. gingivalis by neutrophils (15),

further indicating their protective effect

against alveolar bone loss due to oral

infection with P. gingivalis (16).

Together, these results suggest that

TCmAbs against the surface mem-

brane protein of P. gingivalis HBP35

can be used to protect against peri-

odontal diseases caused by P. gingiva-

lis infection. In our analysis of these

TCmAbs with regard to their antigen-

binding abilities, we found different

types of antibodies in the TCmAbs

library, which were designated as

TCmAb-a44, TCmAb-h13, TCmAb-

1-85 and TCmAb-5-89. In the present

study, we focused on a single TCmAb,

TCmAb-h13.

Material and methods

Purification of rHBP35 and Cys-
modified rHBP35 proteins

RecombinantHBP35 fromP. gingivalis

381 was purified from cell sonicates of

an Escherichia coli K-12 strain

harboring the recombinant plasmid

pMD125, as previously described (8).

E. coli clone cells were cultured using a

method previously reported (7). The

E. coli supernatant was dialysed with

distilled water overnight, then purified

using a Source 15Q column (ÄKTA

System, GEHealthcare, Little chalfont,

UK). The recombinant protein fraction

was then further purified by electro-os-

motic preparative disc sodium dodecyl

sulfate–polyacrylamide gel electropho-

resis (SDS–PAGE; 17). To detect this

molecule, anti-HBP35 rabbit serumwas

used. Eluted fractions were then dialy-

sed with distilled water overnight.

Hemin binding protein 35 contains a

total of four Cys residues at amino-

acid positions 48, 51, 113 and 161, and

we attempted to substitute these resi-

dues with Ser residues. Six kinds of Cys

residue-mutated rHBP35 proteins

(48Cys to Ser, 51Cys to Ser, 113Cys to

Ser, 161Cys to Ser, both 48Cys and
51Cys to Ser, and both 113Cys and
161Cys to Ser) were constructed using

the method of Shiroza et al. (13). The

Cys-modified rHBP35 proteins were

purified to near homogeneity from

sonicates of E. coli transformants

harboring the respective plasmids, as

previously reported (8).

Replacement of Cys with Ser in

purified rHBP35 and the six varieties

of Cys-mutated rHBP35s was then

confirmed using a MALDI TOF-MS

system (Shimadzu Biotech, Kyoto,

Japan). Recombinant HBP35 and its

variant proteins were semi-automati-

cally excised and treated with trypsin

using Xcise, a high-throughput gel-

excise processor (Shimadzu Biotech;

18). Peptide mass analysis was carried

out with an AXIMA CFR MALDI-

TOF mass spectrometer (Shimadzu

Biotech). Proteins were identified from

peptide mass data using the database

search engine MASCOT (Matrix

Science, Boston, MA, USA), with a

database for HBP35 that included

mutagenic protein sequences.

Screening of antibodies

Mice from the TC Mouse� line (14)

were immunized with rHBP35 as an

antigen, and several human TC anti-

bodies (TCmAbs) against rHBP35

were prepared (15). First, hybridoma

clone selection was confirmed by ELI-

SA. After coating 96-well plates with

the antigen (purified rHBP35, 50 ng

per well; P. gingivalis cell suspensions,

2.5 lg per well), culture media of

hybridoma cells containing TC

antibodies were incubated with 5%

milk, then treated with secondary

674 Shibata et al.



anti-human antibodies. Coaggregation

was examined by the aggregation of

P. gingivalis vesicles and Actinomyces

viscosus whole cells using the method

of Hiratsuka et al. (7). Phagocytosis

was determined based on neutrophils

(%) induced by P. gingivalis phagocy-

tosis (19). Based on the anti-coaggre-

gation and neutrophil phagocytotic

effects against P. gingivalis, human

monoclonal antibodies were selected

and purified using a Protein A column.

A TCmAb generated from a TC

Mouse� immunized with 2,4-dinitro-

phenol conjugated to keyhole limpet

hemocyanin was used as a control

(TCmAb-cIgG).

Preparation of anti-rHBP35
polyclonal antibody

Anti-rHBP35 rabbit antiserum (PAb-

rHBP35) was prepared by immunizing

New Zealand White rabbits with puri-

fied rHBP35, after which the purified

IgG fragment was isolated on a Pro-

tein G column, followed by further

purification using rHBP35 affinity col-

umn chromatography.

Immunological analysis

Native rHBP35 and Cys-mutated

variants were subjected to SDS–PAGE,

then transferred to a nitrocellulose

membrane in transfer buffer (20%

methanol and 50 mM Tris–glycine; 1 h

at 6 V). The membrane was then

blockedwith5%nonfatdrymilk inTris-

buffered saline (10 mM Tris–HCl buffer

with 0.9% NaCl, pH 7.4) for 30 min at

room temperature, after which it was

incubated first with one of the TCmAbs

for 16 h, then with peroxidase-conju-

gated goat anti-human IgG (1:1000

dilution) in blocking buffer for 1 h at

room temperature. The TCmAb-posi-

tive protein bands on the nitrocellulose

membraneswere detected by incubation

with 0.1 M Tris–HCl (pH 7.4) contain-

ing 0.08% 3,3¢-diaminobenzidine tetra-

hydrochloride and 0.05%H2O2.

For analysis of the isoelectric point of

HBP35, a Mini EF Cell system

(model 111, Bio-RadLaboratories Inc.,

Hercules, CA, USA) was used.

Polyacrylamide gels including 40%

ampholine solution (pH 3.5–10.0) were

prepared and supported by GelBond

PAG (FMC BioProducts, Rockland,

ME, USA). After electrophoresis, the

gels were carefully removed from the

GelBond and stained with Coomassie

brilliant blue (CBB).

Binding assay using Biacore system

Binding of TCmAbs to rHBP35 was

analysed using a model 2000 system

from Biacore AB (Biacore Co.,

Uppsala, Sweden). Recombinant

HBP35 and Cys-mutated rHBP35 were

immobilized on a CM5 sensor chip,

using an amine coupling kit containing

N-hydroxysuccinimide, N-ethyl-N¢-[(3-
dimethylamino)-propyl]-carbodiimide

hydrochloride and ethanolamine–HCl.

The TCmAbs were dissolved in HBS-

EP (0.01 M HEPES pH 7.4, 0.15 M

NaCl, 3 mM EDTA and 0.005% sur-

factant P20) and injected at a flow rate

of 10 lL/min. Regeneration was per-

formed using a 10 mM glycine–HCl

buffer (pH 1.5). As a control antibody,

TCmAb-cIgG was used.

P. gingivalis culture and growth-
inhibitory effects of TCmAbs

P. gingivalis 381 was purchased from

the Japan Collection of Microorgan-

isms, RIKEN (Institute of Physical

and Chemical Research, Saitama,

Japan). The organisms were grown in

Todd–Hewitt broth, supplemented

with hemin (5 lg/mL) and vitamin K1

(0.01%), in an anaerobic atmosphere

(80% N2, 10% H2 and 10% CO2). To

check the inhibitory effects of

P. gingivalis growth by TCmAbs, bac-

terial cells were subcultured in hemin-

limited medium (0.01 lg/mL). After an

A

B

Fig. 1. Binding ability of TCmAbs to rHBP35 protein. (A) The binding of TCmAbs was

investigated using a Biacore 2000 system. TCmAb-h13, TCmAb-a44, TCmAb-5-89 and

TCmAb-1-85 were applied to a Biacore CM5 chip, which immobilized rHBP35. The

TCmAbs used as analytes for binding to the antigen were purified using a protein G column

and resolved in HBS-EP buffer to 200 nM. Eighty milliliters of each TCmAb solution was

associated with the immobilized rHBP35 protein as a ligand on the CM5 chip for 3 min

(10 lL/min), then dissociated using HBS-EP buffer without antibodies for 2 min (10 lL/
min). Regeneration was performed three times using a 10 mM glycine–HCl buffer (pH 1.5).

(B) The anti hemin binding of TCmAbs was determined. After applying each TCmAb for

2 min, hemin (5 lg/mL) was added. RU, resonance unit.
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additional subculture in hemin-limited

medium for 24 h, P. gingivalis cells

(50 lL) were treated with 100 lL of

the TCmAbs (1.5 mg/mL) for 30 min.

Next, hemin-supplemented medium

(5 mL) was added and the cells were

cultured in an anaerobic atmosphere.

The growth level of P. gingivalis cells

was determined by turbidity at 550 nm.

Statistical analysis

For growth inhibition, data are pre-

sented as means ± SD of triplicate

assays. The difference between the

means of two independent samples in

the experiment was determined using

the Student�s unpaired t-test. A p-value

of £ 0.05 was considered significant.

Results

Selection of hybridoma clone for
anti-hemin binding

After screening for the ability of antigen

recognition using rHBP35-coated 96-

well plates, several hybridoma clones

were cultured, and TCmAbs produced

in the cultured media were purified.

Based on their binding abilities to

rHBP35, as shown by ELISA, the

anti-coaggregation effects and neutro-

phil phagocytotic effects against

P. gingivalis of four humanmonoclonal

antibodies, designated as TCmAb-a44,

TCmAb-h13, TCmAb-5-89 and

TCmAb-1-85, were analysed (15). To

confirm their binding abilities to the

rHBP35 protein, a Biacore 2000 system

utilizing a CM5 sensor chip immobi-

lized with 3161 resonance unit (RU) of

rHBP35 was employed. After associa-

tionwith the antibodies for 2 min,HBS-

EP buffer without TCmAbswas applied

to the sensor chip to dissociate the

bound molecules. As shown in Fig. 1A,

TCmAb-h13 showed the highest level of

binding against rHBP35, while the dis-

sociation levels of all the TCmAbs

appeared to be high. Both TCmAb-a44

and TCmAb-5-89 also showed high

levels of association against HBP35

molecules (TCmAb-h13 > TCmAb-

a44 ‡ TCmAb-5-89 > TCmAb-1-85),

while binding to rHBP35 was not

shown by the control TCmAb-cIgG

(15).

Using the same CM5 sensor chip

immobilized with rHBP35, the inhibi-

tory effects of TCmAbs for hemin

binding were examined. After applying

each antibody (20 lg/mL, 20 ll/min),

hemin solution (5 lg/mL, 20 lL/min)

was applied to the chip. Interestingly,

TCmAb-h13 had greater anti-hemin-

binding effects (DB) compared with

TCmAb-cIgG, while the other TCm-

Abs had no effects (Fig. 1B).

Molecular characterization of rHBP35

A computer-aided motif search indi-

cated that HBP35 was composed of

several functional domains, including

the most prominent amino-acid

stretch, WCGYCP, which was identi-

fied near the N-terminal end, whereas

the conserved motif of the active cen-

ter, WCGxCx, has been found in many

thioredoxins (13; Fig. 2A).

As shown in Fig. 2B, a few protein

bands were recognized by immuno-

blotting in a pI range of 6.5–7.5 when

purified rHBP35 was subjected to iso-

electric focusing. Net charges were cal-

culated from the contents of dibasic and

dicarboxylic amino acids, which were

expected to have pI values of about 6.64

(Genetyx-Mac, Co., Osaka Japan).

Indeed, rHBP35was focused near the pI

point on the gel near as a few bands

recognized by polyclonal antibody

(PAb-rHBP35). Furthermore, purified

rHBP35 was incubated in the presence

(+) or absence ()) of b-mercaptoetha-

nol (MeSH) for 1 min at 100�C and

subjected to SDS–PAGE (Fig. 2C).

A

B C

Fig. 2. Cys position in HBP35 and redox-related character of native rHBP35. (A) Amino

acid sequence of HBP35. Four Cys residues in the HBP35 protein are marked by circles with

an amino-acid co-ordinate number. The conserved amino-acid stretch, WCGYCP, a typical

active center found in thioredoxin, is indicated in the amino-acid sequence of HBP35.

(B) Immunoblot analysis of isoelectric electrophoresis of purified rHBP35. The gel was

stained with Coomassie brilliant blue (CBB). rHBP35 on the gel was transferred onto a

nitrocellulose membrane and incubated with pAb-rHBP35. IB, immunoblotting with affinity

column-purified anti-rHBP35 polyclonal antibody (pAb-rHBP35). (C) Effect of b-mercap-

toethanol (MeSH) on native rHBP35. Purified rHBP35 was incubated in the presence (+) or

absence ()) of MeSH for 1 min at 100�C and subjected to SDS–PAGE. After electrophoresis,

proteins were stained with CBB.
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After electrophoresis, proteins were

stained with CBB. When the disulfide

bridges of the recombinant protein were

reduced by MeSH, only a single band

corresponding to the reduced form of

rHBP35 was observed in the former

conditions. In the latter environment,

two rather obscure bandswere detected,

of which the smaller band seemed to be

the oxidized from.

Redox state of rHBP35 and its
recognition by TCmAbs

As the molecular characteristics of

rHBP35 appeared to be influenced by

the redox state of the protein, we next

focused on the redox-related amino-

acid residues within rHBP35, in par-

ticular Cys. The HBP35 protein has

four Cys residues, 48Cys, 51Cys, 113Cys

and 161Cys, and the active center of

thioredoxin is formed by 48Cys and
51Cys, as indicated in Fig. 2A. We

investigated the binding abilities of

TCmAb-h13 and TCmAb-1-85 against

Cys-mutated rHBP35 proteins using

immunoblot analysis. We additionally

prepared Cys-mutated rHBP35, 48,51

Ser-rHBP35 and 113,116Ser-rHBP35.

Even on the SDS–PAGE without

MeSH, 48Ser-rHBP35, 51Ser-rHBP35

and 48,51Ser-rHBP35 appeared in a re-

duced form, while rHBP35, 113Ser-

rHBP35, 161Ser-rHBP35 and 113,

161Ser-rHBP35 were observed in both

oxidized and reduced states on the

CBB-stained gel (Fig. 3A, top). In the

same conditions, no binding abilities

for TCmAb-1-85 to 48Ser-rHBP35

(lane 1), 51Ser-rHBP35 (lane 2) or
48,51Ser-rHBP35 (lane 5) were found

[Fig. 3A, MeSH())]. As the Cys resi-

dues that form the thioredoxin active

center in HBP35 might be important

for maintaining the oxidized form of

this molecule in aerobic conditions and

two of the Cys residues from mutated

rHBP35 were in the thioredoxin active

centre, 48Ser-rHBP35, 51Ser-rHBP35

and 48,51Ser-rHBP35 were found

only in a reduced form in the SDS–

PAGE gels, even without MeSH, as

shown in Fig. 3A. The TCmAb-1-85

should have recognized the oxidized

form of rHBP35, but not the reduced

form of the thioredoxin domain,

while TCmAb-h13 showed contrasting

results. For further elucidation, the

redox-related properties of native

rHBP35 and the Cys-mutated variants

are summarized in Fig. 3B. It seemed

that both 48Cys and 51Cys were

important for maintaining rHBP35 in

an oxidized form in aerobic conditions.

Furthermore, we succeeded in con-

structing TCmAbs that specifically

recognized the oxidized form of

rHBP35. Moreover, it is interesting

that the anti-hemin-binding TC anti-

body, TCmAb-h13, recognized the

reduced form of rHBP35.

In order to gain a better under-

standing of the binding of antibodies to

HBP35, we analysed the binding vari-

ation of Cys-mutated rHBP35 using a

Biacore system. A Biacore system uti-

lizing a CM5 sensor chip immobilized

with approximately 3000 RU each of
51Ser-rHBP35 and 48,51Ser-rHBP35

was employed. We found binding

activities of TCmAb-h13 and TCmAb-

a44 against Cys-mutated rHBP35,
48Ser-rHBP35 and 48,51Ser-rHBP35,

while TCmAb-1-85 was found to have

no such binding ability (Fig. 4).

A

B

Fig. 3. Redox state of native and variant rHBP35 proteins. (A) SDS–PAGE and immuno-

blot analyses of native and variant rHBP35 proteins. Native (lane N) and variant rHBP35

proteins (lanes 1–6) were subjected to SDS–PAGE without MeSH incubation, and stained

with CBB (upper gel). Native and variant rHBP35 proteins were incubated with or without

MeSH, resolved on SDS–PAGE, and analysed with TCmAb-1-85 and TCmAb-h13 fol-

lowing transfer onto a nitrocellulose membrane (lower panels). (B) Possible HBP35 protein

structure around the Cys residues depending on redox state.

Human-type monoclonal antibody against P. gingivalis HBP35 677



Inhibitory effects of TCmAbs on
P. gingivalis cell growth

To determine cell growth in anaerobic

conditions, P. gingivalis cells were cul-

tured in hemin-limited medium, then

further treated with each antibody for

30 min and transferred to hemin-sup-

plemented medium. Growth inhibition

was preliminarily observed in the

cultivation period from 22 to 26 h

(data not shown). As shown in Fig. 5,

TCmAb-h13 significantly exhibited

inhibitory activity after 22 h of incu-

bation.

Inhibitory effect of TCmAbs on hemin
binding to rHBP35

Finally, we examined the effects of anti-

rHBP35 mAbs on hemin–rHBP35

binding using a Biacore system. In this

experiment, we analysed the interac-

tions between hemin and rHBP35, as

well as between hemin and TCmAb and

between TCmAb and rHBP35. We first

prepared TCmAbs immobilized on

CM5 chips to assess their inhibitory

effects on hemin–rHBP35 binding.

After immobilization of the Abs, 80 lL
of 5 lM rHBP35 protein solution was

infused for 2 min at 10 lL/min, after

which 12.5 lM of hemin solution was

infused for 2 min. As shown in Fig. 6,

rHBP35 bound to TCmAb-1-85 on

the CM5 chip with slow association–

dissociation kinetics (thick dashed line),

thus the RU values attributable to

this interaction remained constant

throughout the observation period.

Infusion of 12.5 lM of hemin solution

elicited a further increase in the RU

values (thick continuous line), indicat-

ing that TCmAb-1-85, which binds to

the oxidized form of the protein, does

not interfere with hemin–rHBP35

binding. In contrast, the binding of

rHBP35 to TCmAb-h13 resulted in

faster association–dissociation kinetics,

and bound rHBP35 was quickly

released when hemin was supplied,

suggesting a competitive interaction

between rHBP35 and hemin for binding

to TCmAb-h13 (Fig. 7). This competi-

tive interaction was confirmed when we

examined the effects of TCmAb-h13

on hemin–rHBP35 binding using a

CM5 chip upon which rHBP35 was

immobilized.

As shown in Fig. 7, inhibition of the

interaction between hemin and

rHBP35 by TCmAb-h13 was deter-

mined by the signal produced by

TCmAb-h13 + hemin (DA), which

was substantially smaller, indicating

that TCmAb-cIgG + hemin binding

(DB) to rHBP35 was comparatively

weak. In addition, the binding signal

obtained at 380 s, when TCmAb-h13

and hemin were applied simulta-

neously, should have been smaller than

the sum of the signals obtained when a

control antibody (TCmAb-cIg-

G) + hemin were separately applied.

The TCmAb- h13 + hemin binding

signal was approximately the same as

the TCmAb-h13 signal after diffusion

of the analytes, while the TCmAb-

cIgG + hemin binding signal was

similar to those seen with hemin bind-

ing (DC).

Discussion

We have constructed several TCmAbs

utilizing the TC Mouse� with rHBP35

as an antigen. In this study, we selected

four representative TCmAbs, namely

TCmAb-a44, TCmAb-h13, TCmAb-

1-85 and TCmAb-5-89, and focused on

the antigen-binding abilities/character-

istics of these antibodies to the rHBP35

protein. The present data clearly indi-

cate that TCmAb-h13 recognized the

reduced form of rHBP35.

Using immunoblot analysis with

TCmAbs, we initially investigated the

capacity of the rHBP35 variants to

produce a redox state. All proteins were

prepared in the absence of MeSH and

then subjected to SDS–PAGE. The Cys

residues forming the thioredoxin active

center in HBP35 appeared to be critical

for maintaining the molecule in an

oxidized form, thus 48Ser-rHBP35,
51Ser-rHBP35 and 48,51Ser-rHBP35

were found only in a reduced form, even

without MeSH (Fig. 3A, top). Also,

Fig. 4. TCmAb binding to thioredoxin domain of variant rHBP35 protein. 51Ser-rHBP35

and 48,51Ser-rHBP35 were immobilized on a sensor chip CM5 using an amine coupling kit.

TCmAb-h13, TCmAb-a44 and TCmAb-1-85 were dissolved in HBS-EP and injected at a

flow rate of 20 lL/mL. Regeneration was performed using a 10 mM glycine–HCl buffer

(pH 1.5).

Fig. 5. Inhibitory effect of TCmAbs on

Porphyromonas gingivalis growth. The

growth of P. gingivalis cells with or without

TCmAbs was assessed. After subculturing

twice in hemin-limited medium, P. gingivalis

cells were incubated with or without

TCmAb-a44, TCmAb-h13 or TCmAb-5-89

for 30 min. Fresh medium supplemented

with hemin was added to the culture, and

incubation was continued for 22 h in an

anaerobic atmosphere. To quantify the

inhibitory effects of TCmAbs on P. gingi-

valis growth, cell density at 22 h was deter-

mined and compared. *P < 0.05, n = 3.
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TCmAb-1-85 did not bind to the Cys-

mutated rHBP35s, 48Ser- rHBP35,
51Ser-rHBP35 and 48,51Ser-rHBP35,

which implies that TCmAb-1-85 rec-

ognizes a disulfide bond between the

two Cys residues in the thioredoxin

active center of rHBP35. In contrast,

TCmAb-h13 recognized the reduced

form of rHBP35. Taken together, these

results suggest that the redox state of

rHBP35 is dependent on the two Cys

residues, 48Cys and 51Cys, in the thior-

edoxin active center (WCGxCx) of this

molecule, and that we succeeded in

constructing two TC antibodies,

TCmAb-1-85 and TCmAb-h13, which

recognized the oxidized and reduced

forms, respectively, of rHBP35. How-

ever, this conclusion raises questions

regarding the SDS–PAGE profile

shown in Fig. 3, because the reduced

form of rHBP35 was recognized by

TCmAb-1-85. It is likely that during

manipulation of the acrylamide gel, air

oxidation occurred, which resulted in

conversion of the reduced protein into

an oxidized form. In contrast,

TCmAb-h13 demonstrated an ability to

bind to both reduced and oxidized

proteins (Fig. 3A). The present data

clearly indicate that TCmAb-1-85 and

TCmAb-h13 recognized the oxidized

and reduced forms, respectively, of

rHBP35.

In contrast, TCmAbs-h13 was

selected for its hemin-binding ability

during the screening process for hybri-

domas (Fig. 1B). Specifically, TCmAb-

A

B

C

Fig. 6. Interactions among rHBP35, TCm-

Abs and hemin. The binding of TCmAb-1-

85 (A) or TCmAb-h13 (B) to rHBP35 and

the inhibitory effects on hemin binding to

rHBP35 were analysed using a Biacore

2000. rHBP35 (5 lM, 10 lL/min) was

applied to the Biacore chip for 3 min, after

which a hemin solution (12.5 lM, 10 lL/
min) was applied for an additional 3 min.

Thin lines in (A) and (B) show the results of

rHBP35 (C), while thick lines show rHBP35

binding to TCmAbs on the CM5 chip. The

dashed lines show binding of rHBP35 pro-

tein without additional binding by hemin to

the TC antibodies (thick dashed line) and

rHBP35 (thin dashed line). rHBP35,

TCmAb-h13 and TCmAb-1-85 were

immobilized on the CM5 chip at 3075, 2328

and 2064 RU, respectively.
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h13 showed inhibitory effects on hemin

binding to rHBP35, while no effect was

seen with TCmAb-cIgG (Fig. 6).

It is known that P. gingivalis has an

obligate requirement for hemin or

selected heme- or iron- containing

compounds for its growth (20–22). In

addition, several oral bacteria can

generate products that make the

microfloral environmentmoreoxidative

or reductive, which could potentially

influence the ecologyof subgingival sites

(23,24). Therefore, we focused our

attention on P. gingivalis HBP35, since

this protein is involved not only in co-

aggregation with other oral microflora,

but is also important for heme binding

(6–9). In addition, we further character-

ized the functions of the Cys residues in

this protein (9,13). Although the heme-

binding mechanisms and roles of the

gram-negative anaerobe P. gingivalis

havenotyetbeenclarified,hemebinding

and uptake are considered to be

fundamental factors for both its growth

and virulence. Recently, Shoji et al. (25)

reported that HBP35 plays a role in

hemin utilization with sufficient

hemin concentration by assessing the

growth of an hbp35-deleted mutant of

P. gingivalis. Therefore, we determined

the inhibitory effects of TCmAbs on

the growth of P. gingivalis cells by

incubating those cells with each of the

individual TCmAbs. As shown in

Fig. 5, TCmAb-h13 significantly

exhibited inhibitory activity after 22 h

of incubation, hemin binding to the

recombinant antigen protein on the

Biacore chip. Although this confirmed

that TCmAb-h13 recognized the

reduced state of rHBP35, thereby

interfering with hemin binding, it re-

mains unclear whether this TCmAb

directly recognizes the rHBP35 Cys

residues.

Oxidative stress has been defined as

a disturbance in the pro-oxidant–anti-

oxidant balance in favor of pro-oxi-

dants and has been reviewed, along

with oxygen metabolism, in regard to

its relationship with dental plaque

biofilm formation (26). Heme binding

and uptake are thought to be funda-

mental factors for both the growth and

the virulence of P. gingivalis. Interest-

ingly, it has been reported that when

grown in the presence of a high con-

centration of hemin, P. gingivalis can

tolerate even 10% oxygen because of

the protective effect provided by hemin

(27). Thus, HBP35 is likely to be a

multifunctional molecule, mediating

heme uptake as well as serving as a

hemoprotein that changes its structure

with the reduction/oxidation of iron/

hemin. We speculated that HBP35

serves as an oxygen sensor in P. gin-

givalis and that heme serves as an

important cofactor, acting as a redox-

controlled molecular switch. In addi-

tion, it is suggested that this enables

HBP35 to serve as an oxygen sensor in

P. gingivalis that recognizes the envi-

ronmental redox state on the bacterial

surface via the two thiol groups in its

thioredoxin active center.

The role of heme for P. gingivalis

harbored in the oral cavity is consid-

ered to be protection from periodontal

disease and maintenance of human

health. As suggested in the supple-

mentary information of this report,

passive immunization may be a useful

approach in the dental clinic. Unlike

prevention of life-threatening diseases,

use of a vaccine to elicit an immune

response for a nonlife-threatening dis-

ease is not ethically acceptable, because

of possible unexpected adverse effects

(3). Therefore, passive immunization

approaches against oral infectious

Fig. 7. Inhibitory effect of TCmAb-h13 on hemin binding to rHBP35. The inhibitory effect

of TCmAb-13 on hemin binding to rHBP35 was analysed using a CM5 chip, upon which

rHBP35 was immobilized. TCmAb-13 alone (thin continuous line), TCmAb-h13 + hemin

(thick continuous line), TCmIgG alone (thin dashed line) and control IgG + hemin (thick

dashed line) were applied to an rHBP35-immobilized chip for 3 min (5 lM, 20 lL/min).

rHBP35 was immobilized on the CM5 chip at 3500 RU.
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diseases have been pursued. Concern-

ing human monoclonal antibodies

against P. gingivalis cell surface pro-

teins, such as rHBP35, passive immu-

nization studies are feasible, though

limitations include the empirical nature

of this approach, as well as the inabil-

ity to test its validity by infection of

host gingival tissues with P. gingivalis.
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