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There is growing evidence that a number of oral Treponema species, in particular Treponema denticola, are
associated with the progression of human periodontal disease. The major sheath (or surface) protein (Msp) of
T. denticola is implicated in adhesion of bacteria to host cells and tissue proteins and is likely to be an
important virulence factor. However, the binding regions of the Msp are not known. We have purified from
Escherichia coli recombinant Msp (rMsp) polypeptides corresponding to the following: full-length Msp (rMsp)
minus 13 N-terminal amino acid (aa) residues, an amino-terminal fragment (rN-Msp, 189 aa residues), a 57-aa
residue segment from the central region (rV-Msp), and a C-terminal fragment (rC-Msp, 272 aa residues).
rMsp (530 aa residues) bound to immobilized fibronectin, keratin, laminin, collagen type I, fibrinogen,
hyaluronic acid, and heparin. The N- and V-region polypeptides, but not rC-Msp, also bound to these
substrates. Binding of rMsp to fibronectin was targeted to the N-terminal heparin I/fibrin I domain. Antibodies
to the N-region or V-region polypeptides, but not antibodies to the rC-Msp fragment, blocked adhesion of T.
denticola ATCC 35405 cells to a range of host protein molecules. These results suggest that the N-terminal half
of Msp carries epitopes that are surface exposed and that are involved in mediating adhesion. Binding of rMsp
onto the cell surface of low-level fibronectin-binding Treponema isolates conferred a 10-fold increase in
fibronectin binding. This confirms that Msp functions autonomously as an adhesin and raises the possibility
that phenotypic complementation of virulence functions might occur within mixed populations of Treponema

species.

Human periodontal disease is a chronic inflammatory con-
dition of the gums and gingival tissues that can lead to bone
resorption and tooth loss (30). The disease is associated with
polymicrobial infections containing principally anaerobic
gram-negative bacteria (38), and spirochetes of the genus
Treponema are implicated in disease progression (36). Re-
cently it has become apparent that ulcerative conditions of the
feet or hooves of ruminants also contain complex microbial
communities within which are present Treponema species
closely related to human oral Treponema (11, 12). Interactions
of these organisms with host tissues involve adhesion to epi-
thelial or endothelial cells and to extracellular matrix compo-
nents, penetration of tissue layers by chemotaxis, and tissue
destruction through a combination of proteolysis and direct
cytopathic effects (11, 36).

There are numerous designated species of oral spirochetes,
including Treponema denticola, Treponema vincentii, Trepo-
nema pectinovorum, Treponema socranskii, and Treponema
maltophilum (11). Detailed studies of subgingival plaque bac-
teria have identified 49 novel Treponema phylotypes, organ-
isms that have yet to be cultivated (9, 32), suggesting high
diversity within oral spirochete populations. However, T. den-
ticola is perhaps the best characterized of oral species and is
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frequently found in association with Porphyromonas gingivalis
and Tannerella forsythensis at diseased sites (22).

T. denticola adheres avidly to human epithelial cells, mi-
grates through epithelial tissues, and binds a wide range of host
tissue proteins. The bacteria express a number of putative
virulence factors, including a chymotrypsin-like protease
(CTLP |or dentilisin]) (16, 27), a trypsin-like protease (OpdB)
(17), cystalysin (6), hyaluronidase (35), and a phospholipase C
(37). An important adhesin and virulence factor is the major
sheath protein (Msp) that forms an oligomeric cell surface
complex with CTLP (33). Msp is a dominant antigen associated
with the cell outer layers and is believed to be responsible for
mediating many of the adhesive properties and cytopathic ef-
fects of T. denticola (16, 31).

Msps from different strains of 7. denticola range in molec-
ular mass between 53 kDa and 62 kDa (18, 19, 20, 24) and have
been shown to bind fibronectin, fibrinogen, and laminin (18,
20), as well as collagen (39, 40). The msp gene from T. denti-
cola ATCC 35405 has been expressed in Escherichia coli, and
purified recombinant Msp binds fibronectin (18) and causes
cytopathic effects on epithelial cells (16). The cytotoxicity is
due to, at least in part, the ability of Msp to form ion channels
within lipid bilayers, leading to depolarization and cell volume
dysregulation (31). Msp also disrupts calcium signaling in fi-
broblasts (41) and induces release of MMP-8, MMP-9, cathep-
sin G, and elastase from neutrophils (10). Such a plethora of
properties related to bacterial virulence underscores the im-
portance of Msp in T. denticola-associated disease pathogene-
sis.
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FIG. 1. Diagrammatic representation of the Msp sequences from 7. denticola ATCC 35520 (A), strain ATCC 35405 (B), and of recombinant
Msp polypeptides rMsp (530 aa residues), IN-Msp (189 aa residues), rV-Msp (57 aa residues), and rN-Msp (272 aa residues), with N-terminal His,
tags derived from the msp sequence of strain ATCC 35405 (C). Designated regions of Msp, based on amino acid sequence conservation between
ATCC 35520 (GenBank accession no. U66255) and ATCC 35405 (no. U29399) were as follows: LP, leader peptide (20 aa residues, 100% identical
aa sequences); N, amino-terminal region (100% identity); V, variable region (32% identity); and C, carboxy-terminal region (99.6% identity [one

aa residue change]).

Despite the crucial role played by Msp in a wide range of
interactions of T. denticola with host cells and tissue proteins,
it is not known which regions of Msp are important for Trepo-
nema-host interactions. There is also some dispute as to
whether or not Msp is exposed on the Treponema cell surface.
Although electron microscopic studies have indicated that Msp
contributes to the regular hexagonal arrays visible in the outer
sheath of T. denticola (13), it has recently been proposed that
Msp may be localized predominantly within the periplasmic
region (4). In this article, we demonstrate that sequences
within the N-terminal half of the 543-amino-acid (aa) residue
Msp are cell surface exposed in 7. denticola ATCC 35405 and
mediate adhesion to a range of host protein molecules. In
addition, we show that recombinant Msp binds onto the cells of
heterologous Treponema strains, promoting their adhesion to
fibronectin and thus confirming the ability of Msp to function
autonomously as an adhesin.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The Treponema strains
used in this study were T. denticola ATCC 35405 and GM-1 (from R. J. Lamont,
University of Florida, Gainesville); 7. vincentii ATCC 35580 and D2A-2 (from
P. E. Greenberg, University of Iowa); and Treponema sp. strain UB1090 isolated
from a sheep with contagious ovine digital dermatitis (7, 12). Treponemes were
maintained in New Oral Spirochaete (NOS) medium (21) in an anaerobic at-
mosphere of N,-CO,-H, (8:1:1). Late-exponential-phase cultures, corresponding
to an optical density at 600 nm (ODg) of between 0.4 and 0.6, were obtained
following incubation for 3 to 4 days at 37°C. Escherichia coli XL-1 Blue was used
as a host for preparing plasmid DNA for constructing expression vectors. For
production of recombinant polypeptides, pQE30 plasmids (QIAGEN GmbH,
Hilden) were maintained in E. coli M15 cultured on LB agar (34) or in LB broth
containing appropriate antibiotics (ampicillin, 100 pg/ml; kanamycin, 25 pg/ml).

Expression and purification of recombinant Msp and Msp fragments. DNA
corresponding to the complete Msp coding sequence, minus a 13-aa-residue
segment of the 20-aa-residue N-terminal leader peptide sequence that is other-
wise toxic to E. coli (see also reference 18), was amplified by PCR with primers
Ntermfor (5'CGGGATCCGTGCTCGTGGGCGGA) and Ctermrev (5'CGAC
GTCGACGGTAGATAACTTTAACACCGAT). Primer pairs utilized to PCR
amplify the coding regions for recombinant Msp (rMsp) fragments (see Fig. 1)
were as follows: rN-Msp, Ntermfor and Ntermrev (5" AGTGGTACCCTTAGC
TTTCCATG); rV-Msp, Vregfor (5'CGGATCCGCTCAAGGATCAACAGCT)
and Vregrev (5" GTCGACTTTCCGTCTTCACCAGCACCT); rC-Msp, Cterm-
for (5’CGGATCCGCAGCAAACAAATATGC) and Ctermrev (as above).
Each forward primer contained a BamHI site (underlined), and each reverse

primer a Sall or Kpnl site (underlined) in order that the correct in-frame fusion
was obtained following cloning into pQE30. PCR products were initially cloned
into pGEM-T (Promega Corp., Madison, Wis.) and maintained in E. coli XL-1
Blue. Plasmids were recovered using the GibcoBRL Concert Rapid Plasmid
Miniprep system (Life Technologies Ltd., Paisley, United Kingdom) and were
digested with a combination of BamHI and Sall or Kpnl. Digested PCR products
were gel purified using a QIAGEN gel extraction kit and ligated into similarly
digested His, tag vector pQE30 (QIAGEN). Ligation mixes were transformed
into E. coli XL-1 Blue, recombinant plasmids were screened by restriction en-
zyme digest analysis, and inserts were sequenced to confirm authenticity. Suit-
able constructs were then transformed into the expression host E. coli M15
(QIAGEN). The reason that, in addition to the His, tag, the rMsp and rN-Msp
polypeptides each contained 7 aa residues from the putative Msp leader peptide
was because of difficulties first encountered with in-frame cloning of msp closer
to the leader peptide cleavage site. Recombinant Hisg-tagged proteins were
expressed and purified according to the manufacturer’s recommendations with
amendments as follows. Briefly, E. coli M15 containing a plasmid construct was
incubated with shaking in 100 ml LB medium containing ampicillin (100 pg/ml)
and kanamycin (25 pg/ml) to ODgg = 0.5 to 0.7. Prewarmed LB medium (100
ml) containing 2 mM isopropyl-B-p-thiogalactopyranoside was then added, and
the culture was incubated for a further 3 to 4 h at 37°C. Bacteria were harvested
by centrifugation (10,000 X g for 10 min), and proteins were solubilized in 8§ M
urea containing 2% (vol/vol) Tween 20 (30 ml). Cellular debris was removed by
centrifugation (15,000 X g for 15 min), and the supernatant containing Hise-
tagged protein was incubated with nickel-nitrilotriacetic acid resin (QIAGEN)
with gentle agitation for 20 min at 20°C. Recombinant proteins were purified by
column elution, dialyzed against phosphate-buffered saline (PBS; 0.01 M phos-
phate, 2.7 mM KClI, 0.137 M NaCl, pH 7.4) containing 0.4 mM phenylmethyl-
sulfonyl fluoride to remove urea and then against water, and freeze-dried.

Protein extraction, electrophoresis, and immunoblot detection. Treponema
surface proteins were extracted into Triton X-114 (16), separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and electro-
blotted onto nitrocellulose membrane as previously described (12). Blots were
incubated with primary antibodies, diluted as appropriate, and binding was
detected with horseradish peroxidase (HRP)-conjugated secondary antibody in
conjunction with ECL detection (Amersham Biosciences, Little Chalfont,
United Kingdom). Antibodies to rMsp and rMsp fragments were raised in
rabbits, which had been pre-bled and screened negative for antibodies reactive
with T. denticola, following subcutaneous inoculations of proteins (0.1 mg) at
two-weekly intervals.

ELISA. The reactivity of antiserum with 7. denticola ATCC 35405 cells was
determined by enzyme-linked immunosorbent assay (ELISA). Portions of PBS-
washed treponemes (50 pl, ODy, = 0.25) were immobilized onto Immulon 2HB
plates (Dynex Technologies, Ashford, United Kingdom) in the presence of
0.25% (vol/vol) glutaraldehyde as described elsewhere (25). Wells were blocked
with 1% (wt/vol) bovine serum albumin (BSA) incubation with primary anti-
serum for 1 h at 37°C, followed by three washes with PBS containing 0.1%
(vol/vol) Tween 20 and 0.1% (wt/vol) BSA (PBSTB buffer). Antibody binding
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was detected with HRP-conjugated anti-rabbit immunoglobulin G (IgG; diluted
1:2,000 in PBSTB) and o-phenylenediamine (25).

Blot overlay assay. Trypsin fragments of human plasma fibronectin were gen-
erated and subjected to SDS-PAGE as described previously (12), transferred
onto nitrocellulose by electroblotting, and overlaid with either biotinylated
Treponema cells (12) for 1 h at 20°C or purified rMsp (0.5 wg/ml in PBS) for 2 h
at 20°C. Bound cells were detected with HRP-conjugated streptavidin (diluted
1:2,000), while bound rMsp was detected with antibodies to tetrahistidine (His,)
(QIAGEN; diluted 1:2000) followed by HRP-conjugated anti-mouse IgG and
ECL reagent.

Bacterial adhesion assays. Late-exponential-phase Treponema cells were bio-
tinylated as previously described (12). Proteins, including human plasma fi-
bronectin (Roche Diagnostics Ltd., Lewes, United Kingdom), the 30-kDa hep-
arin binding fragment of fibronectin (Sigma), human serum albumin (Sigma), or
BSA, were immobilized onto the surface of Immulon 2HB 96-well plastic plates
(Dynex Technologies; 0.1 pg/well) in carbonate buffer (0.02 M NaHCO3, 0.02 M
Na,COs3, pH 9.3) for 16 h at 4°C, and the remaining protein binding sites were
blocked with 1% (wt/vol) BSA in PBS for 1 h at 22°C. Biotinylated Treponema
cell suspensions containing between 1 X 107 and 2 X 10® cells were applied in
triplicate wells and incubated for 2 h at 20°C. Numbers of bacteria bound were
calculated from absorbance values at 490 nm (A4,) following detection with
HRP-linked streptavidin, as previously described (12).

To determine the effects of rMsp on bacterial cell adhesion to immobilized
fibronectin, tMsp (0 to 4 pg) was added to wells in 50 pl PBS and incubated for
30 min at 37°C prior to the addition of biotinylated cells (2.4 X 107) and
measuring numbers of cells bound as described above. To test inhibition of
bacterial adhesion by antibodies, biotinylated 7. denticola cells were incubated
with rMsp antisera, or preimmune sera, diluted in the range 1:10 to 1:200 in PBS
for 1 h at 37°C. Cells were then washed twice by alternate centrifugation and
suspension in PBS and assayed for adhesion as before.

Msp adhesion assays. Recombinant Msp polypeptides (2.5 pg) in PBS were
added to BSA-blocked wells containing 0.1 pg immobilized protein and incu-
bated for 1 h at 37°C. Wells were washed twice with PBS, His, antiserum (diluted
1:1,000 in PBSTB) was added, and plates were incubated for 1 h at 37°C. Bound
antibodies were detected with HRP-conjugated anti-mouse IgG and o-phenyl-
enediamine, and A4, values converted to equivalent pg rMsp from a standard
plot constructed for each rMsp preparation. In control experiments, we could
detect no binding of an irrelevant recombinant protein (PMA1 from yeast),
carrying N-terminal Hisy tag, to immobilized fibronectin, showing that the His,
tag does not bind fibronectin.

Statistical analyses. Statistical significance was determined using Student’s ¢
test on paired samples.

RESULTS

Binding of Msp to fibronectin. To investigate in detail the
binding properties of Msp, we cloned and expressed various
coding regions of the T. denticola ATCC 35405 msp gene in E.
coli. Our initial studies focused on the recombinant rMsp,
which comprised full-length Msp (543 aa residues) minus the
N-terminal 13 aa residues (Fig. 1). It was found necessary to
remove this portion of the coding region in order for the
cloned msp gene to be tolerated by E. coli (see also reference
18). Previous studies have demonstrated that Msp binds fi-
bronectin (18), but it is not known which regions of fibronectin
are bound. Accordingly, we separated tryptic-digest fragments
of fibronectin by SDS-PAGE, blotted them onto nitrocellulose,
and determined to which of these fragments rMsp bound. The
results in Fig. 2A show that rMsp bound exclusively to the
30-kDa N-terminal fragment of fibronectin, which contains
heparin and fibrin binding sequences. This is the identical
tryptic digest fragment of fibronectin to which 7. denticola
ATCC 35405 cells bound (Fig. 2A, lane 2) (12). In quantitative
assays, rMsp bound to plastic wells coated with fibronectin, up
to a maximum of approximately 1 wg protein bound to ~0.1 pg
fibronectin, and to wells coated with the 30-kDa fibronectin
fragment (Fig. 2B), but not to wells coated with BSA (Fig. 2B).

T. DENTICOLA Msp BINDING PROPERTIES 2893

A

kba 1 2 3
118=
81= || =Cell/Heparin Il
—Ccll
pess) =Heparin 11 /
52m= Fibrin 1l
=Gelatin

36=
30 | | —

=Heparin ||

=Fibrin Il

=Heparin | /
Fibrin |

1/ M|

1.2}
E
s o8
=
=3
3
2 041
Z

0 25 5.0 7.5 10
rMsp added (ng)

FIG. 2. Binding of rMsp to human fibronectin and to 30-kDa N-
terminal fragment of human fibronectin. (Panel A) Western blot over-
lay of trypsin-derived fragments of human plasma fibronectin reacted
with rMsp (lane 1) or with biotinylated 7. denticola ATCC 35405 cells
(lane 2). Bound rMsp was detected with antibodies to tetrahistidine
and HRP-conjugated secondary antibody, while 7. denticola cells were
detected with HRP-conjugated streptavidin. The pattern of Coomassie
blue-stained fibronectin fragments and their associated binding regions
is shown in lane 3 (23). Molecular mass markers are indicated (kDa).
(Panel B) Binding of rMsp to plastic microtiter plate wells coated with
0.1 g human fibronectin (filled circles), 30-kDa fragment (open cir-
cles), or BSA (open triangles). Binding was determined as described in
Materials and Methods. Error bars indicate * standard deviation of
triplicates from three individual experiments.

Binding of rMsp (2.5 pg) to immobilized fibronectin was 50%
inhibited by preincubation of fibronectin with heparin (10 ng),
but not with gelatin (results not shown). Binding of rMsp to
surface-immobilized fibronectin was unaffected by the addition
of 0.25 mM Arg-Gly-Asp-Ser (RGDS) peptide, which corre-
sponds to the integrin recognition motif within the cell binding
domain of fibronectin (29). Preincubation of rMsp (5 pg) with
fluid-phase fibronectin (10 pg) or the 30-kDa fragment did not
affect subsequent binding levels to immobilized fibronectin
(data not shown). These results suggested that Msp had a
higher affinity for immobilized fibronectin than for fluid-phase
fibronectin and that the N-terminal heparin I/fibrin I binding
region of fibronectin was preferentially recognized.



2894 EDWARDS ET AL.

5
= B
Q
© 100}
e 8o}
2 60}
_§ a0}
w 20}
T 0 . . '
o 0 1 2 4 4
rMsp (ug)
6'2‘ 451c D
- 3.0f
5
° rMsp
2 45}
)
: ]
0 0124 0124
rMsp (ng )

FIG. 3. Effect of exogenously added rMsp on adhesion of Trepo-
nema strains to immobilized human fibronectin or 30-kDa fibronectin
fragment. (Panel A) Adhesion levels of T. denticola ATCC 35405 cells
to 0.1 pg fibronectin (filled column) or 30-kDa fibronectin fragment
(open column) preincubated with 0 to 4 g rMsp. (Panel B) Adhesion
levels of T. denticola GM-1 cells to fibronectin or 30-kDa fragment
preincubated with 4 wg rMsp (relative to 7. denticola GM-1 control).
(Panels C and D) Adhesion of T. vincentii ATCC 35580 cells (C) or
ovine Treponema strain UB1090 cells (D) to fibronectin preincubated
with 0 to 4 pg rMsp. (Panel E) Western immunoblot of 7. vincentii
ATCC 35580 outer membrane proteins extracted from 1.2 X 10® con-
trol (untreated) cells (=) or cells incubated with 4 wg purified rMsp
(+) and reacted with antibodies raised to rV-Msp from 7. denticola
ATCC 35405. Error bars are = standard deviation of the mean of three
experiments performed in triplicate.

rMsp inhibits T. denticola cell adhesion to fibronectin. Since
rMsp and T. denticola cells both bound to the 30-kDa fragment
of fibronectin, we tested the ability of rMsp to inhibit cell
adhesion to fibronectin. As anticipated, rMsp was found to be
an effective inhibitor of T. denticola ATCC 35405 cell adhesion
to both fibronectin and to the 30-kDa tryptic fragment. Inhi-
bition by rMsp was dose dependent up to a maximum of 40%
for binding to fibronectin and to 60% inhibition of cell binding
to the 30-kDa fragment (Fig. 3A). tMsp from T. denticola
ATCC 35405 was also effective in inhibiting adhesion of T.
denticola GM-1 cells to immobilized fibronectin and the 30-
kDa fragment (Fig. 3B).

rMsp promotes heterologous 7Treponema adhesion to fi-
bronectin. 7. vincentii ATCC 35580 and a closely-related ovine
isolate, Treponema strain UB1090, both adhere to fibronectin
but show considerably lower binding levels than does 7. den-
ticola (12). In addition, unlike T. denticola, neither of these
strains expresses CTLP. We therefore tested the effects of
adding exogenous rMsp on adhesion of these heterologous
Treponema species to fibronectin. Unexpectedly, we found that
binding levels of both T. vincentii and Treponema strain
UB1090 cells to fibronectin were enhanced by rMsp and that

INFECT. IMMUN.

this was dose dependent (Fig. 3C and 3D). An approximately
10-fold increase in numbers of Treponema cells bound, for both
strains, was observed at the maximum rMsp input (4 pg) (Fig.
3C and 3D). Adhesion levels of T. vincentii D2A-2 were also
similarly increased in the presence of rMsp (data not shown).
We considered the most likely explanation for these results was
that rMsp acted as a bridging adhesin by becoming bound to
the cell surface of the heterologous strains. To test this, 7.
vincentii ATCC 35580 cells (1.2 X 10%) were incubated with
rMsp (4 pg) for 2 h at 20°C and washed extensively. Outer
membrane proteins were then solubilized from rMsp-treated
or control (untreated) cells with Triton X-114, and Western
blots were reacted with polyclonal antibodies to a central re-
gion fragment (rV-Msp) of Msp (Fig. 1), that do not react with
T. vincentii proteins. The results in Fig. 3E demonstrate that
exogenously added Msp associated tightly with the outer sur-
face layers of heterologous cells of T. vincentii. These Msp-
treated cells showed 10-fold-increased binding levels to immo-
bilized fibronectin (as seen in Fig. 3C) and to the immobilized
30-kDa fibronectin fragment (not shown).

Binding regions of Msp to fibronectin and other host pro-
teins. The msp gene of T. denticola ATCC 35405 may be
divided into three coding regions on the basis of sequence
conservation with msp of T. denticola ATCC 33520 (Fig. 1).
These comprise an N-terminal region of 609 bp; a central,
sequence variable (V) region of approximately 200 bp; and a
C-terminal region of about 800 bp (Fig. 1). To determine if
these regions encoded Msp fragments with substrate binding
properties, recombinant polypeptides corresponding to se-
quences within the N-terminal (rN-Msp, 14 to 202 aa residues),
variable (rV-Msp, 203 to 259 aa residues), and C-terminal
(rC-Msp, 272 to 543 aa residues) regions were purified. We
were unable to express a stable recombinant polypeptide com-
prising the entire V region (203 to 271 aa residues). rMsp and
rC-Msp migrated on SDS-PAGE according to their predicted
molecular masses of 53 kDa and 31.7 kDa, respectively (Fig.
4A, lanes 1 and 4). However, tN-Msp and rV-Msp bands (pre-
dicted molecular masses, 22.9 kDa and 8.1 kDa, respectively)
migrated more slowly than predicted in SDS-PAGE, with ap-
parent molecular masses of 26 kDa and 12 kDa (Fig. 4A).

The binding properties of rMsp and rMsp fragments to a
range of purified host tissue molecules are shown in Table 1.
rMsp bound to immobilized fibronectin, 30-kDa fibronectin
fragment, laminin, keratin, collagen I, and fibrinogen. rMsp
also bound to heparin and hyaluronic acid, but at only 15 to
18% of the binding to fibronectin, and did not bind to BSA
(Table 1) or to gelatin, fetuin, and human serum albumin (data
not shown). The substrate binding profile of rV-Msp was sim-
ilar to that of rMsp, with highest binding observed to keratin,
fibronectin, and the 30-kDa fibronectin fragment (Table 1).
The rN-Msp fragment also bound to fibronectin, the 30-kDa
fragment, keratin, and fibrinogen, although at lower levels than
rMsp. On the other hand, the rC-Msp fragment did not exhibit
significant levels of binding to any of the substrates tested
(Table 1). These data suggested that the N-terminal half of
Msp, and in particular the V region, determined the binding
properties of Msp.

Antibodies to rMsp inhibit 7. denticola cell adhesion. Anti-
bodies to rN-Msp, rV-Msp, and rC-Msp fragments were raised
in rabbits (see Materials and Methods). Each antiserum re-
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FIG. 4. Recombinant Msp derivatives and rMsp antiserum speci-
ficity. (Panel A) SDS-PAGE gel of purified rMsp and rMsp fragments
stained with Coomassie blue. Lane 1, rMsp; lane 2, rN-Msp; lane 3,
rV-Msp; lane 4, rC-Msp (see Fig. 1 for details). (Panel B) Correspond-
ing Western immunoblot of rMsp (lanes 1, 3, and 5), rN-Msp (lane 2),
rV-Msp (lane 4), and rC-Msp (lane 6) reacted with antisera to rMsp
fragments as shown. Molecular mass markers are indicated (kDa).

acted monospecifically with the homologous antigen (Fig. 4B),
and no cross-reactivities of the antisera with other recombinant
Msp fragments could be demonstrated. The antisera showed
similar titers in ELISA with immobilized rMsp (data not
shown), and all reacted to similar extents with rMsp on West-
ern immunoblots (Fig. 4B). The three antisera all reacted with
Msp in outer membrane protein extracts of 7. denticola ATCC
35405 cells (Fig. 5). The rN-Msp and rC-Msp antibodies re-
acted with some additional minor bands, probably partial Msp
degradation products, while the rV-Msp antibodies reacted
more or less exclusively with the Msp band (Fig. 5B).

To determine the effects of these region-specific antibodies
on bacterial adhesion, biotinylated cells of T. denticola ATCC
35405 were preincubated with a range of dilutions of antiserum
or preimmune serum (control). Adhesion levels of antiserum-
treated cells to immobilized host tissue proteins were then
compared with adhesion levels of cells incubated with an iden-
tical dilution of preimmune serum. Maximum inhibition of

TABLE 1. Binding of rMsp or rMsp fragments to immobilized
host molecules”

rMsp (pg) bound to substrate + SD®

Substrate

rMsp rN-Msp rV-Msp rC-Msp
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FIG. 5. Reactivities of Msp antisera with 7. denticola ATCC 35405
outer membrane protein extracts. (Panel A) SDS-PAGE gel of outer
membrane proteins. (Panel B) Western blots reacted with antisera to
rN-Msp (lane 1), rV-Msp (lane 2), or rC-Msp (lane 3). Molecular mass
markers are indicated (kDa).

adhesion was obtained with antisera diluted 1:10. Antibodies
to rV-Msp inhibited cell binding to fibronectin, keratin, and
fibrinogen by 60% or greater and to laminin and collagen by 30
to 40% (Table 2). Antibodies to rN-Msp also inhibited cell
binding to keratin, collagen, and laminin but were less effective
than rV-Msp antibodies in inhibiting adhesion to fibronectin
and fibrinogen (Table 2). Antibodies to rC-Msp demonstrated
no adhesion inhibition properties (Table 2).

Cell surface accessibility of Msp. To determine if Msp an-
tibodies reacted with immobilized 7. denticola ATCC 35405
cells, spirochetes were fixed with glutaraldehyde, adsorbed
onto plastic microwell plates, and reacted with antibodies to
each of the rMsp fragments. Polyclonal antibodies raised to
glutaraldehyde-fixed T. denticola ATCC 35405 cells served as a
control. The whole-cell antiserum showed the highest ELISA
value (Fig. 6A). Antibodies raised to rV-Msp and rN-Msp both
reacted with fixed cells, while antibodies to rC-Msp were non-
reactive (Fig. 6A). These results suggested that the N and V
regions of Msp were accessible to antibodies under these con-
ditions and thus might be surface exposed on viable cells. We
then tested the polyclonal antiserum to 7. denticola ATCC
35405 cells for reactivity with rMsp and rMsp fragments. The
antiserum reacted strongly with rMsp and with the rV-Msp

TABLE 2. Effect of rMsp antibodies on adhesion of 7. denticola
ATCC 35405 cells to host molecules”

Fibronectin 0.20 = 0.02 0.05 £0.01 0.23 =0.01 0.02 = 0.01
30-kDa fragment 0.22 = 0.02 0.10 = 0.01 0.50 =0.02 <0.01

Laminin 0.16 = 0.01 0.03 £0.01 0.16 =0.01 0.03 = 0.01
Keratin 0.23 = 0.02 0.08 £0.02 0.57 =£0.01 0.02 = 0.01
Collagen 0.16 = 0.01 0.02=x0 0.07 =0.01 0.02=x0
Fibrinogen 0.08 =0.01 0.05*0 0120 <0.01
Hyaluronic acid  0.04 = 0.01 0.02 =0 0.05 £0.01 <0.01
Heparin 0030 0.03+0 0.05 =0.01 <0.01
Bovine serum <0.01 <0.01 <0.01 <0.01
albumin

“ Hisg-tagged rMsp fragments (2.5 pg) were applied to plastic wells coated
with host molecule substrate (0.1 wg), and amounts of rMsp bound were deter-
mined by ELISA with tetra-His antibody (see Materials and Methods).

> Means of three experiments performed in triplicate.

No. of cells (10°) bound to substrate = SD? following
incubation with serum:

Substrate
Preimmune rN-Msp rV-Msp rC-Msp
Fibronectin 29+ 04 20x04 0.8*+0.2 32=*05
Laminin 4.7+0.7 25+04 3.0 0.6 4.6 =0.6
Keratin 2.0 = 0.1 1.0 £0.2 0.8 £0.4 1.8 +0.2
Collagen 1.0 £0.1 0.6 =0.1 0.6 = 0.1 09 =*=0.1
Fibrinogen 1.8 £0.2 1303 0.5*=03 1.7+x04

“ Biotinylated Treponema cells were preincubated with serum (diluted 1:10)
for 30 min at 20°C and washed, and then the numbers of cells binding to
immobilized substrates (0.1 pg) were determined with HRP-conjugated strepta-
vidin as described in Materials and Methods.

® Means of two independent experiments performed in triplicate.
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FIG. 6. Interactions of rMsp antibodies with 7. denticola ATCC
35405 cells and of whole-cell antibodies with rMsp fragments. (Panel
A) Reactivity in ELISA of antiserum (1:250 diluted) to 7. denticola
ATCC 35405 cells (W) or antisera (1:250 diluted) raised to rMsp
fragments (as indicated), with 7. denticola ATCC 35405 cells (2 X 10%)
immobilized onto plastic microwells. (Panel B) Reactivity of polyclonal
antiserum (W) (1:1,000 diluted) raised to 7. denticola ATCC 35405
cells with rtMsp or rMsp fragments (0.1 pg) immobilized onto plastic
microwells. Error bars indicate * standard deviation of triplicates
from three independent experiments.

fragment (Fig. 6B), but not with the rN-Msp or rC-Msp frag-
ments (Fig. 6B). Taken collectively, these results confirm Msp
as a major antigenic determinant on 7. denticola cells and
suggest that prominent B-cell epitopes reside within the V
region.

DISCUSSION

Treponema outer membrane components have been impli-
cated as adhesion factors that mediate colonization of host
tissues (14) and as virulence factors that promote cytopathic
effects in the host (15, 16, 41). The Msp of T. denticola is an
abundant outer sheath protein that exhibits pore-forming ac-
tivity (13), binds extracellular matrix components (18), and
induces cytopathic effects in cultured cells (31). However, rel-
atively little is known about the binding properties of Msp to
host-associated proteins other than fibronectin and laminin or
about the regions of the polypeptide that confer binding prop-
erties. In this study, recombinant Msp and defined fragments
were successfully purified from E. coli, with no deleterious
effects on the expression host and with minimal degradation of
recombinant polypeptides. Initial experiments investigating
the adhesion properties of Msp to immobilized fibronectin
demonstrated that rMsp bound to the 30-kDa N-terminal tryp-
tic fragment of fibronectin that carries a heparin I/fibrin I
binding domain. However, rtMsp showed low affinity for bind-
ing fluid-phase fibronectin. These fibronectin interaction prop-
erties of Msp are similar to those of T. denticola cells and to
those of T. vincentii and related Treponema species (12). rtMsp
was found to block, by up to 50%, binding of T. denticola
ATCC 35405 cells to fibronectin, an observation that conflicts
with a previous report showing that full-length recombinant
Msp did not significantly affect adhesion to fibronectin (18).
Different rMsp preparations or assay conditions could account
for this discrepancy.

Receptor blocking experiments using rMsp from 7. denticola
ATCC 35405 confirmed that the N-terminal region of fi-
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bronectin is the only region targeted in vitro by T. denticola
ATCC 35405. The same region of fibronectin was bound by T.
denticola GM-1. These results show that Msp has the ability to
function autonomously as an adhesin. It is relevant to consider,
though, that Msp forms part of an oligomeric complex associ-
ated with the outer sheath of T. denticola. One of the other
components of this complex is CTLP (33). Strains of Trepo-
nema species that are deficient in CTLP activity generally show
lower levels of binding to fibronectin (12), even though they
appear to express Msp-like proteins. Thus, it is likely that
CTLP (26) or other components of the Msp complex may
modulate fibronectin binding functions in vivo.

While msp genes have been identified in a number of strains
of T. denticola and T. vincentii, it is not entirely clear at present
whether all oral Treponema species express these proteins or if
their distribution is restricted. Strains of 7. socranskii and T.
pectinovorum have been shown to produce 43-kDa Msp-like
proteins (19), but their binding properties and their relation-
ship to other Msp proteins from T. denticola are unknown. The
Msp proteins from T. denticola ATCC 35405 and ATCC 35520
show high sequence identity (except for the central V region;
Fig. 1), whereas the Msp polypeptide from T. denticola OTK is
significantly different and antigenically distinct (19). The pre-
dicted sequence of Msp from T. denticola GM-1 is >95%
identical to that of Msp from strain OTK (A. M. Edwards,
unpublished data). All of these T. denticola strains show high
binding levels to fibronectin (8, 12). In contrast, 7. vincentii and
some related Treponema species isolated from animal infec-
tions show lower levels of binding to fibronectin than 7. den-
ticola (12). In assays of T. vincentii ATCC 35580 and ovine
Treponema strain UB1090 binding to fibronectin, exogenously
added rMsp did not block adhesion of these strains but en-
hanced their cell adhesion levels. This might be explained by
suggesting that vacant sites were available on the surface of
these strains to acquire exogenously supplied Msp molecules,
whereas these could not be incorporated at elevated levels
onto the surface of 7. denticola ATCC 35405 or GM-1. The
ability of Msp to enhance fibronectin binding by low-level-
adhering strains further shows that Msp can act as an auton-
omous adhesin. Recently it has been reported that Borrelia
burgdorferi cells are able to incorporate exogenous proteins
into the outer membrane (3). Spirochetes produce vesicles and
release outer membrane fragments during growth, and so Msp
molecules could potentially serve to enhance adhesion if they
are bound back onto the cell surface. However, we have not
tested the ability of outer membrane vesicles prepared from 7.
denticola to enhance binding of other Treponema species to
fibronectin. Since it appears that Msp can enhance adhesion of
heterologous Treponema species to fibronectin, the Msp could
play a potentially significant role in subgingival colonization by
multiple Treponema species. The ability of Treponema to ac-
quire new phenotypic traits by complementation with exoge-
nous protein factors would foster cooperative interactions be-
tween species and could partly account for the multispecies
diversity of Treponema isolates at periodontal sites (5, 32).

The potential for Msp to modulate Treponema colonization
under a variety of host environmental conditions is indicated
by the results showing that rMsp binds keratin, collagen, and
fibrinogen, in addition to fibronectin and laminin. Msp also
bound weakly to hyaluronic acid and heparin. Comparison of
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binding levels of rMsp fragments to these molecules demon-
strated that the Msp central variable sequence region (rV-
Msp) had a binding spectrum similar to that of rMsp. In con-
trast, the N-terminal region of Msp (rN-Msp) bound only
weakly to fibronectin, keratin, and fibrinogen and the C-termi-
nal region (rC-Msp) did not bind significantly to any of the
substrates. The implication from these in vitro binding assays is
that the V region is very important for adhesion. This was
supported by results obtained for region-specific antibody in-
hibition of T. denticola cell adhesion. Antiserum directed to the
V region of Msp was a most effective inhibitor of 7. denticola
adhesion, and antiserum to the N-terminal region was gener-
ally less effective in inhibiting adhesion (except to laminin),
while antibodies to the C-terminal region were completely
without inhibitory effect. These results suggest that the N-
terminal half of Msp presents major adhesion epitopes and
extend previous work (16) showing that antibodies against Msp
were effective inhibitors of T. denticola cell binding to fibronec-
tin, laminin, and periodontal ligament epithelial cells. Al-
though the isolated C-terminal region does not bind host mol-
ecules in vitro, a requirement for the C-terminal region in
mediating cell adhesion is not ruled out by our studies. The
presence of the C-terminal region could be crucial for correct
incorporation of Msp into the outer sheath and for presenta-
tion of adhesion-mediating sequences at the cell surface. In
future studies, it should be possible to investigate further the
functional roles of the various Msp regions by constructing
defined mutants with deletions or substitutions within the Msp
protein.

On the basis of primary sequence analyses, it is proposed
that Msp is a porin-like protein with B barrel secondary struc-
ture (18) that spans the cytoplasmic membrane. Since porins
contain regions, usually peptide sequence loops, that are ex-
posed on the outer face of the membrane, the porin-like to-
pology of Msp would be consistent with the notion that Msp
functions as a surface factor that mediates interactions of
Treponema cells with host molecules. In accordance with this
model, we have shown that antibodies raised to the V region of
Msp are particularly effective in blocking adhesion of 7. den-
ticola to fibronectin and to several other host proteins. Anti-
bodies raised to the N region were also inhibitory, although
less so. Thus it is suggested that adhesion epitopes are formed
from sequences within the N and V regions of Msp polypep-
tide. The accessibility of the V and N regions to antibodies was
clearly demonstrated for cells of T. denticola that were fixed to
microtiter plate wells. However, in immunofluorescence stud-
ies (not shown) it was found to be not possible to obtain any
more than rather localized binding of V region antibodies to a
relatively small proportion of the total cell population. Some-
what similar observations have been made by Caimano et al.
(4), who demonstrated that Msp antibodies reacted only
weakly with T. denticola cells encapsulated in gel microdroplets
(to retain cell surface integrity) but strongly and uniformly with
detergent-permeabilized cells. These authors suggested that
only minor portions of Msp are normally surface exposed and
that the protein may be predominantly periplasmic (4). It is
possible that the presence of other surface proteins, closely
associated with Msp, limits the access of antibody to the sur-
face-exposed regions of Msp. Lipoproteins present in the outer
membrane of B. burgdorferi have been shown to hinder reac-
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tion of antibodies with the exposed loop of outer membrane
protein P66 (1). The ability to detect high levels of N-region
and V-region antibody binding to T. denticola cells fixed to
microtiter wells may be related to an effect on the cell surface
as a result of deposition of cells onto the plastic. This could
result in partial loss in integrity of the outer membrane or
sheath, rendering the Msp molecules more accessible to anti-
bodies. Interestingly though, the C-terminal region remained
inaccessible to antibodies, indicating that Msp conformation or
topography was at least partially preserved.

In summary, the results in this article provide evidence that
Msp protein mediates, at least in part, binding of T. denticola
cells to fibronectin, laminin, collagen, keratin, and fibrinogen.
The central V region of Msp has three features that could be
considered critical to the function of the polypeptide. The first
is that the V region appears to carry major adhesion-mediating
sequences. The second feature demonstrated is antigenic vari-
ation. This is a strategy frequently utilized by pathogenic bac-
teria to evade host immune defenses (2). The V region con-
tains the dominant B-cell epitopes for animals immunized with
T. denticola cells. The V region is thus highly immunogenic and
would provide a major target for the host immune system. This
provides an explanation for why antibodies raised to closely
related Msp proteins, which differ only in their V-region se-
quences, have been shown to not cross-react (19). On the other
hand, the invariable N and C regions, which may be important
for maintaining structure and function, are not significantly
immunogenic. A third feature is that, on intact cells, there may
be a mechanism by which accessibility of Msp is regulated. In
vivo this would potentially avoid immune responses that might
be harmful to the organism. However, in vitro, N- and V-
region antibodies were very effective in blocking cell adhesion.
This could be explained by the kinetic and dynamic properties
of T. denticola cell surface protein antigens. Surface antigens
have been shown in several studies to become redistributed in
accordance with environmental conditions. In particular, there
is evidence for clustering of adhesins in response to cell contact
with host proteins (8), so it is possible that Msp becomes more
accessible to antibodies in the presence of adhesion substrate.
Further understanding of the topology and important func-
tional domains of Msp will be gained by developing techniques
that preserve the molecular composition and integrity of the T.
denticola cell surface (28) and allow real-time analyses of Msp
interactions with host components, including antibodies.
Meanwhile, the work presented here suggests that the central
V region of T. denticola Msp is critical for function. This region
is thus potentially an excellent target for development of strat-
egies aimed at controlling oral colonization and tissue destruc-
tion by oral Treponema.
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