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Previous studies have demonstrated that mycobacteria attach to fibronectin (FN). The attachment of
mycobacteria to FN is considered to be biologically important in Mycobacterium bovis BCG therapy for
superficial bladder cancer, initiation of delayed hypersensitivity to mycobacterial antigens, and the phagocy-
tosis of mycobacteria by epithelial cells. Therefore, we purified the mycobacterial receptor for FN. Culture
supernatants from 3-week cultures of Mycobacterium vaccae, which contained proteins that bound FN and
inhibited the attachment of both M. vaccae and BCG to FN, were used as a source of receptor. Lyophilized M.
vaccae supernatants were reconstituted in 0.02 M bis-Tris (pH 6.0) and applied sequentially to an ACA 54 gel
filtration column and a DEAE-Sephacel anion-exchange column. A purified inhibitory protein of 55 kDa (p55)
was obtained. The purified p55 protein was observed to bind to FN and to inhibit 125I-FN binding to viable BCG
in a dose-dependent manner. Polyclonal and monoclonal antibodies to the protein were generated. The
resulting polyclonal antiserum blotted a single protein band at 55 kDa in crude M. vaccae supernatants,
cross-reacted with a 55-kDa BCG protein by Western blot (immunoblot), and recognized a 55-kDa band that
was associated with the BCG cell wall, which is consistent with its function as a FN receptor. A monoclonal
immunoglobulin M(A) was isolated from mice immunized with purified M. vaccae p55 protein that was not
functional in Western blots but inhibited the attachment of viable BCG to FN. These studies demonstrate that
a protein or antigenically related proteins with Mrs of 55,000 function as FN receptors for at least two distinct
mycobacteria.

Adjuvant intravesical Mycobacterium bovis bacillus Cal-
mette-Guerin (BCG) is the most effective treatment for
superficial transitional cell carcinoma of the bladder (10, 16,
17). Previous studies have demonstrated that a requisite step
in BCG-mediated antitumor activity is retention of the
bacteria within the bladder by attachment to fibronectin
(FN) (13). BCG retention after intravesical instillation was

inhibited by antibodies specific for FN but not by control
antibodies to other basement membrane proteins. In addi-
tion, treatment of BCG prior to intravesical instillation with
soluble monomeric FN, which had been shown to saturate
bacterial surface receptors (4), also inhibited attachment
(13). Further studies demonstrated that the retention ofBCG
within the bladder was dependent on attachment to FN most
probably associated with the fibrin clot (11). In vivo func-
tional studies showed that FN-mediated BCG attachment
was necessary for (i) the induction of immunity to BCG after
intravesical instillation, (ii) the expression of BCG-induced
delayed-type hypersensitivity within the bladder, and (iii)
mediation of antitumor activity (13).

In vitro characterization studies demonstrated that BCG,
as well as all other mycobacteria tested, attached to FN-
coated surfaces but not surfaces coated with laminin, fibrin-
ogen, or type IV collagen (20, 21). The BCG-FN interaction
was saturable, FN specific, essentially irreversible, and
inhibited by pretreatment with protease, suggesting the
presence of specific bacterial receptor (4). Further studies
showed that BCG attachment to FN was inhibited by com-

ponents contained in the supernatants of proliferating BCG,
suggesting that the receptor(s) was released into the super-
natant (2, 20). This hypothesis was supported by several
independent observations: (i) radiolabelled proteins from
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BCG supematants attached to FN-coated surfaces (2), (ii)
the supernatant component(s) inhibited the attachment of
BCG to FN (20), (iii) the inhibitory activity was removed by
affinity chromatograph on FN-Sepharose (20), and (iv) pro-
teins from BCG supernatants separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
blotted to nitrocellulose bound FN (2). Therefore, we initi-
ated studies to purify the inhibitor present in the mycobac-
terial culture supernatants. To this end supernatants from
Mycobacterium vaccae, a fast-growing mycobacterial spe-
cies, were used for purification because these supernatants
inhibited FN attachment to BCG. This provided larger
quantities of supernatant proteins for purification. We report
herein the purification to homogeneity of the inhibitory
factor and preparation of monoclonal and polyclonal anti-
bodies against the protein. The data suggest that the inhibitor
or a closely related molecule is a mycobacterial FN receptor.

MATERIALS AND METHODS
Chemicals. All chemicals were purchased from Sigma

Chemical Co. (St. Louis, Mo.) and were reagent grade
unless otherwise stated.

Bacteria. BCG was obtained from Armand Frappier, Que-
bec, Canada, as a lyophilized preparation containing 107
CFU mg-1 (manufacturer's specification). Before use, BCG
was cultured in Youman's medium for 5 days at 37°C. The
bacteria were harvested by centrifugation and resuspended
in buffer to produce approximately 7 x 108 CFU ml-'
(determined by standard curves plotting optical density at
570 nm versus CFU). M. vaccae was obtained from the
mycobacterial culture collection of John Stanford, Univer-
sity of London, London, England. M. vaccae was grown in
Sauton medium and stored at -70°C as previously described
(22).
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Preparation of '25I-labelled FN. Human plasma FN was
purified as previously described (13). The purified FN, 1.5
mg ml-', was labelled for 15 min with 1 mCi (37 MBq) of
125INa (Amersham) in a test-tube precoated with 200 p,g of
Iodo-Gen (1,3,4,6-tetrachloro-3,6-diphenylglycouril) as pre-
viously described (4). The labelled FN was then separated
from unbound "2I by chromatography on a 10-ml Sephadex
G-25 column. The specific activities of the labelled FN
preparations were routinely between 106 and 107 cpm ,g-1.

'25I-FN binding assay. The binding assay was performed as
previously described (4). Briefly, 6 ,ug of 125I-FN was added
to 1.5-ml-volume microcentrifuge tubes (Eppendorf) pre-
coated for 2 h with 1 ml of 1 mg of human serum albumin
(HSA) ml-1'. Prior to 125I-FN addition, 7 x 106 BCG
suspended in 1.0 ml of 0.1 M Tris buffer, pH 6.0, was added.
The 125I-FN was mixed with either 300 RI of unlabelled FN
(1 mg ml-1) or 300 pl of Tris only to determine nonspecific
and total binding, respectively. Specific binding was ascer-
tained by subtracting nonspecific from total binding. The
reaction mixtures were incubated for 1 h at 22°C. After
incubation, the microcentrifuge tubes containing the reac-
tion mixtures were centrifuged at 10,000 x g for 3 min in a
Beckman microcentrifuge B. The supernatant, containing
free radiolabelled FN, was carefully removed. The micro-
centrifuge tubes were sliced, and the pellets containing the
radiolabelled FN bound to BCG were analyzed for radioac-
tivity. Control experiments using I251-FN without bacteria
produced background counts of approximately 500 cpm.
Attachment of BCG to FN-coated surfaces. The matrix

attachment assay was performed by a modification of a
previously described method (20). Briefly, a 5-day culture
was washed twice with and resuspended in phosphate-
buffered saline (PBS), pH 7.2, to a concentration of 108
CFU/ml. Next, 107 CFU (0.1 ml) was added to each well of
a 96-well microtiter plate (Immulon II; Dynatech Laborato-
ries, Inc., Chantilly, Va.) previously coated with FN (120
p,g/ml) or HSA (120 ,ug/ml; background). Attachment was
quantitated by reading the optical density at 570 nm on an
enzyme-linked immunosorbent assay (ELISA) reader. The
results are reported as optical density units. Results from a
representative experiment are shown. Data were reproduc-
ible in at least two separate experiments.

Production of receptor-containing supernatants. M. vaccae
was subcultured in 100 ml of Sautons medium to plateau
growth phase. An inoculum of 8 x 108 bacteria was cultured
in each of eight flasks containing 1.0 liters of Sautons.
Cultures were maintained at 37°C in 7% CO2 for 3 weeks.
Supernatants were harvested by centrifugation, and residual
bacteria were removed by filtration (2-,m-pore-size filters;
Costar). The supernatant was concentrated 100 times on an
Amicon filtration unit with a PM 10 filter. Concentrated M.
vaccae culture supernatant was dialyzed against distilled
H20 and lyophilized.

Purification of the FN-binding protein. Concentrated M.
vaccae culture supernatant was dialyzed against distilled
H20 and lyophilized. The lyophilized supernatant was re-
constituted to 1.5 ml with 0.02 M bis-Tris (pH 6.0), and 0.7
ml was loaded onto an ACA 54 gel filtration column (0.6 by
75 cm) equilibrated with 0.02 M bis-Tris.

Inhibitory fractions were pooled and loaded onto 10 ml of
DEAE-Sephacel. The column was washed with 0.02 M
bis-Tris (pH 6.0) until the effluent was protein free. Protein
was eluted with a 0 to 0.4 M NaCl gradient in bis-Tris.
Fractions, 1.0 ml, were collected and dialyzed against bis-
Tris, pH 6.0. SDS-PAGE and Western blots were performed
as previously described (2).

Antibodies. Polyclonal rabbit antibodies to the purified
adhesin (p55) were prepared by injecting subcutaneously 25
p,g in alum. At 3-week intervals the rabbit was boosted with
15 to 20 ,ug in alum. Ten to 14 days after the second boost,
antibody was harvested. Immunoglobulin G (IgG) was iso-
lated from serum by 50% ammonium sulfate precipitation
followed by DEAE-Sephacel ion-exchange chromatography.
SDS-PAGE demonstrated only bands consistent with IgG
heavy and light chains. All experiments using the polyclonal
antibody were performed with DEAE-purified antibody.
Monoclonal antibody to the p55 protein was generated by

the subcutaneous injection of BALB/c mice with 10 ,ug of
p55 in alum. Mice were boosted three times at weekly
intervals with 5 ,ug of p55 in alum. Mice were rested 3 to 4
weeks after the third boost and injected intravenously with 5
,ug of p55 in PBS. Three days later, spleens were harvested
and fused with the NS1 myeloma. Reactive clones were
detected by ELISA with purified p55-coated microtiter
wells. A single hybridoma showed consistent reactivity in an
ELISA. The reactive hybridoma was cloned, and the anti-
body, designated mFNR.1, was isotyped as IgMX.

p55 FN binding assay. Immulon wells were coated with FN
or bovine serum albumin (BSA) as a control for nonspecific
binding, as described above. The remaining attachment sites
were blocked by the addition of 1% BSA in PBS for 30 min.
Purified p55 in Tris buffer was added to appropriate wells (3
,g per well) and incubated for 30 min at room temperature.
Wells were washed, and purified monoclonal anti-p55
(mFNR.1) diluted in PBS containing 0.1% BSA was added
for 1 h at room temperature. The wells were washed, and a
biotinylated anti-mouse immunoglobulin (Sigma) was added
at a predetermined optimal concentration for 1 h at room
temperature. The wells were washed, and the reaction was
developed by the addition of p-nitrophenyl phosphate. Re-
activity was read on an ELISA reader at a wave length of 405
nm. Controls included p55 added to BSA-coated wells,
FN-coated wells without p55, and FN-coated wells with a
nonspecific primary isotype control (RL172.4; a monoclonal
IgM reactive with thy 1.2 on murine T cells [6]). Control
absorbance for all controls was equal to or less than that of
the isotype control.
BCG fractionations. BCG cells were separated into cell

wall-associated (particulate) and cytoplasmic fractions as
previously described (12). Briefly, BCG was collected after
culture on Sautons as described above. Bacteria were resus-
pended in Tris buffer and subjected to probe sonication.
Particulate material was sedimented by centrifugation and
solubilized in SDS. The supernatant was considered the
cytoplasmic fraction.

RESULTS

Previous studies suggested that mycobacterial superna-
tants contained proteins with functional activity consistent
with the presence of soluble FN receptors (2, 20). In an effort
to maximize supernatant protein production for purification,
supematants from M. vaccae, which were previously shown
to contain proteins that attached to FN-coated surfaces,
were tested for the presence of soluble receptors capable of
inhibiting the attachment of 125I-FN to BCG. The results
demonstrate that concentrated M. vaccae supernatant con-
tains a component that inhibits FN binding to BCG (Fig. 1).
Purification of the inhibitory component(s) was initiated by
applying supernatant to an ACA-54 gel filtration column
previously equilibrated with bis-Tris, pH 6.0. The inhibitory
activity was localized and pooled for further purification.
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FIG. 1. Effects of culture supernatants from M. vaccae contain-
ing the putative mycobacterial FN receptor on 125I-FN binding to
BCG. Error bars, standard error of the mean for four replicates.

SDS-PAGE on the pooled fractions revealed a primary
protein band at 55 kDa (p55; Fig. 2A, lane 1). The pooled
ACA-54 inhibitory fractions were applied to a DEAE-Sepha-
cel anion-exchange column equilibrated with 0.02 M bis-
Tris, pH 6.0. Bound protein was eluted with a 0 to 0.4 M
NaCl gradient in bis-Tris, pH 6.0. The peak inhibitory
activity eluted at 0.3 M NaCl. SDS-PAGE on the 0.3 M
fraction revealed a single 55-kDa protein band (Fig. 2B, lane
5). The protein from this fraction was used for all subsequent
experiments and for immunization purposes. Protein purifi-
cation is summarized in Table 1. Amino acid sequencing by
Edman degradation was unsuccessful, presumably because
the amino terminus of p55 was blocked.
The purified p55 was tested for its ability to inhibit 125I-FN

binding to BCG (Fig. 3). Purified p55 inhibited FN attach-
ment to BCG in a dose-dependent manner.
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FIG. 2. SDS-PAGE of M. vaccae culture supernatant inhibitory
fractions obtained from the ACA-54 gel filtration (A) and DEAE-
Sephacel (B) columns. (C) Western blot of unfractionated M. vaccae
supernatant with a polyclonal antibody prepared from the purified
protein shown in panel B, lane 5. (A) ACA-54. Lane 1, pooled
fractions that inhibited '"I-FN binding to BCG; lane 2, concen-
trated, unfractionated M. vaccae supernatant; lane 3, molecular
mass standards. (B) DEAE-Sephacel. Lane 4, molecular mass
standards; lane 5, purified M. vaccae protein that inhibited 125I-FN
binding to BCG. (C) Lane 6, Western blot with rabbit polyclonal
antibody to the purified FN receptor; lane 7, blot with preimmune
serum.

TABLE 1. Purification of the M. vaccae FN-binding protein

Step Protein Vol Total pFuorild(mg/mI) protein cation

Concentrated supernatant 11.16 0.7 7.8
ACA-54 gel filtration 0.07 8.0 0.57 13.7
DEAE-Sephacel (0-0.4 M NaCl) 0.16 2.0 0.32 24.3

Purified p55 was used as an immunogen to generate a
rabbit polyclonal and a mouse monoclonal antibody. The
resulting polyclonal antibody blotted a single protein band at
55 kDa in crude M. vaccae supematants (Fig. 2C, lane 6).
The single monoclonal antibody obtained was reactive by
ELISA to purified p55 (Fig. 4) but was not effective in
Western blots (immunoblots) (data not shown).

Further studies were performed to determine whether the
purified p55 protein bound to FN. Microtiter wells were
coated with FN as described in Materials and Methods, after
which purified p55 was added. The binding of p55 to FN was
detected by either the polyclonal or monoclonal antibodies.
The results were identical for both. Data for the monoclonal
antibody (mFNR.1) are shown in Fig. 5. The results demon-
strate mFNR.1 binding to p55-treated FN-coated surfaces
increases as a function of the input of p55, suggesting a
pS5-FN interaction. Thus, p55 inhibits FN binding to BCG
and binds directly to FN. Taken together, the data show that
the purified inhibitory component (p55) from the supernatant
of M. vaccae is an FN-binding protein.
Because this M. vaccae FN-binding protein had been

purified on the basis of its ability to inhibit FN binding to
BCG, it was reasonable that BCG should contain a related
protein. Therefore, we tested whether the polyclonal anti-
p55 (made against M. vaccae FN-binding protein) recog-
nized a BCG protein(s). BCG cells were fractionated into
cytosolic and cell wall components as previously described
(12). The crude cell fractions were subjected to Western
blotting with the polyclonal anti-pS5 (Fig. 6). An immuno-
logically cross-reactive protein at 55 kDa was seen in the cell
wall but not the cytosolic fraction from BCG. In addition, a
protein at 100 kDa also faintly reacted with the antiserum.
We are uncertain whether this represents an additional
cross-reactive protein in BCG or a precursor of the mature
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FIG. 3. Effects of purified M. vaccae FN receptor on 1251-FN

binding to BCG. Error bars, standard error of the mean for four
replicate values.
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FIG. 4. Recognition of purified M. vaccae FN receptor (p55) by
the monoclonal antibody mFNR.1. OD405, optical density at 405 nm.

p55. Thus, BCG expresses a protein(s) cross-reactive with
the M. vaccae FN-binding protein in the cell wall.

Since the cell wall localization of p55 in BCG is consistent
with its possible function as a FN receptor, we tested
whether the monoclonal anti-p55 could inhibit the binding of
intact, viable BCG to FN. As shown in Fig. 7, the anti-pS5
monoclonal antibody inhibited BCG attachment to an FN-
coated surface. Thus, an antigenically related protein is
necessary for BCG binding to FN.

DISCUSSION

Previous reports have shown that BCG and other myco-
bacterial species attach to FN in a receptor-mediated man-
ner (4, 11, 13, 21). Supernatants from proliferating mycobac-
teria contained a component(s) that bound FN and that
inhibited the interaction between mycobacteria and FN (2).
We have purified a 55-kDa protein (p55) from culture super-
natant and have demonstrated its ability to bind directly to
FN-coated surfaces. Our data are consistent with the hy-
pothesis that p55 is a mycobacterial receptor for FN. Puri-
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FIG. 5. Attachment of purified M. vaccae FN receptor (p55) to
FN-coated surfaces. Standard error bars, standard error of the mean
of eight replicate values. Statistics, Student's t test. Binding was

significant for all datum points at a minimum P < 0.01. OD405,
optical density at 405 nm.
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FIG. 6. Western blot of particulate and soluble BCG fractions

with rabbit polyclonal antibody to the M. vaccae FN receptor
(anti-p55). BCG were sonicated, and particulate and soluble frac-
tions were separated as described in Materials and Methods.

fied p55 was observed both to inhibit the binding of FN to
BCG and to bind directly to FN-coated surfaces. In addition,
p55 localizes to the particulate fraction of the bacterium,
suggesting its availability for binding. Most convincingly,
monoclonal antibody to p55 blocked the attachment of viable
BCG to FN-coated surfaces. Importantly, although p55 was
purified from M. vaccae, both the monoclonal and poly-
clonal antibodies recognize BCG. The monoclonal anti-p55
also inhibits the binding of M. avium, M. tuberculosis, and
M. kansasii to FN-coated surfaces (19a). These data suggest
that the 55-kDa protein is a highly conserved protein or a
member of an antigenically related family of proteins that
function as mycobacterial FN receptors.
Our data demonstrate that p55 is necessary for BCG

attachment to FN. They do not rule out the involvement of
additional components in FN binding. Since FN is known to
interact with glycolipids, which are abundant in the myco-
bacterial envelope, there may be as-yet-unidentified compo-
nents involved in binding. A multicomponent interaction
might explain the extremely low dissociation rate previously
reported for FN and mycobacteria (4). Furthermore, previ-
ous reports suggested that the mycobacteria expressed two
FN-binding proteins with molecular masses of 55 and 32 kDa
(1, 2). Subsequent studies using a cloned 32-kDa protein
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FIG. 7. Effects of monoclonal antibody to M. vaccae FN recep-

tor (mFNR.1) on the attachment of BCG to FN-coated surfaces.
Error bars, standard error of the mean of four replicate values.
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from M. leprae demonstrated unequivocally that the recom-
binant 32-kDa protein bound FN in vitro (25). Two separate
protein domains of the 32-kDa M. leprae protein, one
containing amino acids 55 to 266 and the other containing
amino acids 265 to 327, bound FN, suggesting that two
separate binding sites exist in this protein. While it is clear
that the 32-kDa protein binds FN in vitro, its role in the
attachment of viable mycobacteria to FN-coated surfaces
has not been established. Moreover, a recent report by
Pessolani and Brennan (18) has questioned the FN-binding
capacity of the 32-kDa proteins. Since the monoclonal
anti-p55 inhibited the attachment of viable BCG to FN
almost completely, p55 may be the primary mycobacterial
FN receptor and the 32-kDa protein may function as an
accessory molecule. However, the relationship between the
32- and the 55-kDa proteins and their respective roles in
mycobacterial attachment to FN remain to be definitely
established.

Previous reports have shown that several bacterial genera,
including Staphylococcus, Streptococcus, Escherichia, Sal-
monella, and Treponema, attach to FN via specific bacterial
receptors (3, 6, 7, 8, 14, 23, 26). The most studied bacteri-
um-FN interaction is that of Staphylococcus aureus, for
which the bacterial receptor has been cloned and the FN-
binding region has been identified (8).

It is clear that the mycobacterial FN-binding protein
possesses several physicochemical properties distinct from
the FN-binding proteins of S. aureus, Streptococcus pyo-
genes, and Treponema pallidum (8, 23, 26). While the
interaction between FN and S. aureus was enhanced by
NaCl, concentrations as low as 0.04 M significantly inhibited
FN attachment to BCG (4, 19). The pH maxima also differ
with BCG possessing a range of 3.0 to 6.0, while little FN
attachment to S. aureus is observed at pH 5.0 or lower.
Finally, the location of the attachment site to FN is distinct
for BCG. S. aureus attaches to the NH2-terminal 29-kDa
fragment of FN, while our unpublished data suggest that
BCG attaches to the COOH-terminal heparin binding region
of the FN molecule (3).
The biological role for the p55 protein is not known. The

interaction between FN and the mycobacteria was first
discovered in investigations aimed at gaining a better under-
standing of the mechanisms of action of BCG as an antitu-
mor agent for superficial bladder cancer (21). In those
studies it was determined that the attachment of BCG to FN
present within the bladder was a requisite step in the
antitumor response induced by BCG (13). Godfrey and
associates (9) have suggested that mycobacterial FN-binding
proteins inhibit cutaneous delayed-type hypersensitivity re-
actions to purified protein derivative in guinea pigs. Recent
studies suggest that the FN-binding capacity of p55 is
important in the phagocytosis ofBCG by epithelial cells (15).
Moreover, preliminary studies suggest that the p55-mediated
ingestion process can be important in macrophage ingestion
of M. avium. Whether the FN-binding activity of the myco-
bacteria is associated with pathogenicity, as has been sug-
gested for other bacteria (24), remains to be determined. The
capacity to bind FN has been observed in pathogenic myco-
bacteria, including M. tuberculosis, M. kansasii, M. avium,
and M. leprae (20 and unpublished data). These data are
consistent with a potential role for FN attachment in myco-
bacterial infections. If this is the case, interventions aimed at
inhibiting mycobacterial binding to FN have the potential to
be novel and useful agents for preventing the establishment
of disease.
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