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SUMMARY

The fimbriae of Porphyromonas gingivalis, the
causative agent of periodontitis, have been impli-
cated in various aspects of pathogenicity, such
as colonization, adhesion and aggregation.
Porphyromonas gingivalis ATCC 33277 has two
adhesins comprised of the FimA and Mfa1 fimb-
riae. We characterized the PGN0289 (Mfa3)
protein, which is one of the three accessory pro-
teins of Mfa1 fimbriae in P. gingivalis. The Mfa3
protein was present in two different sizes, 40 and
43 kDa, in the cell. The 43-kDa and 40-kDa Mfa3
were detected largely in the inner membrane and
the outer membrane, respectively. Purified Mfa1
fimbriae contained the 40-kDa Mfa3 alone. Fur-
thermore, the 40-kDa Mfa3 started with the Ala44

residue of the deduced amino acid sequence,
indicating that the N-terminal region of the nas-
cent protein expressed from the mfa3 gene is
processed in the transport step from the inner
membrane into fimbriae. Immuno-electron micros-
copy revealed that Mfa3 localized at the tip of the
fimbrial shaft. Interestingly, deletion of the mfa3
gene resulted in the absence of other accessory
proteins, PGN0290 and PGN0291, in the purified
Mfa1 fimbriae, suggesting that Mfa3 is required

for integration of PGN0290 and PGN0291 into
fimbriae. A double mutant of mfa3 and fimA genes
(phenotype Mfa1 plus, FimA minus) showed
increased auto-aggregation and biofilm formation
similar to a double mutant of mfa1 and fimA genes
(phenotype Mfa1–, FimA–). These findings suggest
that the tip protein Mfa3 of the Mfa1 fimbriae may
function in the integration of accessory proteins
and in the colonization of P. gingivalis.

INTRODUCTION

Periodontitis is a complex chronic inflammatory dis-
ease of the tooth-supporting tissues that leads to tis-
sue damage, degradation of the alveolar bone, and
loss of tooth (Pihlstrom et al., 2005). Porphyromonas
gingivalis is a major pathogen associated with chronic
periodontitis. The organism expresses a number of
potential virulence factors, including lipopolysaccha-
ride, gingipains and fimbriae (Lamont & Jenkinson,
1998). Gingipains, composed of arginine-specific
(RgpA and RgpB) and lysine-specific (Kgp) prote-
ases, are thought to be involved in a wide range of
pathological and physiological processes (Imamura
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et al., 2003). The type strain of P. gingivalis ATCC
33277 has two distinct types of fimbriae composed of
fimbrilins, FimA (the fimA gene product) and Mfa1
(the mfa1 gene product), with apparent molecular
masses of about 38 and 75 kDa, respectively
(Yoshimura et al., 2009). Both types of fimbriae
appear to be evolutionarily unique, since no homo-
logues of FimA or Mfa1 have been reported in any
other bacteria. Several studies have demonstrated
that the roles of FimA and Mfa1 fimbriae are distinct.
FimA fimbriae are prominent adhesins that mediate
the colonization of periodontal tissues and the inva-
sion of host cells (Lamont & Jenkinson, 2000; Yilmaz
et al., 2002; Amano et al., 2004), and induce inflam-
matory processes in periodontal tissues through a
number of mechanisms (Hajishengallis et al., 2008;
Amano, 2010). FimA fimbriae promote initial mono-
species P. gingivalis biofilm formation but exert a
restraining regulation on biofilm maturation, whereas
Mfa1 have suppressive and regulatory roles during
homotypic biofilm development of P. gingivalis
(Kuboniwa et al., 2009). In community formation
between P. gingivalis and Streptococcus gordonii, an
oral commensal species, FimA fimbriae bind to glyc-
eraldehyde-3-phosphate dehydrogenase present on
the streptococcal surface (Maeda et al., 2004), while
Mfa1 fimbriae engage the streptococcal SspA/B
adhesins (Park et al., 2005; Daep et al., 2008).
In many bacteria, the gene encoding the major

fimbrilin typically forms a cluster with several addi-
tional genes encoding fimbrial minor components or
transport machineries (Proft & Baker, 2009).
Porphyromonas gingivalis ATCC 33277 also has a
set of fimbriae-related genes flanking the fimA gene
(Dickinson et al., 1988; Watanabe et al., 1996; Naito
et al., 2008). FimB, the product of the gene immedi-
ately downstream of the fimA gene, regulates the
length and expression of FimA fimbriae (Nagano
et al., 2010). The fimC, fimD and fimE, genes down-
stream of the fimB gene, were reported to be acces-
sory proteins, and co-purify with FimA fimbriae, and
the products of these three genes may play critical
roles in the adhesive activities of FimA fimbriae, sug-
gesting that FimC, FimD and FimE are a putative tip
complex that might serve as an adhesin (Nishiyama
et al., 2007). In addition, a fimE mutant produced
FimC and FimD, but neither were present in FimA
fimbriae purified from the mutant, suggesting that
FimE is required for the assembly of FimC and FimD

onto the FimA fiber. Indeed, FimB–E do not appear to
be involved in FimA biogenesis and FimA is produced
and polymerized to form the fimbrial structure in the
fimC-E mutants (Nishiyama et al., 2007; Wang et al.,
2007).
As for the Mfa1 fimbriae in ATCC 33277, genome

analyses have revealed that mfa1 exists within a
gene cluster consisting of five genes, mfa1, mfa2,
PGN0289, PGN0290 and PGN0291 (Fig. 1A) (Naito
et al., 2008). The downstream genes of mfa1 have a
similar genetic structure to the fimA locus (fimA–
fimE). Recently, we have demonstrated that Mfa2,
the gene product immediately downstream of mfa1, is
involved in length regulation and anchoring of the
Mfa1 fimbriae (Hasegawa et al., 2009). We have also
shown that PGN0289 (Mfa3), PGN0290 and
PGN0291 proteins co-purify with Mfa1 fimbriae, and
these proteins may associate with Mfa1 fimbriae as
accessory proteins (Hasegawa et al., 2009). While
there is similarity in the structure and function
between the downstream genes of fimA and mfa1,
encoding for accessory proteins, the assembly mech-
anism, function and localization of the accessory pro-
teins are unclear.
In this study, we have examined the localization and

role of Mfa3 in assembly of Mfa1 fimbriae. We show
that Mfa3, one of the three accessory proteins of the
fimbrial structure, may function in the integration of
accessory proteins, and may be involved in auto-
aggregation and biofilm formation in P. gingivalis.

METHODS

Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this study
are shown in Table 1. All P. gingivalis strains were
cultivated on Brucella HK agar (Kyokuto Pharmaceuti-
cal Industrial, Tokyo, Japan) supplemented with 5%
[volume/volume (v/v)] laked rabbit blood, 2.5 lg ml�1

hemin, 5 lg ml�1 menadione and 0.1 lg ml�1 dith-
iothreitol (DTT) at 37°C for 7 days under anaerobic
conditions. Liquid cultures of P. gingivalis were in
trypticase soy broth supplemented with 0.25%
[weight/volume (w/v)] yeast extract, 2.5 lg ml�1

hemin, 5 lg ml�1 menadione and 0.1 lg ml�1 DTT
(sTSB). When necessary, 5 lg ml�1 chloramphenicol,
20 lg ml�1 erythromycin or 1 lg ml�1 tetracycline
were added to the medium. Escherichia coli was
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grown in Luria–Bertani medium supplemented, when
necessary, with 50 lg ml�1 ampicillin, 50 lg ml�1

kanamycin or 200 lg ml�1 erythromycin.

DNA manipulations

Restriction endonucleases, DNA ligase and related
enzymes were purchased from Takara (Otsu, Japan)
or New England Biolabs (Ipswich, MA). The oligonu-
cleotides used for polymerase chain reactions (PCR;
Table 2) were synthesized by Sigma Genosys (Ishik-
ari, Japan). Standard PCR experiments were per-
formed using a high fidelity DNA polymerase, Pyrobest
(Takara), in a PCR Thermal Cycler DiceTM (Takara).

Construction of mutant and complemented strain

We applied the PCR-based overlap extension method
(Nagano et al., 2007) to construct DNA fragments
that allowed the replacement of mfa3 gene with the

chloramphenicol acetyltransferase (cat) gene in the
P. gingivalis chromosome. The primers are shown in
Table 2. The cat gene was amplified from the ATG
start codon to the TAA stop codon with primers
AGU01 and AGU02 to generate a 660-base-pair
product from pKD260 plasmid. For construction of the
mfa3-deletion cassette, the flanking sequence
upstream of mfa3 was amplified with primers Mfa3F1
and Mfa3R1, which have homology to the 5′ end of
the cat fragment. The flanking sequence downstream
of mfa3 was amplified with Mfa3F2 and Mfa3R2,
which have homology to the 3′ end of the cat frag-
ment. The cat, mfa3-upstream and mfa3-downstream
fragments were used as templates for overlap exten-
sion PCR to generate a deletion cassette in which
mfa3 was replaced by cat. The PCR product was
ligated into a pCR-BluntII-TOPO plasmid vector
and the resulting plasmid was introduced into host
E. coli TOP10 according to the manufacturer’s direc-
tions (Invitrogen, Carlsbad, CA). Electroporation of

20

B 1 2

PGN0291

Mfa1

PGN0289

(Mfa3)

PGN0290

C 1 2 3

250
150

75

50

37

100

kDa

MMQLKKRYFALILLLFLWSGCDRGVDPQPDPLQPDVYLLVNARAAHTNGEESINMDAEDF

60

40

kDa

30

70

25

D

Mfa3

A mfa3

mfa1 mfa2 PGN0289 PGN0290 PGN0291

50

80

Figure 1 PGN0289 (Mfa3) is an accessory protein of Mfa1 fimbriae. (A) Schematic diagram of the mfa1 gene cluster in Porphyromonas gingi-

valis ATCC 33277 based on the sequence obtained from NCBI (NC_010729) (Naito et al., 2008). Five genes with the same transcriptional
direction were found at this locus (mfa1-PGN0291). (B) sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and Coo-
massie brilliant blue (BB) stain of the purified Mfa1 fimbriae: lane 1, molecular mass marker; lane 2, the purified Mfa1 fimbriae from JI-1

(DfimA). Previous study showed that PGN0289 (Mfa3), PGN0290 and PGN0291 were accessory proteins of Mfa1 fimbriae (Hasegawa et al.,
2009). (C) Western blotting analysis using a-Mfa3: lane 1, the whole cell lysate from JI-1; lane 2, the whole cell lysate from Dmfa3 (Dmfa3
fimA::erm); lane 3, the purified Mfa1 fimbriae from JI-1. (D) N-terminal amino acid of Mfa3 in the purified Mfa1 fimbriae from JI-1. The identi-

fied amino acid sequence by Edman degradation is indicated in boldface. The N-terminal residue of Mfa3 protein was Ala44 of the deduced
amino acid sequence. The cleavage site for signal peptidase II predicted by LipoP analysis is underlined.
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P. gingivalis was performed essentially as described
by Fletcher et al. (1995). The plasmid construct was
linearized by digestion with NotI and SpeI and intro-
duced into electrocompetent cells of P. gingivalis
KDP98 (fimA::erm) (Watanabe-Kato et al., 1998).
After 6 h of anaerobic incubation in sTSB, the pulsed
cells were plated on Brucella HK agar supplemented
with 5 lg ml�1 chloramphenicol, and the plates were
incubated anaerobically at 37°C for 7 days. The spe-
cific gene replacement was confirmed by PCR and
Southern blotting (data not shown).
A complemented strain cmfa3 was constructed by

the introduction of an expression vector, pTCOW::
ragAP, a pT-COW derivative (Nagano et al., 2007). In
brief, the mfa3 region encoding the putative mature
product in ATCC 33277 was amplified by PCR using
cMfa3F and cMfa3R with XbaI and NotI tags, respec-
tively. The resulting fragment was then cloned down-
stream of the ragA promoter region in pTCOW::ragAP
(Nagano et al., 2012), digested with the appropriate

enzymes. The resulting vector pTCOW::ragAP::mfa3
was transferred into P. gingivalis Dmfa3 via conjuga-
tion from E. coli S17-1 (Gardner et al., 1996). Expres-
sion of Mfa3 protein in cmfa3 was confirmed by
Western blotting (data not shown).

Purification of Mfa1 fimbriae

Purification of Mfa1 fimbriae from P. gingivalis was
according to our previous protocol (Park et al., 2005;
Hasegawa et al., 2009). Briefly, bacterial cells dis-
rupted in a French pressure cell were separated by
ultracentrifugation, and then the supernatant was pre-
cipitated with ammonium sulfate (50% saturation).
The Mfa1 fimbrial fraction was separated by ion
exchange chromatography followed by gel filtration
chromatography. The degree of purity and identity of
Mfa1 fimbriae were verified by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS–PAGE)
and mass spectrometry.

Table 1 Bacterial strains and plasmids used

Strain or plasmid Genotype and relevant description Source or reference

Porphyromonas gingivalis
ATCC 33277 Type strain, Gmr ATCC
KDP98 fimA-insertional mutant from ATCC 33277, Emr Watanabe-Kato et al. (1998)
JI-1 fimA-deletion mutant from ATCC 33277, Cmr Hasegawa et al. (2009)

Dmfa3 mfa3-deletion mutant from KDP98, Cmr Emr This study
cmfa3 Dmfa3 carrying pTCOW::ragAP::mfa3, Cmr Emr Tcr This study
SMF1 mfa1-insertional mutant from ATCC 33277, Emr Park et al. (2005)

SMF-fimA fimA-deletion mutant from SFM1, Cmr Emr This study
Escherichia coli
TOP10 F� mcrA D (mrr-hsdRMS-mcrBC) x80lacZ DM15

DlacX74 recA1 araD139 D (ara-leu)7697 galU
galK rpsL (Strr) endA1 nupG

Invitrogen

BL21(DE3) F� ompT hsdSB (rb-, mb-) gal dcm rne131 (DE3) Invitrogen
S17-1 Used for mobilizing pT-COW to Bacteroides and

P. gingivalis via conjugation

Gardner et al. (1996)

Plasmids
pKD260 Plasmid used for a drug cassette, cat, Cmr Nagano et al. (2007)

pCR-Blunt II-TOPO Cloning vector, Kmr Invitrogen
pTCOW::ragAP A pTCOW derivative containing a ragA promoter

region; Apr in E. coli, Tcr in P. gingivalis
Nagano et al. (2012)

pTCOW::ragAP::mfa3 A pTCOW::ragAP derivative containing mfa3 ORF;
Apr in E. coli, Tcr in P. gingivalis

This study

pET-28 Expression vector, Kmr Merck

pET-28::mfa3 A pET-28 derivative containing mfa3 ORF; Kmr in E. coli This study
pET-28::PGN0290 A pET-28 derivative containing PGN0290 ORF; Kmr in E. coli This study
pET-28::PGN0291 A pET-28 derivative containing PGN0291 ORF from

1,335 amino acid residue to stop codon; Kmr in E. coli
This study

ATCC, American Type Culture Collection; Apr, ampicillin resistance; Cmr, chloramphenicol resistance; Emr, erythromycin resistance;
Gmr, gentamicin resistance; Kmr, kanamycin resistance; Tcr, tetracycline resistance.
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Preparation of recombinant proteins and antisera

To construct a plasmid expressing recombinant Mfa3
protein, the mfa3 region encoding the putative mature
product was amplified by PCR using rMfa3F and
rMfa3R with EcoRI and HindIII tags respectively as
primers. Chromosomal DNA of ATCC 33277 was
used as the template. The resulting fragment was
cloned into the expression vector pET-28 (Merck,
Darmstadt, Germany), yielding plasmid pET-28::mfa3
encoding Mfa3. To construct plasmid expressing
recombinant PGN0290 protein, the PGN0290 gene
region encoding the putative mature product was
amplified by PCR using rPGN0290F and rPGN0290R
primers with BamHI and HindIII tags, respectively.
For construction of recombinant PGN0291 protein,
the N-terminal region of deduced start codon to 1335
amino acid residues was amplified using rPGN0291F
and rPGN0291 with EcoRI and XhoI tags, respec-
tively. The resulting fragments were cloned into the
expression vector pET-28, yielding plasmid pET-28::
PGN0290 encoding PGN0290 gene and pET-28::
PGN0291 gene encoding PGN0291 gene, respec-
tively. The plasmid was introduced into E. coli strain

BL21 star (DE3) for overproduction of each protein.
The whole cell lysate of transformants was subjected
to SDS–PAGE. Strongly expressed protein bands
were excised with a clean blade, and the protein in
the pieces of the gels was electrophoretically eluted.
Identity of the eluted proteins was confirmed by mass
spectrometry. Antiserum against Mfa3, PGN0290 or
PGN0291 (a-Mfa3, PGN0290 or PGN0291) was pre-
pared. In brief, each recombinant protein was mixed
with Freund’s complete adjuvant, and was injected
into rabbits subcutaneously three times at 2-week
intervals. For preparation of anti-Mfa1 fimbriae antise-
rum (a-Mfa1 fimbriae), purified Mfa1 fimbriae from
JI-1 were injected into rabbits as above. Specific anti-
serum against Mfa1 protein was raised in chickens
(Hasegawa et al., 2009). Preparation of antisera was
carried out according to the Guidelines for Animal
Experiments at the School of Dentistry, Aichi-Gakuin
University (AGUD113).

Preparation of cellular fractions

Porphyromonas gingivalis JI-1 was anaerobically cul-
tivated for 24 h, and bacterial cells were washed with
10 mM HEPES-NaOH (pH 7.4) containing 0.15 M

NaCl and then resuspended with 10 mM HEPES-
NaOH (pH 7.4) containing 0.1 mM N-a-p-tosyl-L-lysine
chloromethyl ketone, 0.2 mM phenylmethylsulfonyl
fluoride, and 0.1 mM leupeptin. The cells were dis-
rupted by sonication, and the remaining undisrupted
bacterial cells were removed by centrifugation at
1000 g for 10 min. The supernatant was used as the
whole cell lysate. The envelope fraction was collected
as a pellet by centrifugation of the whole cell lysate at
100,000 g for 60 min at 4°C. The supernatant was
used as the soluble fraction. The outer and inner
membranes were separated by the differential deter-
gent extraction method from envelope fraction with
1% Triton X-100 in HEPES buffer containing 20 mM

MgCl2 for 30 min at 20°C (Murakami et al., 2002).

SDS–PAGE and Western blotting

Samples were solubilized in SDS buffer with 2-mer-
captoethanol at 100°C for 5 min, then subjected to
SDS–PAGE. The gels were stained with Coomassie
brilliant blue R-250 (CBB). Proteins in an SDS–poly-
acrylamide gel were electrophoretically transferred to
a PVDF membrane. The membrane was blocked with

Table 2 Primers used in this study

Primer Sequence (5′–3′)

AGU01 ATGGAGAAAAAAATCACTGGA
AGU02 TTACGCCCCGCCCTGCCACTC
Mfa3F1 GCCTCGAGCAATGGCTCCTATCG
Mfa3R1 CCAGTGATTTTTTTCTCCATATTCCAAGTGTAT

ATGGTTA
Mfa3F2 GCAGGGCGGGGCGTAAACAGACTTATGA

AAAAGTAT

Mfa3R2 AGATTGTCCGGCTTGGTCGTTGG
cMfa3F ATACACTTCTAGAATGATGCAGCTTAAAAAGAGAT
cMfa3R TTTTCATGCGGCCGCCTATTTCTTGATAAA

AACTTTAT
rMfa3F TATACACGAATTCTATGATGCAGCTTAAAAA

GAGAT
rMfa3R TTCATAAAAGCTTCTATTTCTTGATAAAAACTTTAT

rPGN0290F AAATAGAGGATCCTATGAAAAAGTATTTGT
TATATG

rPGN0290R GACCTAAAAGCTTTCAAATCTCGACTTCGTA

CTTGT
rPGN0291F ACGAGGTGAATTCAATGATGAAACGATATAC

AATAA

rPGN0291R TAACATCCTCGAGTTACGTCAGATTTTTAACG
ATGAAAC

The underlining shows overlapping regions of the 5′ or 3′ end of

cat. Boldface indicates restriction enzyme sites.
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5% skim milk in 20 mM Tris–HCl (pH 7.4). Then the
membrane was reacted with primary antisera to Mfa3,
PGN0290, or PGN0291, followed by incubation with
the secondary antiserum, horseradish peroxidase
(HRP) -conjugated goat anti-rabbit immunoglobulin G
(IgG; MP Biomedicals, Santa Ana, CA) or HRP-conju-
gated goat anti-chicken IgY (Abcam, San Francisco,
CA). After the membrane was washed, signals were
detected with ECL-prime (GE Healthcare, Bucking-
hamshire, UK).

Protein analysis by mass spectrometry

After SDS–PAGE, protein bands were analyzed using
matrix-assisted laser desorption ionization–time-of-
flight mass spectrometry (MALDI-TOF MS) as
described previously (Abe et al., 2011; Kishi et al.,
2012). After in-gel tryptic digestion, peptides were
extracted, concentrated and analyzed using a 4800
MALDI TOF/TOF Analyzer (Applied Biosystems Bio-
systems, Foster City, CA). Proteins were identified
from the MS peaks using the MS-Fit peptide mass
fingerprinting methods in the MASCOT program (http://
www.matrixscience.com/).

N-terminal amino acid sequence analysis

N-terminal amino acid sequencing of Mfa3 associated
with the purified Mfa1 fimbriae was performed by Ed-
man degradation. The Mfa3 protein in purified Mfa1 fi-
mbriae from P. gingivalis JI-1 that had been
separated by SDS–PAGE was electrophoretically
transferred from the gels onto PVDF membranes.
The protein bands of Mfa3 in the membranes were
stained with CBB, excised and subjected to N-termi-
nal amino acid sequence analysis by an ABI 477 A
automatic peptide sequence analyzer (Center for
Instrumental Analysis, Hokkaido University).

Dot immunoblotting

Dot immunoblotting was performed to detect the Mfa3
protein in the purified Mfa1 fimbriae. Nitrocellulose
membranes were spotted with 5 lg of the purified
Mfa1 fimbriae using a Bio-Dot Microfiltration Appara-
tus (Bio-Rad, Hercules, CA) and blocked with 10 mM

Tris-buffered saline (pH 7.4) containing 0.1% Tween-
20 and 5% skim milk. Membranes were then
incubated with a-Mfa3 antiserum (1 : 4000) followed

by HRP-conjugated goat anti-rabbit IgG before devel-
opment with ECL-plus kit (GE Healthcare).

Bacterial aggregation

Bacterial aggregation assays using recombinant
accessory protein-specific antisera were performed to
examine immunoreactivity against native proteins and
localization of accessory proteins on the cell surface.
JI-1 cells were grown as described above, harvested
by centrifugation at 8000 g for 10 min, gently washed
twice with physiological saline, and resuspended in
physiological saline. Mfa3, PGN0290 or PGN0291
antisera were added to the cell suspension (1 : 100).
The OD600 value of each cell suspension was mea-
sured at the indicated times at room temperature. All
assays were performed in triplicate. a-Mfa1 fimbriae
antiserum and pre-immune antiserum were used for
positive and negative controls, respectively.

Immunoelectron microscopy

For single immunogold labeling, a drop of bacterial
suspension in 10 mM phosphate-buffered saline
(PBS; pH 7.4) was placed on nickel grids with form-
var carbon support (Okensyoji, Tokyo, Japan),
washed three times with PBS and blocked for 1 h in
PBS containing 1% bovine serum albumin (BSA).
Bacterial cells were stained with primary antiserum
(1 : 50 for rabbit a-Mfa1 fimbriae or rabbit a-Mfa3)
diluted in PBS containing 1% BSA for 1 h. After
washing, samples were treated with 20-nm gold-goat
anti-rabbit IgG (EY-lab, San Mateo, CA) diluted 1 : 50
in PBS with 1% BSA for 1 h. For double immunogold
labeling, bacterial cells were stained with primary anti-
sera (1 : 50 for chicken a-Mfa1 and 1 : 50 for rabbit
a-Mfa3) diluted in PBS containing 1% BSA for 1 h.
After washing, samples were treated with 6-nm gold-
goat anti-chicken IgG (EY-lab) and 20-nm goat anti-
rabbit IgG diluted 1 : 50 in PBS with 1% BSA for 1 h.
The samples were finally negatively stained with 1%
ammonium molybdate and viewed in a Hitachi H-600
electron microscope (Hitachi, Tokyo, Japan) operating
at 100 kV.

Auto-aggregation activity

Cells were grown as described above, harvested by
centrifugation at 8000 g for 10 min, gently washed
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twice with 20 mM PBS (pH 6.0) and resuspended in
PBS. PBS (pH 6.0) was used throughout the
auto-aggregation assays. The optical density at
600 nm (OD600) of the cell suspension was measured
and adjusted by dilution with PBS to 1.0. Aliquots
(2 ml each) in test tubes (13-mm diameter) were
then shaken at room temperature at a speed of
120 strokes min�1. At various time-points, OD660

values of the suspensions were measured with a spec-
trophotometer (mini photo 518R; Taitec, Saitama,
Japan).

Biofilm assay

Biofilm formation by P. gingivalis was quantified using
a microtiter plate assay specifically adapted for
P. gingivalis (Nagano et al., 2010). Briefly, overnight
cultures of P. gingivalis were diluted 1 : 20 in sTSB.
Aliquots (200 ll) of the diluted samples were anaero-
bically incubated in the wells of a flat-bottom 96-well
polystyrene plate (BD, Franklin Lakes, NJ) for 24 h at
37°C. After discarding the planktonic bacterial cells in
the wells, bacterial cells bound to the wells were
gently washed three times with 10 mM PBS (pH 7.4),
air dried, and then stained with 200 ll of 0.5% (w/v)
crystal violet for 15 min. After washing twice with
10 mM PBS (pH 7.4) and then with sterile water to
remove excess dye, the cell-bound dye was eluted
using 200 ll of 99% ethanol. Biofilm formation was
quantified by measuring OD595. Biofilms formed on
polystyrene dishes were also evaluated by micro-
scopic observation. Briefly, overnight cultures of
P. gingivalis were diluted 1 : 20 in sTSB. Aliquots
(5 ml) of the diluted samples were anaerobically incu-
bated in a dish (60 mm in diameter, Nunc, Tokyo,
Japan) for 24 h at 37°C. The biofilms formed on each
dish were washed twice with 10 mM PBS (pH 7.4),
stained for 15 min with 0.5% (w/v) crystal violet, and
rinsed twice with sterile water. Biofilms were observed
under an optical microscope BX41 (Olympus, Tokyo,
Japan). JI-1, a mutant deficient in fimA, was included
as a negative control for biofilm formation.

RESULTS

Mfa3 is an accessory protein of Mfa1 fimbriae

SDS–PAGE stained gels of the purified Mfa1 fimbriae
from P. gingivalis JI-1 are shown in Fig. 1B. In a

previous study we identified the 40-kDa band of the
purified Mfa1 fimbriae as PGN0289 (Mfa3) by mass
spectrometry (Hasegawa et al., 2009). Here to con-
firm these observations, Western blotting analysis
with a-Mfa3 antiserum was performed. Mfa3 was
present at two different sizes of 40 kDa and 43 kDa
in the whole cell lysate of P. gingivalis JI-1 (Fig. 1C,
lane 1), whereas those bands were not detected in
the whole cell lysate of P. gingivalis Dmfa3 (Dmfa3
fimA::erm) (Fig. 1C, lane 2). It should be noted that
the a-Mfa3 was very specific because none of the
bands were detected in the whole cell lysate of
Dmfa3. In the purified Mfa1 fimbriae from P. gingivalis
JI-1 (Fig. 1C, lane 3), PGN0289 was detected at
approximately 40 kDa as a single band. The molecu-
lar mass of the band of PGN0289 protein in the puri-
fied fimbriae completely accorded with our previous
report, therefore we concluded that PGN0289 is one
of the accessory proteins of the Mfa1 fimbriae. Hence,
we named PGN0289 gene mfa3. Although the calcu-
lated molecular mass of the Mfa3 protein deduced
from the nucleotide sequence is 50046.73 Da, the
apparent size of Mfa3 associated with fimbriae is
40 kDa. This discrepancy of molecular mass sug-
gested that the nascent protein expressed from the
mfa3 gene could be processed. Next we performed
N-terminal amino acid sequencing of the 40-kDa Mfa3
associated with Mfa1 fimbriae. The N-terminal
sequence (AAHTNGEE) was found to start with the
Ala44 residue of the amino acid sequence deduced
from the nucleotide sequence (Fig. 1D).

Detection of a precursor of the Mfa3 protein

The Mfa3 protein is annotated as a membrane protein
in the P. gingivalis ATCC 33277 database
(NC_010729) (Naito et al., 2008). To determine the
subcellular localization of the Mfa3 protein, cells of JI-
1 were subjected to cellular fractionation as previously
described (Murakami et al., 2002), in which whole cell
lysate from stationary phase cells was fractionated
into envelope and soluble fractions by centrifugation.
Then the outer membrane and inner membranes were
separated by the differential detergent extraction
method from the envelope fraction. The protein sam-
ples obtained were blotted with a-Mfa3 antiserum.
A representative result is shown in Fig. 2. Mfa3 was
detected as the 40-kDa and 43-kDa bands in the
whole cell lysate (lane 1). The 40-kDa band was
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clearly detected in the soluble fraction (lane 2). In the
envelope fraction both bands were detected (lane 3),
and the 43-kDa and 40-kDa bands of the envelope
were mainly separated into the inner membrane (lane 4)
and the outer membrane fractions (lane 5), respec-
tively. However, the 40-kDa protein alone was present
in the purified Mfa1 fimbriae (lane 6), suggesting that
the 43-kDa as a precursor was processed and incor-
porated into filaments of the fimbriae.

Localization of Mfa3 in filaments of the Mfa1
fimbriae

We used immune-electron microscopy with specific
antisera including a-Mfa3 to determine the localization
of Mfa3 in the fimbrial filaments. First we examined
whether the antisera were reactive with the native
form of the Mfa1 fimbriae in dot immunoblot analysis
and by bacterial aggregation using whole cells.
a-Mfa3 strongly reacted with native Mfa1 fimbriae as
well as JI-1 cells, but not Dmfa3 cells (data not
shown). As shown in the Supplementary material
(Fig. S1), in the bacterial aggregation assay, a-Mfa3
and a-Mfa1 strongly aggregated intact JI-1 cells, but
a-PGN0290 and a-PGN0291 did not aggregate when
compared with the OD600 curve of pre-immune
serum, indicating that a-Mfa3 reacted with epitopes of
intact Mfa3, exposed on the surface of Mfa1 fimbriae.
However, a-PGN0290 and a-PGN0291 did not recog-
nize intact PGN0290 and PGN0291, respectively,
indicating that the reactive epitopes are buried within
the molecules.
We carried out immune-electron microscopy using

a-Mfa1 or a-Mfa3. As shown in Fig. 3, a-Mfa1 staining

showed gold particles deposited along filaments
around the cell (Fig. 3A), but rarely deposited around
the cells without FimA and Mfa1 fimbriae (Fig. 3B).
The a-Mfa3-associated gold particles were deposited
at positions away from the cell surface (Fig. 3C)
when compared with the negative mfa3 mutant
control (Fig. 3D). Double staining with a-Mfa1 and
a-Mfa3 showed the two sizes of gold-particles depos-
ited around the cell in a different fashion, i.e. large
particles (indicating Mfa3) were present away from
the cell and small particles (indicating Mfa1) were
deposited like chains protruding from the cell
(Fig. 3E).

Mfa3

1 2 3 4 5 6

50

40

kDa

30

60

70
7

Figure 2 Subcellular localization of Mfa3 protein. Western blots of
lysates and subcellular factions of JI-1 with a-Mfa3. Lane 1, whole

cell lysate; lane 2, soluble fraction; lane 3, envelope fraction; lane 4,
inner membrane fraction; lane 5, outer membrane fraction; lane 6,
purified Mfa1 fimbriae; lane 7, molecular mass marker.
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( fimA)
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( mfa3 fimA::erm)
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200 nm200 nm

200 nm200 nm

B

JI-1
( fimA)

JI-1
( fimA)

-Mfa1
fimbriae
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-Mfa1/
-Mfa3

Figure 3 Immune-electron microscopy of Mfa1 fimbriae. Cells of
JI-1, SMF-fimA or Dmfa3 were labeled with specific antiserum

against Mfa1 (rabbit a-Mfa1 fimbriae; A and B) or Mfa3 (rabbit
a-Mfa3: C and D) and goat anti-rabbit immunoglobulin G (IgG)
conjugated to 20-nm gold particles. For double staining of Mfa1 and

Mfa3 proteins, the immobilized JI-1 cells were first reacted with
chicken a-Mfa1 and rabbit a-Mfa3 antiserum, followed by incubation
with 6-nm gold-labeled anti-chicken IgG and 20-nm gold-labeled

anti-rabbit IgG (E). Samples were observed under a transmission
electron microscope. Representative images are shown. White
arrowheads indicate Mfa3 protein localized at the tip of the fimbrial

structure. Scale bars indicate the length of 200 nm.
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PGN0290 and PGN0291 proteins are produced,
but not present in the purified Mfa1 fimbriae from
Dmfa3

Our previous study reported that the 30-kDa band was
identified as PGN0290 and two high molecular weight
bands (130-kDa and 150-kDa, respectively) were both
identified as PGN0291 in the SDS–PAGE gel of the
purified Mfa1 fimbriae (Hasegawa et al., 2009). How-
ever, both PGN0290 and PGN0291 were absent in
Mfa1 fimbriae purified from Dmfa3, when compared
with those from JI-1, as shown in Fig. 4A, although an
unknown band appeared at around 50-kDa. Loss of
the proteins was confirmed by Western blots (Fig. 4B,
C). However, both PGN0290 and PGN0291 were
detected in whole cell lysate of Dmfa3, although at
lower levels compared with JI-1 (Fig. 5A,B). There are
several possible explanations for reduction of
PGN0290 and PGN0291 bands in Dmfa3: first, the
replacement of mfa3 gene with the cat gene in the
chromosome may decrease expression of the down-
stream gene(s) through a polar effect and, second,
PGN0290 and PGN0291 proteins that are unincorpo-
rated into fimbriae, could be partially degraded in the
cell or released to the culture supernatant. As shown
in Fig. 5C, the amount of Mfa1 protein detected in
whole cell lysate of Dmfa3 was at the same level as JI-1.
Mfa1 fimbriae from JI-1 and Dmfa3 strains appeared
morphologically similar, as shown in Fig. 6A,B.

Dmfa3 shows strong auto-aggregation

Porphyromonas gingivalis cells have a strong ability
to auto-aggregate, and deletion of Mfa1 fimbriae was
reported to significantly enhance auto-aggregation
(Hamada et al., 1996; Kuboniwa et al., 2009). We
examined the effect of deletion of mfa3 on auto-
aggregation. The decline in relative OD660 value, as a
measure of auto-aggregation for the wild-type, was
rapid over 20–40 min, reaching 38% at 60 min. In
contrast the value for JI-1 (DfimA) decreased much
more slowly, reaching only 60% at 60 min (Fig. 7A).
These results confirmed a previous report (Nishiyama
et al., 2007). However, the OD660 value for the dou-
ble mutant, SMF-fimA (DfimA and Dmfa1) decreased
much faster than the wild-type, finally reaching
25% of the initial value, suggesting that Mfa1 fimb-
riae strongly suppress auto-aggregation. Interestingly,
the mfa3 mutant, which still produces Mfa1 fimbriae,
showed strong auto-aggregation similar to SMF-
fimA, indicating the importance of the accessory
components (Mfa3, PGN0290 and PGN0291) in
auto-aggregation.

Role of Mfa3 in biofilm formation

Next, biofilm formation of the strains was assessed
by the crystal violet method, because auto-aggrega-
tion has been reported to play an important role in
biofilm formation (Kolenbrander et al., 2006). Consis-
tent with the auto-aggregation results, SMF-fimA and
Dmfa3 carrying Mfa1 fimbriae without the accessory
components demonstrated robust biofilm formation
(Fig. 7B). The complementary strain cmfa3 recovering
intact Mfa1, but lacking FimA fimbriae, showed
decreased amounts of biofilm formation equivalent to
those of JI-1 (DfimA). Microscopic observation of the
biofilms also revealed similar biofilm formation
between complemented cmfa3 and JI-1 (Fig. 7C),
again indicating that Mfa1 fimbriae interfere with or
regulate the biofilm formation.

DISCUSSION

Gram-negative bacteria express a variety of fimbriae
or pili on their cell surface (Fronzes et al., 2008). In
pathogenic bacteria these structures are often impor-
tant virulence factors, mediating biofilm formation,
along with attachment to, and invasion of, target
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Figure 4 Analysis of the components of purified Mfa1 fimbriae in

Dmfa3. (A) Sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS–PAGE) and Coomassie brilliant blue (CBB) stain of Mfa1
fimbriae from JI-1 and Dmfa3: lane 1, Mfa1 fimbriae from JI-1; lane

2, Mfa1 fimbriae from Dmfa3; lane 3, molecular mass marker.
(B) Western blot analysis using a-PGN0290: lane 1, Mfa1 fimbriae
from JI-1; lane 2, Mfa1 fimbriae from Dmfa3. (C) Western blot

analysis using a-PGN0291: lane 1, Mfa1 fimbriae from JI-1; lane 2,
Mfa1 fimbriae from Dmfa3.
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cells (Thanassi et al., 2012). Porphyromonas gingi-
valis, a major pathogen associated with chronic peri-
odontitis, has at least two distinct fimbriae comprised
by FimA and Mfa1 structural subunit proteins.
Although both fimbriae have several minor proteins
as accessory components (Nishiyama et al., 2007;
Hasegawa et al., 2009), their exact localization on
the fimbrial structure, assembly mechanisms and
functions are still unclear. In this study, we show that
Mfa3 is produced and transported to the inner mem-
brane as a 43-kDa precursor, then processed and
incorporated into Mfa1 fimbrial filaments as an
accessory component of 40-kDa (Figs 1C and 2).
Incorporated Mfa3 appeared to be at the tip (distal
end) of the filaments, based on results of bacterial
aggregation (see Fig. S1) and on observations of

immune-electron microscopy (Fig. 3). Additionally, in
Dmfa3, PGN0290 and PGN0291 were produced and
detected in whole cell lysates (Fig. 5A,B), but they
were not incorporated into fimbriae (Fig. 4), suggest-
ing that Mfa3 could be required for the assembly of
a tip complex consisting of Mfa3, PGN0290 and
PGN0291, one or more of which might serve as
adhesin(s). Although the expression level of Mfa1
protein and the structure of the purified Mfa1 fimb-
riae were not changed between Dmfa3 and JI-1
(Figs 5C and 6), auto-aggregation and biofilm forma-
tion of Dmfa3, similar to those of a double mutant of
mfa1 and fimA genes, were enhanced, when com-
pared with JI-1 (Fig. 7). These results suggested that
the putative tip complexes are important for fimbrial
function.
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Figure 5 Western blot analysis of PGN0290, PGN0291 and Mfa1 proteins using whole cell lysate and a-PGN0290 (A), a-PGN0291 (B) or
chicken a-Mfa1 (C). Lane 1, JI-1; lane 2, Dmfa3.
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Figure 6 Electron micrographs of the purified Mfa1 fimbriae. Mfa1 fimbriae from JI-1 (A) or Dmfa3 (B) were negatively stained with 1% ammo-
nium molybdate. Scale bars indicate the length of 100 nm. The dashed boxes indicate the magnified region shown in the lower panels.
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The Mfa3 protein was present in two different sizes
of 40 kDa and 43 kDa in the whole cell lysate
(Fig. 2). The 43-kDa and 40-kDa Mfa3 were detected
largely in the inner membrane and the outer

membrane, respectively. The purified Mfa1 fimbriae
contained the 40-kDa Mfa3 alone (Fig. 2). Addition-
ally, the N-terminal sequence of the 40-kDa protein
was determined as AAHTNGE. This sequence

A

B

C

Figure 7 Aggregative phenotype of Dmfa3. (A) Auto-aggregation activities of wild-type (■), JI-1 (▲), SMF-1-fimA (●) and Dmfa3 (□). The opti-
cal density at 600 nm (OD660) of each cell suspension was measured at the indicated times. Relative turbidities, defined as the relative

OD660 values (in %) normalized to the initial value of each suspension, are plotted against incubation time. All assays were performed in tripli-
cate and the means � SD are shown. (B) Biofilm formation by 33277, JI-1, Dmfa3, cmfa3 and SMF-fimA. The amount of biofilm was quanti-
fied by measuring OD595 after crystal violet staining and ethanol elution. Data represent the means � SD (n = 3). *Significantly different

compared with JI-1, at P < 0.01 (Dunnett’s test). (C) Microscopic observation. Biofilm structures stained with crystal violet were visualized.
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corresponds to the Ala44 residue of the deduced
amino acid sequence, suggesting that the 40-kDa
Mfa3 protein is produced by cleavage of the Arg43-
Ala44 bond at the outer membrane. Although the mat-
uration process of the accessory proteins in fimbriae
of P. gingivalis is not fully understood, it is proposed
that the major fimbrilins of FimA and Mfa1 proteins
are processed by Rgp and signal peptidase II. The
precursor forms of fimbrilins are transported from the
cytoplasm to periplasm via the general secretion
pathway, and then they are cleaved immediately at
the N-terminal side of the cysteine residue by signal
peptidase II and transported to the outer membrane
(Shoji et al., 2004), where FimA and Mfa1 are further
processed at amino-acid positions 46 and 49 by Rgp
to yield the mature forms, respectively (Nakayama
et al., 1996; Kadowaki et al., 1998). In this study we
showed that the N-terminus of mature form of Mfa3
started at Ala44 immediately C-terminal to arginine
residue, indicating that Rgp is likely to be involved in
maturation of the Mfa3 protein. Additionally, we per-
formed LipoP analysis (www.cbs.dtu.dk/services/
LipoP/) to predict the cleavage site of the Mfa3 pro-
tein by signal peptidases. Mfa3 protein was predicted
to have signal peptidase II cleavage sites between
the Gly20 and Cys21 residues (Fig. 1D). These find-
ings raise the possibility that the primary translated
form of the Mfa3 accessory protein as well as major
fimbrilins are commonly processed. We are presently
making an attempt to determine whether Rgp and sig-
nal peptidase II are involved in maturation of the
accessory protein of Mfa3.
Electron microscopy of the purified Mfa1 fimbriae

from parental and Mfa3 mutant strains did not reveal
a morphological difference. Hence, Mfa3 seems to be
unnecessary for production and polymerization of
Mfa1 fimbrilin protein. However, the mechanism of
production and polymerization of the Mfa1 protein
remains unsolved. In contrast, polymerization of the
FimA protein has been partially demonstrated. Previ-
ous studies showed that in the absence of FimC–E,
FimA protein was produced and polymerized to form
the fimbrial structure (Nishiyama et al., 2007; Wang
et al., 2007). Shoji et al. (2010) reported that the
preproprotein-type recombinant FimA expressed in
E. coli has the ability to assemble and polymerize to
form a filamentous structure in the absence of acces-
sory proteins. Moreover, a very recent study reported
a P. gingivalis mutant lacking the fim cluster, in which

fimA alone was expressed, exhibiting a fimbrial struc-
ture (Nagano et al., 2012). This result suggests that
the accessory proteins FimC, FimD and FimE are not
essential for the polymerization of FimA fimbriae.
Previous studies showed that loss of the Mfa1

fimbriae enhanced auto-aggregation, suggesting that
Mfa1 fimbriae might suppress auto-aggregation
(Hamada et al., 1996; Kuboniwa et al., 2009). In
contrast, other studies have reported that the Mfa1
fimbriae promoted bacterial auto-aggregation (Lin
et al., 2006). In the present study, SMF-fimA (DfimA
mfa1::erm) increased auto-aggregation activity com-
pared with JI-1 and 33277 (Fig. 7A), supporting the
hypothesis that Mfa1 fimbriae have a suppressive
effect on auto-aggregation. Additionally, we have also
shown that Dmfa3 has an aggregative phenotype
similar to SMF1-fimA (Fig. 7A). The significant
change of auto-aggregation efficiencies in Dmfa3 and
SMF-fimA were found to be positively associated with
alteration of biofilm structures (Fig. 7B,C). These
results suggested that the putative tip accessory
proteins of Mfa1 fimbriae are important in the control
of homotypic biofilm formation by P. gingivalis.
In summary, we have identified Mfa3 as an acces-

sory protein of the Mfa1 fimbriae which is located at
the tip of the fimbrial shaft. We have also found that
Mfa3 is necessary for the integration of PGN0290
and PGN0291 into the mature fimbrial structure.
Although the biological importance of Mfa3 remains
to be elucidated, tip proteins positioned away from
the cell surface might function in the initial interaction
with the human cells or with other bacteria. Future
investigation of the structure and functions of Mfa3 as
well as other accessory proteins will provide insights
into the interactions between Mfa1 fimbriae and the
host.
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