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When cultured in broth, fresh clinical isolates of the gram-negative periodontal pathogen Actinobacillus
actinomycetemcomitans form tenaciously adherent biofilm colonies on surfaces such as plastic and glass. These
biofilm colonies release adherent cells into the medium, and the released cells can attach to the surface of the
culture vessel and form new colonies, enabling the biofilm to spread. We mutagenized 4. actinomycetemcomitans
clinical strain CU1000 with transposon IS903dbkan and isolated a transposon insertion mutant that formed
biofilm colonies which were tightly adherent to surfaces but which lacked the ability to release cells into the
medium and disperse. The transposon insertion in the mutant strain mapped to a gene, designated dspB, that
was predicted to encode a secreted protein homologous to the catalytic domain of the family 20 glycosyl
hydrolases. A plasmid carrying a wild-type dspB gene restored the ability of biofilm colonies of the mutant
strain to disperse. We expressed A. actinomycetemcomitans DspB protein engineered to contain a hexahistidine
metal-binding site at its C terminus in Escherichia coli and purified the protein by using Ni affinity chroma-
tography. Substrate specificity studies performed with monosaccharides labeled with 4-nitrophenyl groups
showed that DspB hydrolyzed the 1—4 glycosidic bond of (-substituted N-acetylglucosamine, which is con-
sistent with the known functions of other family 20 glycosyl hydrolases. When added to culture medium,
purified DspB protein, but not heat-inactivated DspB, restored the ability of the mutant strain to release cells
and disperse. DspB protein also caused the detachment of cells from preformed biofilm colonies of strain
CU1000 grown attached to plastic and the disaggregation of highly autoaggregated clumps of CU1000 cells in
solution. We concluded that dspB encodes a soluble -N-acetylglucosaminidase that causes detachment and

dispersion of A. actinomycetemcomitans biofilm cells.

Actinobacillus actinomycetemcomitans is a gram-negative,
nonmotile coccobacillus that colonizes the human oral cavity
(20). A. actinomycetemcomitans has been implicated as the
causative agent of localized juvenile periodontitis, a severe and
rapid form of periodontal disease that affects adolescents (38).
A. actinomycetemcomitans can also enter the submucosa and
cause infective endocarditis and other nonoral infections (15).
When cultured in broth, fresh clinical isolates of A. actinomy-
cetemcomitans form tenacious biofilms on surfaces such as
glass, plastic, and saliva-coated hydroxyapatite (5, 6, 9, 12-14,
16, 18, 20, 28). Nearly all of the cells grow attached to the
surface, while the broth remains clear and is often sterile (5).
The dense biofilm that forms on the surface is resistant to
removal by agents such as detergents, proteases, heat, sonica-
tion, and vortex agitation and can be removed only by mechan-
ical scraping or by treatment with the carbohydrate-modifying
reagent periodic acid (5). A. actinomycetemcomitans biofilm
cells exhibit increased resistance to antimicrobial agents com-
pared to the resistance exhibited by cells grown in planktonic
form (4). Tight adherence has been shown to play an important
role in the ability of A. actinomycetemcomitans to colonize the
mouths of rats (7) and probably plays an equally important role
in its ability to colonize humans. Tight adherence to surfaces is
dependent on the presence of long, bundled pili (fimbriae) that
form on the surface of the cell (12, 28). Mutations in flp-1,
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which encodes the major pilin protein subunit, result in cells
that fail to produce fimbriae or adhere to surfaces (14).

Kaplan and Fine showed that biofilm colonies of A. actino-
mycetemcomitans release cells into liquid medium and that
these cells can attach to the surface of the culture vessel and
form new colonies, enabling the biofilm to spread (16). Kaplan
et al. isolated three A. actinomycetemcomitans transposon in-
sertion mutants that formed biofilm colonies which were
tightly adherent to surfaces but which failed to release cells
into the medium or spread over the surface (18). All three of
the transposon insertions mapped to genes required for the
synthesis of the O-polysaccharide (O-PS) component of lipo-
polysaccharide. Microscopic analysis of the O-PS mutants in-
dicated that they lacked a layer of nonaggregated cells that was
present inside biofilm colonies of the wild-type parental strain.
These findings led to the hypothesis that A. actinomycetem-
comitans biofilm cell detachment occurs by means of a novel
mechanism that involves the release of cells from inside the
biofilm colony (18).

In this report we describe a fourth A. actinomycetemcomitans
transposon insertion mutant that is deficient in biofilm cell
detachment and biofilm dispersal. The transposon in this strain
inserted into a novel gene, designated dspB, which encodes a
protein homologous to the catalytic domain of the family 20
glycosyl hydrolases. By using DspB protein purified from an
overexpressing strain of Escherichia coli, we obtained evidence
that dspB encodes a soluble N-acetylglucosaminidase that
causes the detachment of cells from A. actinomycetemcomitans
biofilm colonies.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. A. actinomycetemcomitans CU1000
(serotype f) is a clinical strain isolated from a 13-year-old patient with localized
juvenile periodontitis (6). Strain CUI000N is a spontaneous nalidixic acid deriv-
ative of strain CU1000 that displays the same surface attachment, biofilm colony
formation, and biofilm dispersal phenotypes as the parental strain (7, 13, 14, 18,
35). The bacteria were grown in Trypticase soy broth (BD Biosystems) supple-
mented with 6 g of yeast extract per liter and 8 g of glucose per liter at 37°C in
the presence of 10% CO,. Mutagenesis of strain CU1000N with transposon
1S903kan was carried out as previously described (35).

Cloning and ing of dspB. The transposon insertion site in A. actino-
mycetemcomitans mutant strain JK1023 was cloned and sequenced by using an
inverse PCR method as previously described (19). The DNA sequence of the
inverse PCR product was compared to the genome sequence of A. actinomyce-
temcomitans strain HK1651 from the Actinobacillus Genome Sequencing Project
(www.genome.ou.edu/act.html), and the transposon was found to have inserted
into a long open reading frame which we designated dspB. Primers that hybridize
to sequences upstream and downstream from HK1651 dspB were used to amplify
by PCR the dspB coding region from A. actinomycetemcomitans strain CU1000
by using methods described previously (19). The forward primer (5-GCGCGC
CATatgAATTGTTGCGTAAAAGGCAATTCC-3) introduced an Ndel restric-
tion site (underlined) and an ATG initiation codon (lowercase) at codon posi-
tions 19 to 20 of dspB, and the reverse primer (5-GCGGTACCCTCATCCCC
ATTCGTCTTATGAATC-3) replaced the dspB stop codon with a Kpnl
restriction site (underlined). The PCR product (1,106 bp) was digested with Ndel
and Kpnl and was ligated into the Ndel-Kpnl sites of plasmid pET29b (Novagen).
The insert of the resulting plasmid (designated pRC1) was subjected to DNA
sequence analysis as previously described (19).

Genetic complementation of the dspB mutation. A plasmid containing the
wild-type dspB gene for use in genetic complementation experiments was con-
structed as follows. First, the dspB gene from strain CU1000 was amplified by
PCR by using forward primer 5-GCCGAATTCTTCTACAAGGAATTTTTat
g-3, which introduced an EcoRI site (underlined) 18-bp upstream from the dspB
start codon (lowercase), and reverse primer 5-GCCGCTGCAGtcaCTCATCCC
CATTCGTCTTATG-3, which introduced a PstI site (underlined) immediately
downstream from the dspB stop codon (lowercase). The PCR product (1,182 bp)
was digested with EcoRI and PstI and ligated into the EcoRI and PstI sites of the
broad-host-range vector plasmid pJAK16 (35), which placed dspB under control
of an isopropyl-B-p-galactopyranoside (IPTG)-inducible tac promoter. The re-
sulting plasmid, designated pJK618, was mobilized into the mutant strain by
using the RK2 oriT-defective mutant plasmid pRK21761 as previously described
(35). Plasmid-harboring strains were grown in broth supplemented with 3 pg of
chloramphenicol/ml and 1 mM IPTG.

Expression and purification of recombinant DspB protein. Plasmid pRCI
carried a gene that encoded amino acids 21 to 381 of dspB from strain CU1000
fused to a 32-amino-acid C-terminal tail that contained a hexahistidine metal-
binding site and a thrombin protease cleavage site which could be used to cleave
the C-terminal tail from the hybrid protein. This gene was located downstream
from an IPTG-inducible tac promoter.

(i) Expression of DspB in E. coli. A 2-liter Erlenmeyer flask containing 500 ml
of Luria-Bertani broth supplemented with 30 wg of kanamycin per ml was
inoculated with 5 ml of an overnight culture of E. coli strain BL21(DE3) (3)
transformed with pRCI1. The flask was incubated at 37°C with agitation (200
rpm) until the optical density of the culture at 600 nm reached 0.6 (ca. 3 h). IPTG
was added to a final concentration of 0.2 mM, and the flask was incubated for an
additional 5 h with agitation. The cells were harvested by centrifugation for 15
min at 6,000 X g, and the cell pellet was stored at —80°C.

(ii) Protein purification. The cell pellet was thawed at room temperature and
resuspended in 20 ml of lysis buffer (20 mM Tris-HCI [pH 8.0], 500 mM NaCl,
1 mM phenylmethylsulfonyl fluoride, 0.1% Nonidet P-40) containing 2 mg of
lysozyme/ml. The cell suspension was then sonicated on ice for 30 s at 30%
capacity with a 30% duty cycle by using a Branson model 450 sonicator equipped
with a microprobe. The cell debris was pelleted by centrifugation at 15,000 X g
for 20 min at 4°C, and the supernatant was loaded onto a 3-ml (bed volume)
activated Ni affinity column (catalog no. 154-0990; Pharmacia) according to the
instructions supplied by the manufacturer. The column was washed with 50 ml of
wash buffer (20 mM Tris [pH 7.5], 500 mM NaCl) containing 5 mM imidazole
and then with 25 ml of wash buffer containing 50 mM imidazole. The protein was
eluted with 25 ml of 20 mM Tris (pH 8.0)-500 mM NaCl-100 mM imidazole.
Fractions of the eluate were collected and assayed for the presence of the hybrid
protein by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and
Coomassie blue staining (29). Fractions containing the protein were pooled and
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dialyzed overnight against water by using a 10,000-kDa-cutoff dialysis membrane.
The purified protein was digested with 5 U of thrombin (Novagen) per mg of
protein for 1 h at room temperature, and the thrombin was removed with a
thrombin cleavage capture kit (Novagen) used according to instructions supplied
with the kit. Undigested protein was removed by loading the sample onto an Ni
affinity column as described above and washing the column with 10 ml of wash
buffer containing 5 mM imidazole. Fractions containing the protein were pooled,
dialyzed against water, and stored at —20°C.

N-terminal sequence analysis of the purified protein was carried out by using
the Edman degradation procedure with a Beckman model 2300 protein se-
quencer. Mass spectra were determined by using a Hitachi model 4414 mass
spectrometer.

Enzyme assays. The synthetic substrates (purchased from Sigma Chemical
Co.) were 4-nitrophenyl-N-acetyl-B-p-galactosaminide, 4-nitrophenyl-N-acetyl-
a-D-galactosaminide, 4-nitrophenyl-N-acetyl-B-D-glucosaminide, and 4-nitrophe-
nyl-N-acetyl-a-D-glucosaminide. Enzyme reactions were carried out in 1-ml mix-
tures containing 50 mM sodium phosphate buffer (pH 5.9), 100 mM NaCl, 5 mM
substrate, and 3.7 wg of purified protein per ml in 1.5-ml polypropylene tubes
placed in a 37°C water bath. The reactions were terminated at various times by
adding 5 pl of 10 N NaOH. The increase in absorption resulting from the release
of p-nitrophenolate in each tube was measured with a Shimadzu model 1240
UV-Mini spectrophotometer set to 405 nm.

Detachment of biofilm cells from polystyrene rods. An assay to measure the
detachment of cells from preformed biofilm colonies grown on polystyrene rods
was carried out as previously described (18), except that 24-well microtiter plates
(Falcon no. 353047) were used and the detached cells were destained in 400 pl
of ethanol, 100 pl of which was transferred to a 96-well microtiter plate for
spectrophotometric analysis at 590 nm. In some experiments polystyrene rods
were treated with medium containing various amounts of purified DspB. The
DspB enzymatic activity decayed over time (half-life, 3.3 h), which allowed
detached cells to adhere to the bottom of the well by the end of the 24-h
detachment period (18).

Ninety-six-well microtiter plate biofilm cell detachment assay. The wells of a
96-well microtiter plate (Falcon no. 353072) were filled with 100 pl of medium
containing 10? to 10* CFU of a single cell suspension of bacteria (16) and
incubated at 37°C in 10% CO, for 20 h. Ten microliters of enzyme solution (1 mg
ml~! in phosphate-buffered saline) or 10 ul of phosphate-buffered saline (for
controls) was added to each well, and the plates were incubated for an additional
6 h. The wells were washed extensively under running tap water, and the bacteria
remaining attached to the surface were stained with crystal violet, rewashed, and
destained with ethanol as previously described (14). The optical density of the
ethanol-dye solution was measured with a Bio-Rad Benchmark microtiter plate
reader set to 590 nm.

Disaggregation assay. A 100-mm-diameter tissue-culture-treated polystyrene
petri dish (model 430167; Corning) containing 20 ml of broth was inoculated with
1 % 10® CFU of strain CU1000 and incubated at 37°C for 24 h. The medium was
decanted, and the bacterial colonies growing attached to the surface of the dish
were washed extensively under running tap water. The dish was filled with 20 ml
of an ethidium bromide solution (0.5 wg/ml in water) and incubated at 37°C for
24 h. The cells were rewashed with tap water and then scraped from the surface
into a small volume of water (2 to 3 ml) with a cell scraper. The resulting cell
suspension was vortexed briefly and then dispensed into glass test tubes (10 by 75
mm; 0.5 ml per tube). Fifty microliters of a DspB enzyme solution (1.7 mg/ml in
water) or 50 pl of water (for controls) was added, and the tubes were sealed with
Parafilm and incubated at 37°C for 30 min with gentle rocking. Fifty microliters
of the treated cell suspension was then pipetted onto a sheet of cellophane that
had been placed on a UV transilluminator, and the preparation was photo-
graphed through an orange filter by using Polaroid type 667 film.

Nucleotide seq e accessi ber. The DNA sequence of dspB from
strain CU1000 has been deposited in the GenBank database under accession no.
AY228551.

RESULTS

Isolation of A. actinomycetemcomitans biofilm detachment
mutant JK1023. We mutagenized A. actinomycetemcomitans
strain CU1000N with transposon IS903dbkan and isolated a
kanamycin-resistant mutant (designated JK1023) that dis-
played a colony morphology on agar that was rougher than the
wild-type A. actinomycetemcomitans rough-colony phenotype
(Fig. 1A and B) (6, 9, 12). Kaplan et al. previously showed that
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FIG. 1. Characterization of A. actinomycetemcomitans biofilm dis-
persal mutant JK1023. (A to D) Colony morphology on agar (A and B)
and colony morphology in broth (C and D) of wild-type strain CU1000
(A and C) and mutant strain JK1023 (B and D). Bars = 1 mm.
(E) Adherence to polystyrene as measured by a 96-well microtiter
plate adherence assay (14). The optical density at 590 nm [O.D. (590
nm)] is proportional to cell adherence. Control wells contained no
cells. Strain JK1009 carries a transposon insertion in flp-1 that causes
complete loss of surface attachment (14). The values are mean =
standard deviations for triplicate samples. (F) Detachment of cells
from biofilm colonies grown attached to polystyrene rods. The optical
density at 590 nm is proportional to cell detachment. Control wells
contained no cells. The values are means * standard deviations for six
wells of each sample.

three other A. actinomycetemcomitans rougher-colony mutants
were deficient in biofilm cell detachment (18). JK1023 colonies
had a hard texture and were extremely difficult to remove from
the agar surface. In a test tube, JK1023 cells aggregated and
settled to the bottom of the tube much more rapidly than cells
of wild-type strain CU1000 (data not shown). When cultured in
broth, strain JK1023 produced biofilm colonies which were
similar in size and shape to those of the wild-type strain but
failed to produce satellite colonies on the surface of the culture
vessel (Fig. 1C and D). The adherence of broth-cultured
JK1023 cells to polystyrene was equivalent to that of wild-type
strain CU1000N as measured by a 96-well microtiter plate
binding assay (Fig. 1E).

To confirm that biofilm colonies of mutant strain JK1023
were deficient in biofilm cell detachment, we grew biofilm
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FIG. 2. Comparison of residues 21 to 381 of the predicted amino
acid sequence of DspB from A. actinomycetemcomitans strain CU1000
(top line) with the amino acid sequence of lacto-N-biosidase from L.
lactis (GenBank accession no. AAK05592) (bottom line). The hyphens
indicate gaps inserted to maximize the similarity between the se-
quences. The lines between the sequences indicate identical residues.
The asterisks indicate amino acid residues discussed in the text.

colonies for 24 h on polystyrene rods suspended in broth in the
wells of a 24-well microtiter plate and quantified the amount of
biofilm cell detachment by staining the bacteria growing on the
bottoms of the wells with crystal violet (Fig. 1F). Colonization
of the bottom of a well resulted from cells that detached from
the biofilm colonies growing on the polystyrene rod and fell to
the bottom of the well. In this assay, biofilm colonies of strain
JK1023 produced significantly less growth on the bottoms of
the wells than the wild-type strain produced (P < 0.01, as
determined by an unpaired two-tailed ¢ test). These data con-
firm that mutant strain JK1023 exhibited a decreased biofilm
cell detachment phenotype when it was compared to the wild-
type parental strain.

Characterization of the dspB gene. The 1S903dbkan transpo-
son in strain JK1023 inserted into a 1,143-bp open reading
frame which we designated dspB. The dspB sequence of strain
CU1000 (serotype f) was 99.1% identical to that of strain
HK1651 (serotype b). Six of the ten observed base changes
resulted in silent codon substitutions. The dspB gene from
strain CU1000 was predicted to encode a protein having 381
amino acid residues with a molecular mass of 43.3 kDa. The 5’
end of dspB contained a predicted signal peptide (26), suggest-
ing that DspB may be a secreted protein.

Residues 40 to 297 of the predicted DspB amino acid se-
quence were homologous to the catalytic domain of the family
20 glycosyl hydrolases (NCBI Conserved Domain Database
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FIG. 3. Genetic complementation of the dspB mutation in A4. acti-
nomycetemcomitans strain JK1023: colony morphology on agar (A and
B) and biofilm dispersal phenotype in broth (C and D) of strain
JK1023 harboring vector plasmid pJAK16 (A and C) or the comple-
mentary plasmid pJK618 (B and D). Bar = 1 mm. The cells in panels
Cand D were grown in the wells of six-well microtiter plates (diameter,
35 mm; Falcon no. 353046) for 5 days and stained with crystal violet as
previously described (16).

ot

accession number pfam(00728). This family of enzymes in-
cludes bacterial chitinases, chitobiases and lacto-N-biosidases
(30, 34, 36) and eukaryotic hexosaminidases (8). The protein
most closely related to A. actinomycetemcomitans DspB was
lacto-N-biosidase of Lactococcus lactis (GenBank accession
no. AAK05592), which displayed 28% identity over 281 amino
acid residues, not counting gaps and terminal extensions (Fig.
2). The similarity between DspB and lacto-N-biosidase was
high in the regions surrounding Arg47 and the acidic amino
acid pair Asp202 and Glu203. These residues have been shown
to participate in substrate binding and catalysis in other family
20 glycosyl hydrolases (23, 24, 27). The C-terminal half of
DspB contained three Trp residues that were conserved in L.
lactis lacto-N-biosidase (at positions 236, 257, and 353). Mul-
tiple Trp residues are present in the C-terminal regions of the
catalytic domains of all family 20 glycosyl hydrolases (8, 36).
These Trp residues line the part of the substrate-binding
pocket that is complementary to the hydrophobic surfaces of
the hexosamine sugar ring (33).

Genetic complementation of the dspB mutation. To confirm
that expression of dspB is required for A. actinomycetemcomi-
tans biofilm cell detachment, we cloned the wild-type dspB
gene from strain CU1000 downstream from an inducible pro-
moter on a broad-host-range plasmid and then introduced the
recombinant plasmid (designated pJK618) into mutant strain
JK1023 by conjugation with an E. coli donor strain. The colony
morphology on agar of strain JK1023 harboring pJK618 was
much smoother that that of strain JK1023 harboring the vector
plasmid alone (Fig. 3A and B) or than that of wild-type strain
CU1000N (Fig. 1A). Plasmid pJK618 restored the ability of
biofilm colonies of strain JK1023 to disperse in broth (Fig. 3C
and D).
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FIG. 4. Purification and characterization of A. actinomycetemcomi-
tans DspB protein expressed in E. coli. (A) Five micrograms of puri-
fied, thrombin-cleaved DspB was electrophoresed through an SDS—
12% polyacrylamide gel and stained with Coomassie blue. The
molecular masses (in kilodaltons) of protein standards electropho-
resed in an adjacent lane are indicated on the left. (B) Glycosyl hy-
drolase activity of purified DspB with four 4-nitrophenyl-labeled syn-
thetic substrates. The optical density at 405 nm [O.D. (405 nm)]
is proportional to the amount of 4-nitrophenolate released in the
reaction. The substrates tested were 4-nitrophenyl-N-acetyl-p-D-
glucosaminide (graph 1), 4-nitrophenyl-N-acetyl-a-D-glucosaminide
(graph 2), 4-nitrophenyl-N-acetyl-B-D-galactosaminide (graph 3), and
4-nitrophenyl-N-acetyl-a-D-galactosaminide (graph 4).

Expression, purification, and characterization of DspB pro-
tein. We expressed DspB protein engineered to contain a hexa-
histidine metal-binding site at its C terminus in E. coli, purified
the protein by using Ni affinity chromatography, and cleaved
the DspB portion from the hybrid protein by using thrombin.
Figure 4A shows the results obtained when 5 pg of purified,
thrombin-cleaved DspB protein was analyzed by SDS-poly-
acrylamide gel electrophoresis. The protein migrated with an
apparent molecular mass of 42 kDa. The N-terminal sequence
of purified DspB was XNXXVKGNSI (where X is an uniden-
tified residue), which matched residues 21 to 29 of the deduced
amino acid sequence encoded by HK1651 dspB. Analysis of
purified, thrombin-cleaved DspB protein by mass spectropho-
tometry resulted in a single major peak at an apparent molec-
ular mass of 41.5 kDa (data not shown), which is consistent
with the predicted molecular mass of the thrombin-cleaved
DspB protein (41.4 kDa). The yield of DspB expressed in E.
coli was 10 mg of protein per liter of culture.

We tested whether DspB could cleave the glycosidic linkages
of various 4-nitrophenyl-labeled synthetic hexosamine sub-
strates in an in vitro enzyme assay (Fig. 4B). DspB showed
specificity for the 1—4 glycosidic bond of B-substituted N-
acetylglucosamine, which is consistent with the known func-
tions of other family 20 glycosyl hydrolases (33). DspB showed
no activity against «-substituted N-acetylglucosamine or
against a- or B-substituted N-acetylgalactosamine.

Effects of DspB protein on 4. actinomycetemcomitans biofilm
cell detachment and disaggregation. We tested whether add-
ing DspB protein to growth medium could restore the biofilm
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FIG. 5. DspB-induced detachment and disaggregation of A. actino-
mycetemcomitans biofilm cells. (A) Detachment of cells from pre-
formed biofilm colonies of mutant strain JK1023 grown attached to
polystyrene rods. The rods were suspended for 24 h in broth media
containing different concentrations of purified DspB. There was no
detachment in the presence of heat-inactivated DspB (100°C, 3 min)
(asterisk). The optical density at 590 nm [O.D. (590 nm)] was propor-
tional to biofilm cell detachment. The values are means * standard
deviations for triplicate wells. (B) Detachment of preformed biofilm
colonies of strain CU1000 grown in the wells of a 96-well microtiter
plate. Biofilm colonies were treated for 6 h with different amounts of
DspB, and the cells remaining attached to the surface were stained
with crystal violet. The optical density at 590 nm was proportional to
the amount of attached cells. The values are means * standard devi-
ations for triplicate wells. (C) Disaggregation of ethidium bromide-
stained clusters of CU1000 cells by purified DspB. Stained clusters of
cells were mock treated (top) or treated with 170 mg of purified DspB
per ml (bottom) for 30 min, and then 50-pl portions of the treated cell
clusters were pipetted onto a sheet of cellophane that was placed on a
UV transilluminator and photographed through an orange filter. Clus-
ters of cells appear as white spots on a dark background.

detachment phenotype in mutant strain JK1023 (Fig. 5A).
Polystyrene rods containing preformed biofilm colonies of
strain JK1023 were suspended in broth containing various
amount of DspB, and the level of biofilm cell detachment was
measured by staining the bacteria growing on the bottom of
each well with crystal violet as described above (Fig. 1F). Pu-
rified DspB restored the ability of mutant strain JK1023 to
release cells into the medium and colonize the bottom of a
microtiter plate well in a dose-dependent manner (Fig. 5A).
Heat-inactivated DspB had no effect on strain JK1023 biofilm
cell detachment.

We also tested whether DspB could cause the detachment of
preformed biofilm colonies of wild-type strain CU1000 (Fig.
5B). Addition of DspB (50 pg/ml) caused >85% reduction in
the amount of surface-associated bacteria after 6 h. DspB also
caused disaggregation of highly autoaggregated clumps of
CU1000 biofilm cells in solution (Fig. 5C).

DISCUSSION

In the present study we investigated an A. actinomycetem-
comitans 1S903bkan mutant that was deficient in biofilm cell
detachment. The transposon in this strain inserted into a gene
that we designated dspB. Our findings indicate that expression
of dspB is required for dispersal of A. actinomycetemcomitans
biofilms in vitro and that dspB encodes an N-acetylglu-
cosaminidase which causes detachment of cells from A. acti-
nomycetemcomitans biofilm colonies and disaggregation of
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highly autoaggregated clusters of A. actinomycetemcomitans
cells in solution.

Previous studies have shown that biofilm colonies of 4. ac-
tinomycetemcomitans develop complex architectural features,
including a layer of highly autoaggregated cells on the outside
of the colony and a layer of nonadherent cells and large,
transparent cavities on the inside of the colony (18). These
studies have also shown that A. actinomycetemcomitans strains
that are deficient in the synthesis of the O-PS component of
lipopolysaccharide are also deficient in biofilm cell detach-
ment. Microscopic analyses of these O-PS mutants indicated
that they produce biofilm colonies which lack a layer of non-
aggregated cells inside the colony. These findings led to the
hypothesis that detachment of cells from A. actinomycetem-
comitans biofilm colonies occurs by means of a novel mecha-
nism that involves the release of nonaggregated cells located
inside the colony (18). It is possible that DspB plays a role in
the production of nonaggregated cells inside the biofilm col-
ony. Expression of dspB could be induced inside the colony in
response to a physiologically altered microenvironment within
the colony. This microenvironment could result from changes
in oxygen tension, pH, temperature, or the concentration of
nutrients in the center of the colony. DspB could then be
secreted into the cavity within the colony and cause cells on the
inside of the colony to disaggregate, resulting in the layer of
nonaggregated cells observed inside A. actinomycetemcomitans
biofilm colonies (18). Continued DspB activity might eventu-
ally result in a breach in the colony wall and a sudden release
of large numbers of nonaggregated cells into the surrounding
medium. This model is consistent with the observation that
biofilm cell detachment in 4. actinomycetemcomitans may be a
rapid and transient process (16).

A possible substrate for DspB is a type IV pilus that has
been shown to be required for the A. actinomycetemcomitans
surface adherence and autoaggregation phenotypes (14). This
pilus is encoded by a cluster of 14 chromosomal genes (13), the
first of which, flp-1, encodes the major pilin subunit (14). 4.
actinomycetemcomitans Flp-1 protein been shown to be post-
translationally modified, probably by glycosylation (11). It is
possible that this posttranslational glycosylation includes an
N-acetylglucosamine component and that cleavage of this
sugar by DspB alters the adhesive properties of the pili,
thereby releasing cells from the aggregate. The putative glyco-
sylation sites on Flp-1 are conserved among phylogenetically
diverse strains of A. actinomycetemcomitans (17), which is con-
sistent with the finding that DspB causes detachment of cells
from biofilm colonies of various A. actinomycetemcomitans
strains (Kaplan, unpublished data). Homologous type IV pili
have been shown to be involved in the adherence, autoaggre-
gation, and dispersal of enteropathogenic E. coli (21). It is also
possible that DspB activity alters a component of the A. acti-
nomycetemcomitans cell surface that interacts with the adher-
ent pili (31).

Another plausible substrate for DspB is exopolysaccharide.
Previous studies performed by using chemical and microscopic
techniques have shown that A. actinomycetemcomitans pro-
duces an exopolysaccharide matrix and that this matrix may
play a role in biofilm colony formation (5, 6, 10, 25). The
chemical structure of A. actinomycetemcomitans exopolysac-
charide is unknown. N-Acetylglucosamine has been shown to
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be a component of the exopolysaccharides produced by other
biofilm bacteria, including Staphylococcus epidermidis (22),
Staphylococcus aureus (2), and Helicobacter pylori (32). It is
possible that A. actinomycetemcomitans exopolysaccharide also
contains an N-acetylglucosamine component and that this
sugar is hydrolyzed by DspB, causing degradation of the ex-
opolysaccharide and release of cells from the biofilm aggre-
gate. This mechanism is analogous to that of other biofilm-
releasing enzymes, such as Pseudomonas aeruginosa alginate
lyase (1) and Methanosarcina mazei disaggregatase (37).

It is tempting to speculate that DspB plays a role in the
dissemination of A. actinomycetemcomitans in the human oral
cavity and therefore in the pathogenesis of periodontitis, en-
docarditis, and other chronic infections. A better understand-
ing of biofilm detachment in A. actinomycetemcomitans could
lead to improved strategies for treatment and prevention of
these diseases.
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