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Introduction: Fusobacterium nucleatum coaggregates with a diverse range of bacterial
species, and binds to host tissues and proteins such as immunoglobulin. These interactions
may support the attachment of a variety of organisms to oral surfaces and can facilitate the
invasion of soft tissues. We hypothesized that coaggregation with streptococci and
immunoglobulin binding may occur by a common adhesin sensitive to l-arginine.
Methods: Repeated mixing of F. nucleatum with non-immune secretory immunoglobulin
A (S-IgA) and recovery of non-agglutinating cells isolated a spontaneous mutant (isolate
21) of F. nucleatum that was defective in S-IgA binding. Wild-type and mutant
F. nucleatum were compared by coaggregation and adhesion assays.
Results: Isolate 21 exhibited significantly reduced S-IgA binding and coaggregation with
oral streptococci but not with Porphyromonas gingivalis. Sodium dodecyl sulfate–
polyacrylamide gel electrophoresis revealed that the mutant was deficient compared to
wild-type for a single protein of approximately 360 kilodaltons. The corresponding
protein was isolated from wild-type F. nucleatum protein preparations by coprecipitation
with arginine–agarose beads. This protein was able to bind both Streptococcus cristatus
and S-IgA. Mass spectrometry analysis indicated that this protein was closely related to
putative autotransporter proteins in other F. nucleatum strains and was a 100% match
to the deduced amino acid sequence of a 10,638-base-pair open reading frame in the
incomplete genome sequence of F. nucleatum ATCC 10953. Peptides identified by
MS-MS analysis spanned most of the predicted amino acid sequence, suggesting that the
mature protein is not subject to postsecretory cleavage.
Conclusion: Coaggregation represents a novel function within the autotransporter class
of proteins, which are often associated with virulence.
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Interbacterial binding (coaggregation) is
believed to be important in the develop-
ment of dental plaque by facilitating the
accumulation of bacteria on surfaces that
have already been colonized (28, 38).
Fusobacterium nucleatum is able to coag-
gregate with a wide range of oral bacteria
and it has been proposed that this plays an
indirect role in the progression of perio-
dontitis by forming a bridge between the
primary colonizers of the tooth surface
(streptococci and actinomyces) and later
colonizers such as Porphyromonas gingi-
valis, Tannerella forsythia and Treponema
denticola, which are strongly associated
with periodontal disease (28). In addition
to facilitating colonization via adhesive
interactions, there is evidence that
F. nucleatum lowers oxygen tension, fav-
oring the growth of proteolytic anaerobes
(3). The adhesive properties of F. nuclea-
tum are not restricted to bacteria. This
bacterium is able to attach to epithelial
cells (7, 14, 13, 37, 49, 50), erythrocytes
(5, 9, 43, 44) and immune cells (27, 35, 37,
47, 48). Remarkably, although consider-
able differences in adhesion properties
occur between strains, these diverse inter-
actions are often inhibited by either lactose
(13, 29, 43), or l-arginine (32, 44, 45, 48).
The soft tissues of the oral cavity are

also colonized by a wide range of bacteria
(34, 40, 42, 41) and it is likely that, as in
dental plaque, coaggregation plays an
important role. F. nucleatum is able to
significantly promote the attachment of
Streptococcus cristatus to epithelial cells
in vitro (7). Additionally, bacteria that
adhere to invading fusobacteria are carried
into host cells (7). Given the diversity of
bacteria found within buccal epithelial
cells (40, 42, 41), it is likely that complex
interbacterial and host–bacterial interac-
tions mediate the colonization of the oral
mucosa.
S. cristatus (15, 46) coaggregates

strongly with F. nucleatum in an
l-arginine-sensitive manner (7) and pro-
motes the survival of the anaerobe in
saliva (39). As with many oral strepto-
cocci, S. cristatus produces long fimbriae
(4, 15, 16). However, the fimbriae of
S. cristatus appear to be restricted to
certain regions of its cell wall (4, 15, 16).
These polar tufts of fimbriae are believed
to mediate adhesion both to human cells
(7) and to F. nucleatum (4, 16, 31).
Disruption of a high-molecular weight,
serine-rich repeat protein gene by transpo-
son mutagenesis affected the morphology
of fimbriae on the surface of the
Streptococcus and led to reduced coaggre-
gation with F. nucleatum (4). In addition,

spontaneous mutants that had lost this
gene and were defective in fimbriae were
abrogated in coaggregation with F. nucle-
atum (16). Despite various studies, the F.
nucleatum element responsible for coag-
gregation has not been conclusively elu-
cidated. There is some evidence for the
involvement of a protein of approximately
40 kilodaltons (kDa) (23–25), which led
to the suggestion of the involvement of
the porin protein FomA (20). Another
study suggested a high-molecular weight
protein of >300 kDa (44). This discrep-
ancy may be the result of inter-strain
differences and of the possibility that
more than one element is involved. It has
also been suggested that FomA mediates
fusobacterial adhesion to human immu-
noglobulin G (10, 11). We hypothesized
that coaggregation with streptococci and
immunoglobulin binding may occur by a
common adhesin that is sensitive to
l-arginine. F. nucleatum cells were sub-
jected to selection pressures to isolate a
spontaneous mutant defective in immuno-
globulin adhesion. This mutant was then
characterized to determine the protein(s)
responsible for immunoglobulin binding
and coaggregation.

Materials and methods

Bacterial strains and culture

S. cristatus American Type Culture Collec-
tion (ATCC) 49999 (CC5A), Streptococcus
gordonii DL-1 and Streptococcus sanguis
SK36 were grown overnight at 37�C in 5%
CO2. F. nucleatum subsp. polymorphum
ATCC 10953 and P. gingivalis ATCC
33277were cultured at 37�C in an anaerobic
environment (N2 : H2 : CO2, 8 : 1 : 1).
Streptococci were cultured in Todd–Hewitt
broth (Sigma, St Louis, MO) and both
F. nucleatum and P. gingivalis were cul-
tured in tryptic soy broth (Becton
Dickenson, Sparks, MD), supplemented
with 0.1% yeast extract (Becton Dicken-
son), hemin (5 lg/ml; Sigma) and menadi-
one (1 lg/ml; Sigma). Bacteria were
recovered by centrifugation (7000 g,
15 min) and washed in phosphate-buffered
saline before adjustment to an optical den-
sity of 1 at 620 nm (OD620 ¼ 1.0) in
coaggregation buffer (0.001 m Tris–HCl,
pH 8.0; 0.1 mm CaCl2; 0.1 mm MgCl2;
150 mm NaCl) (3).

Coaggregation assay

A quantitative assay, based on those des-
cribed previously (7, 30) was used to
measure coaggregation. Magnetic beads
(200 ll) precoated with anti-rabbit

antibodies (Invitrogen, Carlsbad, CA) were
washed three times in coaggregation buffer
and incubated for 1 h at 4�C with rabbit
polyclonal anti-F. nucleatum ATCC 10953
antibodies (diluted 1 : 50). Beads were
washed and mixed with 2 ml F. nucleatum
cells (OD620 ¼ 1.0, 1 h 4�C). Unbound
F. nucleatum were removed by washing
three times and bead–F. nucleatum com-
plexes were resuspended in 400 ll coag-
gregation buffer. Bead–F. nucleatum
complexes (20 ll) were added to 0.5 ml
streptococci or P. gingivalis (OD620 ¼ 1.0)
and incubated with end-over-end rotation
for 30 min at 37�C). When inhibitors were
used, bead–F. nucleatum complexes were
preincubated with the inhibitor for 15 min
before use. Concentrations of inhibitor
were maintained during the assay. After
coaggregation had been allowed to occur
F. nucleatum–bead–partner bacteria coag-
gregation complexes were removed with
a Dynal MPC�-S magnetic stand (Dynal
Biotech ASA, Oslo, Norway). The optical
density of the remaining bacteria was
compared with the starting value.
This allowed the number of bacteria bound
to F. nucleatum to be determined. Results
were expressed as % coaggregation. This
was determined as the number of bacteria
bound to F. nucleatum–bead complexes
as a percentage of the starting value.

Immunoglobulin-binding assay

F. nucleatum cells were washed three
times in coaggregation buffer and resus-
pended to OD620 ¼ 1.0. Aliquots (1 ml)
were mixed with 5 lg purified immuno-
globulin (Sigma) and mixed by end-over-
end rotation at 37�C for 30 min in 2-ml
centrifuge tubes. For visual assays, mix-
tures were transferred at this point to glass
test tubes and left to stand for 1 h at room
temperature.
For quantitative assays, three rounds of

washing removed unbound secretory
immunoglobulin A (S-IgA) before the
addition of magnetic beads (10 ll) coated
with anti-S-IgA antibodies (Sigma).
These were prepared as follows; anti-

rabbit immunoglobulin G (IgG)-coated
magnetic beads (200 ll) were washed
three times in coaggregation buffer and
resuspended in 500 ll of 1 : 50 dilution of
rabbit anti-human IgA before end-over-
end rotation at 4�C for 1 h. Beads were
washed three times and resuspended to a
final volume of 200 ll. F. nucleatum that
had been incubated with S-IgA and
washed were mixed with beads by end-
over-end rotation as described (at 37�C for
30 min). F. nucleatum cells that had bound
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S-IgA became fixed to the beads and were
removed by magnetic separation. These
assays were performed in the presence or
absence of various inhibitors, as indicated
in the Results section. F. nucleatum cells
were preincubated with inhibitor for
15 min before use.
Simple measurement of the optical den-

sity of F. nucleatum suspensions in the
presence or absence of S-IgA–bead com-
plexes allowed an accurate determination
of S-IgA-binding, expressed as % agglu-
tination (% input F. nucleatum bound to
S-IgA–bead complexes).

Selection of a spontaneous S-IgA

binding-deficient F. nucleatum mutant

The selection of a spontaneous F. nuclea-
tum mutant that is defective for S-IgA
binding has been described previously (7).
Briefly, F. nucleatum cells (108) were
mixed with purified S-IgA (0.05 mg/ml;
Sigma) by vortexing for 30 s at room
temperature, leading to agglutination of the
bacteria. Agglutinated cells were allowed
to settle and the supernatant was recovered
and cultured as described. This procedure
was repeated 10 times before supernatants
were plated on trypticase–soy–yeast agar
supplemented with hemin and menadione.
Individual colonies were assessed for
S-IgA binding by dot blot and agglutin-
ation in the presence of S-IgA. Isolate 21
was selected for on the basis of deficiency
in S-IgA binding.

Purification of arginine-binding protein

Cells from stationary-phase cultures of
F. nucleatum (20 ml) were pelleted by
centrifugation and washed three times in
coaggregation buffer. Bacteria were resus-
pended in 4 ml coaggregation buffer sup-
plemented with octyl-b-d-glucopyranoside
(100 mm) and protease inhibitors (Sigma)
and incubated with end-over-end rotation
at 4�C for 18 h. Cell debris was removed
by centrifugation (21,000 g for 20 min)
and the supernatant was mixed with
l-arginine–agarose beads (VWR Scienti-
fic, West Chester, PA; 0.5 ml, washed
three times in coaggregation buffer). The
supernatant/bead slurry was mixed with
end-over-end rotation at 4�C for 16 h.
Beads were recovered using a polystyrene
chromatography column (VWR Scientific)
and washed with 10 volumes of coaggre-
gation buffer. Bound protein was eluted
from the beads with four 1-ml aliquots
of l-arginine (150 mm in coaggregation
buffer). Fractions were dialyzed against
double-distilled H2O and concentrated by

freeze-drying. Elutions were resuspended
in coaggregation buffer and checked
for purity by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–
PAGE) and their concentration was
determined by the Coomassie protein
concentration assay (Pierce, Rockford, IL).

Protein analysis

Denaturing SDS–PAGE was performed
using 8% acrylamide gels run at 120 V
for 2.5 h. Proteins were stained with
Coomassie blue. Bands of interest were
cut from stained gels with a scalpel and
sent to the Center for Mass Spectrometry
and Proteomics, University of Minnesota
for analysis. Peptides were generated by
in-gel digestion with trypsin and desalted
using reverse-phase chromatography (Zip-
Tip, Millipore Corp. Billerica, MA) before
analysis by matrix-assisted laser desorp-
tion ionization–time of flight (MALDI-
TOF) with a QStar XL mass spectrometer.
Peptide data were screened against all
bacterial protein sequences in GenBank
and likely peptides were deduced.

Sequence analysis and genomics

To identify the gene encoding arginine-
binding protein we screened peptide
sequences against the deduced amino acid
sequences from large open reading frames
in F. nucleatum genomes. To date, the
genomes of two subspecies of F. nuclea-
tum have been completed (subsp. nuclea-
tum and subsp. vincentii; 21, 22). The
third subspecies, polymorphum, is
currently being sequenced (http://www.
hgsc.bcm.tmc.edu/projects/microbial/Fnuc
leatum). However, the latest assemblies
are available for download. The largest
(approx. 2,400,000 base pairs) was exam-
ined for open reading frames using ORF

finder (NCBI, http://www.ncbi.nlm.nih.
gov/gorf/gorf.html). Open reading frames
that may code for proteins of mass
>250 kDa were considered as candidates.
The deduced amino acid sequence of each
was screened against peptide sequences.
Deduced amino acid sequences were also
screened with the conserved domain data-
base (http://www.ncbi.nlm.nih.gov/Struc
ture/cdd/cdd.shtml, 36) and against other
proteins using blast (1).

Enzyme-linked immunosorbent assay

Purified arginine-binding protein was sol-
ubilized in coating buffer (19) (1 lg in
50 ll/well) and used to coat microtiter
wells. Excess protein binding sites were

blocked with 3% bovine serum albumin
before the addition of S-IgA or S. crista-
tus. Bound S-IgA was detected with rabbit
anti-human S-IgA antibodies (1 : 5000)
and then alkaline phosphatase-conjugated
anti-rabbit antibodies (1 : 5000). Bound
S. cristatus were detected with polyclonal
anti-S. cristatus antibodies (1 : 5000) and
alkaline phosphatase-conjugated anti-rab-
bit antibodies (1 : 5000). The anti-S. cri-
status antibodies had been found not to
cross-react with F. nucleatum in a previous
study (7) so control wells contained only
bovine serum albumin with primary and
secondary antibodies (which was also the
case for the S-IgA binding enzyme-linked
immunosorbent assay). Wells were devel-
oped with a chromogenic substrate and
absorbance was measured with a spectro-
photometer (490 nm). Specific binding
was determined by subtracting the absorb-
ance of the controls.

Dot blot

Dot blots were employed using whole
bacteria or purified protein. Either 3 ll
washed F. nucleatum (OD620 ¼ 1.0) or
purified arginine-binding protein (0.5–
2 lg) was suspended in coaggregation
buffer (200 ll) and spotted onto nitrocel-
lulose using a vacuum manifold. Mem-
branes were blocked with bovine serum
albumin (3%) overnight at 4�C before
incubation with purified immunoglobulin
(5 ng/ml) at room temperature for 1 h.
Bound immunoglobulin was detected by
anti-human IgA or IgG conjugated to
alkaline phosphatase (Sigma; diluted
1 : 3000 in coaggregation buffer) and
incubation in SigmafastTM alkaline phos-
phatase detection solution (Sigma). Con-
trol blots received only detection
antibodies.

Scanning electron microscopy

Coaggregates were allowed to form as
described above and 50 ll was transferred
by pipette onto coverslips coated with
poly-l-lysine. After 10 min, excess liquid
was removed, the slides were washed and
bound bacteria were fixed with 2% glu-
taraldehyde in 0.1 m sodium cacodylate
buffer, (pH 7.4 with 0.15% alcian blue
8GX) for 1 h (8). Samples were washed
in 0.1 m cacodylate buffer (5 min) fol-
lowed by secondary fixation (1% osmium
tetroxide in 0.1 m cacodylate buffer, 1 h).
Samples were washed with 0.1 m caco-
dylate buffer (5 min) followed by dehy-
dration with ethanol and critical-point
drying. Dehydrated samples were coated
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for 12 min with platinum using an Ion
Tech argon ion beam coater and imaged
on a Hitachi S-4700 field emission scan-
ning electron microscope operated at
5 keV.

Statistics

Statistical analyses were performed using
Student’s t-test. Values that were statisti-
cally different from controls are indicated
in the figures by an asterisk. Error bars
indicate the mean ± standard deviation of
three independent experiments performed
in triplicate.

Results

F. nucleatum coaggregation with oral

streptococci and binding to S-IgA are

both inhibited by L-arginine

F. nucleatum cells agglutinated in the
presence of purified S-IgA but not
plasma IgA (P-IgA) or plasma IgG
(P-IgG) (Fig. 1A). Agglutination was
significantly reduced in the presence of
l-arginine (10 mm) (Fig. 1B,C). Lactose
(50 mm) slightly decreased agglu-
tination but this was not statistically
significant. EDTA (1 mm) inhibited
agglutination but not to the same extent
as l-arginine (Fig. 1B,C). S-IgA binding
was not affected by lysine or serine
(10 mm) or by mannose (50 mm) (data
not shown).
Coaggregation between F. nucleatum

and S. cristatus was significantly inhib-
ited by l-arginine (10 mm, Fig. 1C), but
was only slightly affected by lactose or
EDTA (Fig. 1C). Similar results were
observed with S. gordonii and S. sangu-
inis (data not shown). Coaggregation
between F. nucleatum and S. cristatus
was not affected by pretreatment with
S-IgA, P-IgA or P-IgG but was inhibited
by polyclonal anti-F. nucleatum immune
serum (Fig. 1D). Analysis of coaggre-
gation by scanning electron microscopy
confirmed that S. cristatus attached to
fusobacteria via polar tufts of fibrils.
However, similar structures were not
observed on F. nucleatum cells (Fig. 2),
and there were no morphological differ-
ences between wild-type and isolate 21
cells (data not shown).
To determine if the inhibitory effect of

l-arginine on S-IgA binding was specific
or not, we preincubated F. nucleatum
with the amino acid before incubation
with immune serum. Anti-F. nucleatum
agglutinated the fusobacteria in the pres-
ence or absence of l-arginine (data not
shown).

A spontaneous mutant of F. nucleatum

is defective in S-IgA binding and

coaggregation with oral streptococci

Because F. nucleatum agglutinated
strongly in the presence of S-IgA we were
able to select for spontaneous mutants that
were defective in S-IgA binding. Repeated
selection yielded isolate 21. This isolate
displayed reduced agglutination in the
presence of S-IgA (80% reduced compared
with wild-type, Fig. 3A).
Wild-type F. nucleatum cells coaggre-

gated strongly with oral streptococci and

P. gingivalis (Fig. 3A). However, the
coaggregation of isolate 21 with the oral
streptococci was significantly reduced
relative to wild-type (Fig. 3A). Coaggre-
gation of isolate 21 with P. gingivalis
was similar to that of wild-type cells
(Fig. 3A). Binding of bacteria with P-IgA
or P-IgG was similarly affected; isolate
21 exhibited reduced binding relative to
wild-type cells (Fig. 3B). S-IgA, P-IgA
and P-IgG all bound strongly to immobi-
lized wild-type bacteria (Fig. 3B), sug-
gesting that the lack of agglutination by
P-IgA and P-IgG (Fig. 1D) was the result

A

C

B

D

Fig. 1. Effect of l-arginine, lactose or EDTA on Fusobacterium nucleatum S-IgA-mediated
agglutination and coaggregation. (A) Agglutination of F. nucleatum in the presence of human
immunoglobulin. (B) Effect of l-arginine, lactose or EDTA on S-IgA-mediated F. nucleatum
agglutination. Bacteria in the absence of S-IgA are shown for comparison (NEG). (C) Quantitative
depiction of the inhibition profiles for F. nucleatum agglutination by S-IgA (white bars) and
coaggregation with Streptococcus cristatus (black bars). Bars with asterisks denote a statistically
significant difference (a ¼ 0.05) from their respective controls (F. nucleatum with S-IgA or
S. cristatus, without inhibitors). (D) Inhibitory effect of purified human immunoglobulin or immune
serum on F. nucleatum coaggregation with S. cristatus. The treatments used were S-IgA (squares),
P-IgA (closed circles), P-IgG (triangles), anti-F. nucleatum sera (open circles). The asterisks denote
statistical significance at a ¼ 0.05.

Fig. 2. Scanning electron micrographs of coaggregation between Fusobacterium nucleatum and
Streptococcus cristatus. The use of the cationic dye alcian blue allows the visualization of fine
structures (fibrils) that mediate attachment of S. cristatus to F. nucleatum.
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of their monomeric structure and not the
lack of a receptor for those immunoglob-
ulins. In contrast, isolate 21 exhibited
reduced binding of all immunoglobulins
(Fig. 3B), suggesting that it might be
deficient in a common immunoglobulin
receptor.

A high-molecular weight arginine-binding

protein is absent in isolate 21

Total proteins from wild-type or isolate 21
F. nucleatum were extracted and examined
by denaturing SDS–PAGE. Isolate 21 was
deficient in a single high-molecular-weight
protein of approximately 360 kDa (Fig. 4).
This protein could be recovered from
octyl-b-d-glucopyranoside-extracted wild-
type F. nucleatum proteins by coprecipita-
tion with arginine–agarose beads (Fig. 4)
and was thus termed arginine-binding
protein.

Purified arginine-binding protein supports

attachment of S. cristatus and S-IgA

Purified arginine-binding protein was
immobilized onto microtiter wells, blocked
with bovine serum albumin and incubated
with S-IgA or S. cristatus. Both S-IgA and
S. cristatus bound to purified arginine-
binding protein in a dose-dependant man-
ner (Fig. 5A,B). In addition, arginine-
binding protein was immobilized onto
nitrocellulose and tested for reactivity with
polyclonal antibodies raised to whole cells
of F. nucleatum 10953 and for binding to
P-IgA and P-IgG. The polyclonal antisera
reacted strongly with arginine-binding
protein, and the immobilized protein
bound both P-IgA and P-IgG. Similar dot
blot results were obtained for S-IgA bind-
ing (not shown). Binding of rabbit anti-
human IgA and anti-human IgG (detection
antibodies) was minimal (Fig. 5C).

Identification of arginine-binding protein

MS-MS analysis of arginine-binding pro-
tein yielded several peptides that were
near-identical matches with predicted outer
membrane proteins from the sequenced
genomes of F. nucleatum subsp. vincentii
and F. nucleatum subsp. nucleatum
(Table 1).
Accession numbers of the closest match

to each peptide are indicated, either a
F. nucleatum subsp. vincentii outer mem-
brane protein or F. nucleatum subsp.
nucleatum outer membrane protein. The
sequence of the deduced peptides and their
position within the predicted arginine-
binding protein amino acid sequence are
indicated.
The genome of F. nucleatum ATCC

10953 is not yet complete but the most
recent assembly revealed five open reading
frames >8000 base pairs. The predicted
peptide sequence of each one was screened
against the peptide sequences derived
from MS-MS analysis. All of the peptides
were a 100% match with the predicted
peptide sequence of a 10,638-base-pair
open reading frame.
This was the second largest open reading

frame identified in the downloaded DNA
sequence. The predicted mass of this pro-
tein was 370 kDa, which is in keeping with
the size estimated by SDS–PAGE. Three
open reading frames of unknown function
precede abp (the gene for arginine-binding
protein) with secY before these. Four genes
on the opposite strand are found down-
stream of abp, ribosome recycling factor
(rrf), uridylate kinase (pyrH), elongation
factor (EF_TS) and ribosomal protein S2
(R_S2). The precise location of the argin-
ine-binding protein open reading frame on
the genome is unknown because sequen-
cing is not yet complete.

B
A

Fig. 3. Binding profile of isolate 21 relative to WT Fusobacterium nucleatum. (A) Binding of
secretory immunoglobulin A (S-IgA) or Streptococcus cristatus (Sc), Streptococcus gordonii (Sg),
Streptococcus sanguinis (Ss) or Porphyromonas gingivalis (Pg) by wild-type F. nucleatum (open
bars) or isolate 21 (solid bars). (B) Reactivity of wild-type F. nucleatum or isolate 21 with rabbit
polyclonal anti-F. nucleatum immune serum (A-Fn) and binding of human P-IgA or P-IgG (5 ng/ml).

Fig. 4. Total protein profile of isolate 21 com-
pared with wild-type Fusobacterium nucleatum
and protein recovered by l-arginine–agarose
beads from solubilized wild-type F. nucleatum
preparations (arrow).

A B C

Fig. 5. Binding profile of purified arginine-binding protein. (A) Binding of S-IgA to immobilized
arginine-binding protein. (B) Binding of Streptococcus cristatus to immobilized arginine-binding
protein. (C) Reactivity of arginine-binding protein with rabbit anti-Fusobacterium nucleatum
polyclonal immune serum and binding of human P-IgA and P-IgG. Similar dot blot results were
obtained for S-IgA binding (not shown). CTL is a blot incubated with rabbit anti-human detection
antibodies only.
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Analysis with the conserved domain
database (36) suggested that arginine-
binding protein is a member of the auto-
transporter family of proteins. Sequence
analysis revealed that arginine-binding
protein has several properties common to
this group of proteins, including a long
signal peptide, an RGD motif, a C-terminal
b-barrel and a C-terminal YXF motif (18,
17). Homologous open reading frames,
were found in the two sequenced subspe-
cies (subsp. vincentii: 2961 residues,
78.8% homology, 64.9% identity; subsp
nucleatum: 2143 residues, 82.9% homol-
ogy, 49.9% identity). Both of these
open-reading frames code for proteins
with RGD and C-terminal YXF motifs
and C-terminal b-barrels.
Many autotransporters cleave the N-

terminal part of the mature protein (pas-
senger domain) upon reaching the bacterial
cell surface (18, 17). However, the pep-
tides derived from MS-MS analysis
spanned almost the whole protein, starting
just 15 residues from the probable signal
peptidase site, ruling out similar cleavage
of arginine-binding protein.

Discussion

The oral cavity is host to a diverse array of
bacteria, which colonize the many different
surfaces of the mouth. Such an environ-
ment supports a multitude of host–bacterial
and inter-bacterial interactions. The attach-
ment of one bacterium to another (coag-
gregation) is likely to be crucial in the
establishment of dental plaque (28, 38) and

may be important in generating polymicro-
bial communities on the surface of and
within epithelial cells (7) and in the inva-
sion of dentinal tubules (33).
F. nucleatum is able to bind an

extremely wide range of different bacteria
as well as host cells and proteins. Remark-
ably, many of these interactions occur via
one of two common mechanisms, l-argin-
ine-sensitive and lactose-sensitive (13, 29,
32, 43–45, 48). In this report we have
identified a novel l-arginine-sensitive
interaction, the binding of S-IgA. Al-
though adhesion of F. nucleatum to many
diverse substrates is sensitive to l-argin-
ine, subtle differences may exist. Attach-
ment of fusobacteria to either S. cristatus
or S-IgA did differ with respect to inhibi-
tion by EDTA. Coaggregation was insen-
sitive but S-IgA-mediated agglutination
was partially sensitive. Despite this, both
interactions appear to be mediated by a
single, high-molecular-weight protein.
This protein did not appear to mediate
lactose-sensitive interactions because
coaggregation of P. gingivalis with isolate
21 was the same as with wild-type fuso-
bacteria. In addition, we have previously
shown that isolate 21 binds KB epithelial
cells (a lactose-inhibitable interaction) at a
similar level to wild-type (7). An arginine-
binding protein of F. nucleatum of similar
mass to arginine-binding protein has pre-
viously been implicated in coaggregation
with oral streptococci. However, it was not
characterized with respect to S-IgA bind-
ing and the protein was not identified (44).
The recovery of arginine-binding protein

from bacterial lysate by l-arginine beads
provided a simple method of purification
as well as demonstrating a strong affinity
for this amino acid. Although we were
able to demonstrate direct binding of
S. cristatus and immunoglobulins to argin-
ine-binding protein, the yield of purified
arginine-binding protein was too low to
examine whether this protein was capable
of inhibiting coaggregation or S-IgA-
mediated aggregation. We attempted to
overcome this by making recombinant
arginine-binding protein. Unfortunately,
expression of arginine-binding protein in
Escherichia coli proved to be toxic and we
were unsuccessful.
The role of polar tufts of fimbriae on the

surface of S. cristatus in mediating the
coaggregation with F. nucleatum has been
investigated in some detail (4, 16). Scan-
ning electron microscopy confirmed the
importance of these polar tufts of fimbriae
in mediating coaggregation with F. nucle-
atum. Similar structures were not apparent
on the fusobacteria and no morphological
differences were seen between wild-type
and isolate 21 (Data not shown). It is not
clear whether arginine-binding protein
binds these fibrils directly or indirectly.
The importance of genomics in the

identification of a likely gene for argin-
ine-binding protein cannot be understated.
Researchers with an interest in F. nuclea-
tum are fortunate that the genome
sequences of all three sub-species are
either complete or are in progress (6, 21,
22; sequencing of the genome of F. nucle-
atum ATCC 10953 is ongoing, see: http://
www.hgsc.bcm.tmc.edu/projects/microbial/
Fnucleatum/). Genome sequence analysis
completed to date has identified several
potential high-molecular-weight surface
proteins (6, 21, 22). The SDS–PAGE
analysis of F. nucleatum ATCC 10953
presented here revealed five proteins of
mass >250 kDa. The reactivity of purified
arginine-binding protein with immune
serum, coupled with the loss of phenotype
in isolate 21, provides good evidence that
arginine-binding protein is both surface-
exposed and immunogenic. Sequence
analysis of arginine-binding protein is
strongly indicative that this protein is a
member of the autotransporter family of
proteins, although we have no direct
experimental evidence that this is the case.
Autotransporter proteins are associated
with a range of virulence functions, inclu-
ding adhesion, IgA protease, serum resist-
ance and direct toxic effects. However, this
is the first example of a role in coaggre-
gation (arginine-binding protein exhibited
no IgA protease activity – data not shown).

Table 1. Peptides generated by MS-MS analysis

Accession no. Protein Sequence Position

gi|34762267 Fnv OMP IEKEQENISQMLK 56–68
gi|34762267 Fnv OMP GEFWVKPLEK 88–97
gi|34762267 Fnv OMP YYGEYGIVK 144–152
gi|34762267 Fnv OMP NPLEFVDK 153–160
gi|34762267 Fnv OMP IDFGANITPK 161–170
gi|34762265 Fnv OMP NNIYLFAQGSR 1493–1503
gi|34762265 Fnv OMP LVGMFFDNSAAQTK 2265–2278
gi|19704858 Fnn OMP DFNISLGTNAK 2281–2291
gi|34762265 Fnv OMP SAEGIGMYAK 2446–2455
gi|19704858 Fnn OMP VNLTGDLSVASGDSK 2634–2648
gi|19704858 Fnn OMP NSIGIFGDNSNINFK 2905–2919
gi|34762265 Fnv OMP VDTNVYTNATK 2980–2990
gi|19704858 Fnn OMP SISGVAEVLPNFSK 3104–3117
gi|34762265 Fnv OMP NLASGLEDIR 3184–3193
gi|34762265 Fnv OMP FSVIYTGGEHK 3263–3273
gi|34762265 Fnv OMP STGVLYLNDR 3286–3295
gi|34762265 Fnv OMP YSQVGADTYQNK 3369–3380
gi|34762265 Fnv OMP GKDYFVITPNVGVETK 3435–3450
gi|34762265 Fnv OMP DYFVITPNVGVETK 3437–3450
gi|34762265 Fnv OMP NASTGYYDLSKPER 3487–3500
gi|19704858 Fnn OMP VAVGAELGLEK 3505–3515

Accession numbers of peptide matches are indicated along with the inferred sequence. Each peptide
was found in an outer-membrane protein (OMP) of Fusobacterium nucleatum subsp. nucleatum
(Fnn) or F. nucleatum subsp. vincentii (Fnv). The positions of these peptides within the deduced
amino acid sequence of arginine-binding protein are also shown.
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In this report we took a basic approach
to genetic manipulation and selected for
spontaneous mutants based on adhesive
phenotype. Selection for an S-IgA non-
binding phenotype yielded a number of
isolates that were defective in this prop-
erty. However, it is important to note that
the selection of spontaneous mutants may
result in the isolation of bacteria with more
than one mutation. Although we have
provided evidence that arginine-binding
protein is central to coaggregation and
immunoglobulin binding, specific genetic
manipulations are required to confirm this.
Fortunately, genetic techniques that have
long been employed with other bacteria
are beginning to become available for
F. nucleatum (2, 12, 14, 26). Although
the success of genetic manipulation varies
between strains (12) these methods, cou-
pled with the availability of complete
genome sequences, will doubtless expand
our understanding of F. nucleatum and, in
particular, its surface proteins.
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