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|dentification of a Fusobacterium
nucleatum 65 kDa serine
protease

Bachrach G, Rosen G, Bellalou M, Naor R, Sela MN. Identification of a Fusobacterium
nucleatum 65 kDa serine protease.
Oral Microbiol Immunol 2004: 19: 155-159. © Blackwell Munksgaard, 2004.

A 65kDa protease was partially purified from extracellular vesicles of Fusobacterium
nucleatum cultures by preparative SDS-PAGE followed by electroelution. The pH
optimum of the protease is 7.5-8.0 and its activity could be inhibited by serine protease
inhibitors. The protease was found to degrade the extracellular matrix proteins
fibrinogen and fibronectin as well as collagen I and collagen IV which were degraded at
37°C but not at 28°C, indicating the presence of a gelatinase activity in these bacteria.
The 65 kDa protease was also able to digest the a-chains of immunoglobulin A but not
immunoglobulin G. The 65kDa F. nucleatum protease, capable of degrading native
proteins, may play an important role in both the nutrition and pathogenicity of these

periodontal microorganisms. The degradation of extracellular matrix proteins by
bacterial enzymes may contribute to the damage of periodontal tissues, and degradation
of IgA may help the evasion of the immune system of the host by the bacteria.
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Fusobacterium nucleatum 1is the most
numerous gram-negative bacterium iso-
lated from both healthy and diseased per-
iodontal sites, and the most common
periodontal pathogen involved in systemic
diseases (12). By attaching to early colo-
nizers of the dental plaque, fusobacteria
enable late colonizers to coadhere and
attach to the growing plaque. In vitro, fuso-
bacteria were found to be capable of coag-
gregation with all the bacterial species
which make up the dental plaque (10).
Because of their extensive coaggregation
ability, fusobacteria have been proposed to
act as a bridge between early and late
colonizing bacteria, assisting in the forma-
tion and accumulation of the dental plaque
(9). A lack of systems for their genetic
manipulation is among the reasons that
little is known about the molecular
mechanisms involved in the extensive
coadhesion and in the virulence of these
bacteria. Proteases are considered viru-

lence factors employed by several period-
ontal pathogens including Porphyromonas
gingivalis and Treponema denticola.
While supplying the nutritional require-
ments of these oral microorganisms, pro-
teases were found to degrade elements of
the periodontal connective tissue and the
host defense systems such as immunoglo-
bulins and complement (1, 7). Proteases
can also inactivate key components of the
plasma proteinase cascade (14) and blood
clotting systems (6), and degrade serum
proteinase inhibitors (13). These enzymes,
found both in the bacterial cell and their
extracellular vesicles may contribute to
bacterial survival in the antagonistic host
environment, while inflicting damage to
the host. With the exception of one metallo
amino peptidase (17), no proteases have
been described for F. nucleatum. The aim
of this report was the identification and
characterization of an F.nucleatum pro-
tease capable of degrading native proteins.

Materials and methods
Bacteria and growth conditions

F. nucleatum ATCC 10953, FDC 364 and
PK 1594 were a gift from Dr Kollenbran-
der (NIH, Bethesda, MD). Strain ATCC
23726 was the kind gift of Dr. S. K. Haake
(UCLA, Los Angeles, CA). The bacteria
were grown in an anaerobic chamber (Coy
Laboratory Products, Ann Arbor, MI) in
Brain Heart Infusion, containing 0.25%
glutamate in an atmosphere of 85% N-
10% H-5% CO, at 37°C. Bacterial purity
was determined by phase contrast micro-
scopy and Gram staining.

Isolation of the F. nucleatum protease

The 65kDa proteolytic activity was fol-
lowed daily for 1 week in extracellular
culture supernatants. Maximal activity
was reached after 4days. Four-day-old
F. nucleatum FDC 364, PK 1594 and
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ATCC 10953 cultures were harvested by
centrifugation at 9000 g for 20 min. The
cells were washed 3x with phosphate-
buffered saline and further extracted with
the detergent Triton X-114 as previously
described (18). Briefly, cells were ex-
tracted overnight at 4°C with 2% Triton
X-114 in Tris-buffered saline (100 mM
Tris, 150 mM NaCl, pH 7.4). The insoluble
material was removed by centrifugation at
30,000 g for 45 min at the same tempera-
ture. The supernatant was phase separated
by warming for 10 min at 37°C and then
centrifuged at 13,000g for 10min. The
separated detergent and aqueous phases
were washed four times as described
previously (18). Before determination of
enzymatic activities the Triton X-114 phase
fraction was adjusted to a final detergent
concentration of 1% and submitted for 2 h
to Bio Beads SM-2 hydrophobic (Bio Rad,
Richmond, CA) as previously described
(5) to remove the detergent.

Isolation of the 65 kDa F. nucleatum FDC
364 protease from the extracellular culture
supernatant

Four-day-old F. nucleatum FDC 364 cul-
tures were harvested by centrifugation at
10,000 g for 20 min. The bacterial pellet
was discarded, and the supernatant was
filtered through a 0.2 pm filter. Superna-
tant (500ml) was concentrated using an
Amicon 100kDa cutoff membrane to a
final volume of 25 ml. To the concentrated
supernatant was added 100ml of 20 mm
Tris-HCI pH 7.5, followed by reconcentra-
tion to a final volume of 25 ml. The super-
natant was further concentrated with a
Centriplus device (cut off 100kDa) to a
final volume of 14ml. The concentrated
supernatant was centrifuged at 100,000 g
for 2 h. The supernatant was discarded, and
the precipitate containing the extracellular
vesicles was washed twice with 50 mMm
Tris-HC1 (pH 7.8) by centrifugation as
described above. The vesicles were exam-
ined by electron microscopy or subjected
to electroelution after separation by SDS-
PAGE for the purification of the protease.

Electrophoresis

Sodium dodecylsulfate-polyacryamide gel
electrophoresis (SDS-PAGE) was carried
out with a Mini Protean I (0.075-cm-thick;
Bio-Rad Laboratory). Gels contained
240 g human fibrinogen, gelatin or casein
(Sigma, St Louis, MO) per ml. After elec-
trophoresis, the gels were incubated for
30min at room temperature in Tris-buf-
fered saline (0.05M Tris-HCI [pH 7.8],

0.1M NaCl), containing 2% Triton X-
100 and then washed three times with
Tris-buffered saline. Gels were incubated
overnight at 37°C. Bands of activity were
revealed after staining with Coomassie
brilliant blue R-250. Proteolytic activity
was visualized as a clear band against a
blue background.

Gels without the protein substrate were
stained with Coomassie blue. Samples
were either dissolved at room temperature
or heated at 100°C for 5min in sample
buffer (192 mM Tris-HCI [ pH 6.8] , 30%
glycerol, 9% SDS). Where stated, 15% [3-
mercaptoethanol was added to the sample
buffer. Molecular masses of protein bands
were calculated by linear regression ana-
lysis of molecular mass standards.

Purification of the 65 kDa protease

The extracellular vesicles were dissolved in
sample buffer (without B-mercaptoethanol,
see above), centrifuged for 2 min at 10,000 g
and subjected to electroelution after sepa-
ration by SDS-PAGE (7.5% acrylamide).
The protease was electroeluted from the
gel using a Bio Trap 1000 electroeluter
(Schleicher and Schuell, Germany) with
Tris-glycine buffer (25-192 mMm) without
SDS for 2 h at 200 volts followed by 10 h at
100 volts as described before (19). The
enzyme was stored at —20°C and remained
active for at least 6 months.

Enzymatic activity

The enzymatic activity of the detergent
phase proteins containing the 65 kDa pro-
tease was determined with a variety of
synthetic chromogenic substrates: N-o-
benzoyl-L-Arg-p-nitroanilide (pNA), N-
succinyl-Ala-Ala-Pro-Phe-pNA, Ala-pNA,
Leu- pNA, N-p-tosyl-Gly-Pro-Lys-pNA,
Pro-pNA, N-acetyl-Tyr-Val-Ala-Asp-pNA,
L-Ile-B-naphthylamide, L-Trp-B-naphthy-
lamide, L-Ser-B-naphthylamide, L-His-3-
naphthylamide and L-Tyr-B-naphthyla-
mide. Hydrolysis of the pNA and naphthy-
lamide derivatives was performed with
1.5mM substrates and 1-5pug/ml of the
F.nucleatum detergent phase proteins in
Tris-buffered saline (pH 8.0) at 30°C. The
appearance of pNA was followed spectro-
photometrically by recording the change
in optical density at 405nm. Hydrolysis
of the naphthylamide derivatives was
followed as previously described (11).
T. denticola cells, P.gingivalis cells or
human sera were used as positive controls.

The proteolytic activity of the 65kDa
protease was followed by densitometric
measurement of zymograms with a Bio-

imaging system 202D (Pharmacia Biotech,
New Jersey) Liscap capture aplication pro-
gram (Tina, invertedTiff).

Degradation of extracellular matrix pro-
teins collagen IV (human placenta), col-
lagen I (rat tail), fibronectin (bovine
plasma), human fibrinogen, IgA and IgG
was monitored by analyzing the degrada-
tion products by SDS-PAGE. The reaction
mixtures contained 100 g of protein sub-
strate and 0.25 pg of the purified enzyme
in 30 pl of Tris-buffered saline (pH 8.0).
The hydrolysis was carried out for 14 h at
either 28 °C or 37 °C. Samples were heated
at 100 °C for 3 min in sample buffer con-
taining 15% B-mercaptoethanol.

Effect of inhibitors, pH and temperature

The effect of a number of protease inhibi-
tors, optimal pH and temperature on the
activity of the 65 kDa protease was inves-
tigated. Digestion of fibrinogen under the
different experimental conditions was fol-
lowed by densitometric measurement of
zymograms as described above.

Electron microscopy

Transmission electron microscopy was
performed using carbon-collodium coated
grids and negative staining with 1% phos-
photungstic acid.

Results

The proteolytic pattern of F.nucleatum
whole cells on zymograms containing
fibrinogen as the protein substrate is shown
in Fig.1 (lane b). One proteolytic band
with a molecular mass of 65 kDa was pre-
sent both in the cells or secreted to the
extracellular media in all F. nucleatum
strains tested: FDC 364, PK 1594, ATCC
10953 and ATCC 23726. The same pro-
teolytic pattern was observed when gelatin
or casein replaced fibrinogen as the protein
substrate (not shown). In order to investi-
gate whether the protease is free or vesicle-
bound in the extracellular supernatant,
extracellular vesicles were prepared and
submitted to electron microscopy. Neg-
atively stained electron micrographs
(Fig. 2A) showed the presence of extracel-
lular vesicles protruding from the outer
membrane of F. nucleatum cells. The sedi-
mented material obtained by ultracentrifu-
gation of the concentrated supernatants
(see Materials and methods) revealed vesi-
cles 50-100nm in diameter (Fig.2B).
Zymograms of these vesicles showed
the presence of the 65kDa protease
(not shown). The isolation of the 65kDa



Fig. 1. F.nucleatum FDC 364 protein and pro-
tease profiles. Protease profiles of F. nucleatum
on fibrinogen containing gels: a, molecular
weight standard. b, whole cells. c, detergent
phase. d, purified protease. e, detergent phase
on gelatin containing gel. f, protein profile of the
purified protease, unheated sample.

protease was first pursued by extraction of
the cells with the non ionic detergent Tri-
ton X-114. The 65kDa protease partitions
into the detergent phase, as shown by
zymograms of the detergent phase using
fibrinogen or gelatin as substrate (Fig. 1,
lanes ¢ and e). Zymographic profiles of F.
nucleatum extracellular supernatants as
well as the detergent phase obtained from
different preparations, and from the
purified 65kDa protease, occasionally
revealed an additional proteolytic band
of 130kDa probably originating from
dimerization of the 65kDa protease (not
shown). The specific activity associated
with the 65kDa protease in the extracel-
lular vesicles prepared from 4-day-old cul-
tures, was twice as high as that obtained
from the detergent phase extracted from
the cells by Triton X-114 and phase separa-
tion, as determined by densitometric mea-
surement of zymograms. The protease was
thus partially purified from the extracellu-
lar vesicles by electroelution after separa-
tion by preparative SDS-PAGE. By this

40(nm
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Table 1. Effect of inhibitors on the 65kDa protease activity

Concentration Remaining
Type of inhibitor Agent (mMm) activity (%)
Serine protease PMSF 2 2
Phenylboronic acid 5 40
Metalloprotease EDTA 5 100
MgCl, 1 100
CaCl, 1 100
ZnCl, 1 2
Carboxyl protease Pepstatin 50 pg/ml 100
Thiol protease {3-mercaptoethanol Smm 100
Cysteine SmM 100
N-ethylmaleimide 1.25 80
Iodoacetamide 2 100

procedure, the enzyme was purified about
15-fold over the concentrated supernatant.
The recovery of activity being 12%. Zymo-
gram and SDS-PAGE of the partially puri-
fied enzyme are shown in Fig. 1 (lanes d
and f). The molecular size of the native
enzyme is 65kDa. The same protein pat-
tern was obtained after heating the protease
in the presence or absence of a reducing
agent (not shown).

The optimal pH for proteolysis was 7.5—
8.0 and the protease was inactivated at pH
4.5.

In order to determine the substrate spe-
cificity of the 65 kDa protease, the proteo-
lytic activity of the detergent phase
fraction enriched with the protease was
tested with a number of synthetic sub-
strates (see Materials and methods). The
detergent phase fraction could not hydro-
lyze any of the synthetic substrates tested.

The effect of various proteinase inhibi-
tors on the protease activity was examined
(Table 1). The serine protease inhibitors
PMSF and phenyl boronic acid strongly
inhibited the 65kDa protease, while the
protease was not activated by sulfhydryl
group reagents cysteine and B-mercap-
toethanol and was not inhibited by the thiol

Fig. 2. Electron micrographs of F. nucleatum FDC 364: A, Negative staining of F. nucleatum (note
the vesicles bound to the surface). B, Negative staining of an isolated vesicle preparation.

reagents N-ethylmaleimide and iodoaceta-
mide. The enzyme activity was also unaf-
fected by EDTA, Ca™ and Mg™>, while it
was strongly inhibited by Zn. Pepstatin, a
carboxyl protease inhibitor, did not affect
the activity of the protease.

The ability of the 65kDa protease to
degrade extracellular matrix proteins was
evaluated. The protease cleaved fibrinogen
(Fig. 1) and fibronectin into small degrada-
tion products that were visualized on the
gel (Fig.3A). Partial degradation of the
a- and 3-chains of collagen I was observed
at 37°C (Fig.3B) but not at 28°C (not
shown). Partial degradation of the a-chains
of collagen IV at 37°C was also observed
(Fig.3C). These data together with
zymograms using bovine gelatin as sub-
strate (Fig. le) demonstrate the gelatinase
activity of the 65 kDa protease. The 65 kDa
protease was also found to degrade both
a-chains of the IgA molecule (Fig.3D),
whereas degradation of IgG by the
purified enzyme could not be detected
(not shown).

Discussion

This report describes the identification and
characterization of an F. nucleatum 65 kDa
serine protease capable of degrading extra-
cellular matrix proteins and immunoglo-
bulin A. These results disagree with earlier
studies that suggested a lack of endopepti-
dase activity in these oral bacteria (17).
Nevertheless, in comparison with the pro-
teolytic activity of other periodontal bac-
teria, the specific activity of the 65kDa
protease is very low. The purified F. nucle-
atum 65kDa protease required overnight
incubation with the zymogram substrate to
reach the same proteolytic zymographic
intensity (per 0.2 ug enzyme, as measured
by densitometric analysis) obtained by the
Treponema denticola phenylalanine pro-
tease (19) after 2 h. The fact that F. nucle-
atum coaggregates, and is most often found
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Fig. 3. Degradation of extracellular matrix proteins and immunoglobulin A by the purified 65 kDa
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protease. Lane A, fibronectin. Lane B, collagen I. Lane C, collagen IV. Lane D, immunoglobulin A.

M: molecular weight standard. 1: proteins incubated without the enzyme at 37°C. 2: protein incubated

with enzyme at 37°C. Numbers at the sides are molecular masses in kilodaltons.
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Fig. 4. Sequence alignment of SplE and the F. nucleatum putative V8 serine protease like protein.

Asterisk indicates the SplE catalytic triad.

together with other highly proteolytic
microorganisms, might reduce the neces-
sity for F. nucleatum to possess a strong
proteolytic activity.

The strong inhibition produced with
PMSF and phenylboronic acid together
with the lack of activation by thiol group
reagents or inhibition by the cysteine pro-

tease inhibitors N-ethylmaleimide and
iodoacetic acid, suggest that the 65kDa
is a serine protease. Nevertheless, the fact
that zinc is a strong inhibitor of the pro-
tease, indicates a critical role for free-SH
groups in the active enzyme.

F. nucleatum extracellular vesicles were
reported to coaggregate with P. gingivalis
cells (8). In this study we found proteolytic
activity associated with F. nucleatum vesi-
cles, similar to the proteolytic vesicles
reported in two other periodontopatic
gram-negative bacteria— T. denticola (19)
and P. gingivalis (4). These extracellular
vesicles may therefore provide the micro-
organisms with an effective pathogenic
mechanism for the damage of periodontal
tissues.

F. nucleatum was found to grow well on
peptide-based medium (16, 20) or chemi-
cally defined medium provided with the
four key energy-yield amino acids, Glu,
His, Ser and Lys (3). These nutritional
requirements point to the importance of
F. nucleatum proteolytic activities such as
the surface F.nucleatum aminopeptidase
(17) or the 65 kDa protease described in the
present work, in meeting the metabolic
requirements of these bacteria. F. nuclea-
tum was also found to have the capacity to
bind plasminogen on its surface, which
may be activated to plasmin (2), a plasma
serine protease.

The Protein Extraction and Description
Analysis Tool (Munich Information Center
for Protein Sequences) was used to search
the F.nucleatum ATCC 25586 genomic
sequence for an open reading frame that
might code for the 65 kDa serine protease.
A gene coding for a putative 66 kDa serine
protease belonging to the V8 family was
found (GeneBank accession number
NP_604177). Aligning the F.nucleatum
66 kDa putative protein sequence with that
of the 26kDa Staphylococcus aureus
Serine Protease Like E protease (SplE,
Fig.4) (15) identified the conserved
protease V8 catalytic triad (His-113,
Asp-160 and Ser-240, putative F. nuclea-
tum putative serine protease numbering).
These bioinformatics results indicate
that F. nucleatum is capable of expressing
serine proteases. Closer observation of
the F. nucleatum 66kDa putative protein
sequence revealed that amino acids
318-579 (C-terminus domain) are quite
homologous to several DNA/RNA nu-
cleases. Whether this gene generates a
single 66 kDa product with serine protease
activity, or codes for two products — a
27kDa serine protease of the V8 family
and a nuclease of about 30 kDa — remains
to be determined.
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