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We have isolated and characterized a neutral phosphatase gene, phoN, from Treponema denticola ATCC
35405. The gene was isolated from a T. denticola clone bank constructed in the medium-copy-number plasmid
vector pMCL19. Subcloning and nucleotide sequencing of the DNA insert from one phosphatase clone, pTph14,
revealed that the activity corresponded to an open reading frame consisting of 1,027 bp coding for a 37.9-kDa
protein. Hydrophobicity analysis indicated that the protein exhibits some hydrophobic regions. Indeed, partial
purification of the phosphatase suggested that the enzyme was membrane associated both in 7. denticola and
in the Escherichia coli clone. The pH optimum of the enzyme, approximately pH 6.4, indicated that it corre-
sponded to a neutral phosphatase activity from T. denticola. An examination of possible natural substrates for
the enzyme suggested that this enzyme hydrolyzes nucleoside di- and triphosphates. Northern (RNA) blot
analysis revealed that this phosphatase gene is not likely to be present in an operon structure.

Numerous species of bacteria have been isolated from the
human oral cavity, and several of these species, including spi-
rochetes, have been implicated in periodontal diseases (20, 21).
However, many of these spirochetes have not been identified
yet. The oral spirochete Treponema denticola is one of the
species associated with chronic periodontal diseases (1). How-
ever, only recently have potential virulence factors been iden-
tified for these microorganisms (8, 33, 40). Among these, sev-
eral proteases such as a chymotrypsin-like protease (40),
lymphocyte suppression factors (33), and a fibronectin-binding
protein (8) have been identified and suggested to play a role in
virulence. In addition, the effects of the outer membrane of 7.
denticola on bone resorption were recently reported (11).

Phosphatases may play a role in mineralization (9) as well as
in dental plaque formation. High levels of phosphatase activity
can be detected in exudates from inflamed periodontal tissues
(4). Such activity derived from the host or subgingival plaque
bacteria could play a role in bone resorption characteristic of
severe periodontitis (10). Therefore, the elaboration of phos-
phatase activity by these microorganisms could serve as poten-
tial virulence factors. However, only limited information is
currently available regarding the phosphatase activities in oral
microorganisms. For this reason, we have initiated an investi-
gation into the phosphatase activities of T. denticola. In the
present report, we describe the isolation and preliminary char-
acterization of a neutral phosphatase gene, phoN, from T.
denticola.

MATERIALS AND METHODS

Media. Luria-Bertani broth and Luria-Bertani agar were previously described
by Miller (25). Ampicillin (60 pg/ml) and chloramphenicol (30 wg/ml) were
added to Luria-Bertani broth and agar where indicated. To screen for expression
of phosphatase activity by bacterial colonies, 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP; Sigma, St. Louis, Mo.) and potassium phosphate were added to
agar plates at final concentrations of 200 pg/ml and 20 mM, respectively (XP

* Corresponding author. Phone: (716) 829-2068. Fax: (716) 829-
3942. Electronic mail address: Kuramits@ UBVMS.CC.BUFFALO.
EDU.

T Present address: Department of Microbiology, Tokyo Dental Col-
lege, 1-2-2 Masago, Mihama-ku, Chiba 261, Japan.

1147

plates). Recombinant clones harboring genes from 7. denticola were incubated at
30°C. T. denticola ATCC 35405 (7) was maintained and grown at 37°C in a Coy
anaerobic (80% N,, 10% CO,, 10% H,) chamber in TYGVS medium (29).

Extraction of genomic DNA from T. denticola. T. denticola chromosomal DNA
was isolated from T. denticola cells grown in 500 ml of TYGVS medium. Cells
were harvested after growth in culture for 2 days, washed with TE (Tris-EDTA
[pH 8.0]) buffer, and resuspended in 5 ml of TE buffer. Then 250 pl of 10%
sodium dodecyl sulfate (SDS; Sigma) was added to this suspension, and the
mixture was incubated at 65°C for 10 min. Proteinase K (Boehringer Mannheim,
Indianapolis, Ind.) was added to a final concentration of 100 wg/ml, and incu-
bation was continued for an additional 60 min at 37°C. The suspension was then
extracted with phenol and chloroform. After precipitation with ethanol, the
crude DNA preparation was treated with 50 pg of RNase (Sigma) per ml at 37°C
for 60 min. Finally, DNA was extracted with phenol and chloroform and repre-
cipitated with ethanol.

Recombinant DNA methods. Standard procedures for recombinant DNA ma-
nipulation were carried out as described by Sambrook et al. (31). For construc-
tion of the 7. denticola clone bank, chromosomal DNA from strain ATCC 35405
was partially digested with Sau3AlI and ligated to the moderate-copy-number
plasmid pMCL19 (27). Ligated DNA was then transformed into Escherichia coli
HBI101 (5) by electroporation (Bio-Rad, Richmond, Calif.). After a 1-h incuba-
tion in SOC medium (2% tryptone, 0.5% yeast extract, 0.05% NaCl, 20 mM
glucose) at 30°C, transformants were inoculated onto XP plates and incubated at
30°C overnight. Phosphatase-positive clones were identified by their blue color
on XP plates.

Southern blot analysis. For Southern blot analysis, chromosomal DNA from
T. denticola was digested with Sau3AI or with HincIl and PstI. After electro-
phoresis on 1.0% agarose gels, the DNA fragments were transferred to Nytran
(Amersham, Arlington Heights, Ill.) by using the PosiBlot pressure-blotting
system (Stratagene, La Jolla, Calif.). The enhanced chemiluminescence (ECL)
direct nucleic acid labeling and detection system (Amersham) was used to label
the probe (476-bp HinclI-HindIII DNA fragment) (see Fig. 1). Hybridization
was performed at 42°C overnight, and hybridized membranes were washed in
0.5X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 6 M
urea and 0.4% SDS at 42°C and at room temperature as specified by the supplier.

Northern (RNA) blot analysis. Total RNA from T. denticola was extracted by
the boiling method (35) and treated with RNase-free DNase (1 U/ml; Promega,
Madison, Wis.). The isolated RNA was separated on 0.66 M formaldehyde—1.0%
agarose gels and transferred to a Nytran filter by capillary transfer (38). The ECL
direct nucleic acid labeling and detection system was used to label the probe and
detect the hybridized band as outlined for Southern blot analysis.

DNA sequencing. DNA fragments from chimeric plasmid pTphl14 were sub-
cloned into pBluescript KS+ and pBluescript KS— (Stratagene) in E. coli
MV1184 (41). Single-stranded template DNA was isolated by the procedure of
Messing (24). For sequencing of unstable fragments, the low-copy-number plas-
mid pGD103 (12), containing treponemal DNA fragments, was used as a tem-
plate. DNA was sequenced with double-stranded plasmid DNA or single-
stranded DNA as template by the dideoxynucleotide chain termination method
(32) with a Sequenase II kit (United State Biochemical, Cleveland, Ohio) to-
gether with M13 or synthetic oligonucleotide primers and 3°S-dATP.

Fractionation of crude extracts of T. denticola. A 3-day culture of T. denticola
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FIG. 1. Restriction map of the T. denticola fragments in plasmid pTph14. The locations of the phoN gene and the DNA fragment used for subsequent Southern

and Northern blot analysis are also indicated.

was harvested by centrifugation at 8,000 X g and 4°C for 20 min. The cells were
washed twice with 20 mM Tris-HCI buffer (pH 8.0) (Tris buffer) and resuspended
in the same buffer. The cells were then disrupted at 100 W for 1 min in a model
450 sonifier (Branson, Danbury, Conn.), and sonication was repeated five times
at 1-min intervals. Unbroken cells were removed by centrifugation (8,000 X g for
20 min) in a Sorvall SS34 rotor (Dupont, Wilmington, Del.), and the supernatant
fluid was ultracentrifuged at 105,000 X g for 2 h in a 50 Ti rotor (Beckman,
Fullerton, Calif.). The sedimented material was resuspended with Tris buffer,
and the supernatant and precipitate were used as soluble and membrane frac-
tions, respectively. The activities in equivalent volumes of buffer were compared,
and the corresponding specific activities were calculated.

Purification of the phosphatase. E. coli HB101 containing recombinant plas-
mid pTph14 was grown for 14 h at 30°C, and the cells were harvested and washed
twice with Tris buffer. The cells were disrupted by sonication as described above,
and the unbroken cells were discarded following centrifugation at 8,000 X g for
20 min. The supernatant fluid was applied to an anion-exchange Econopack
MonoQ cartridge (Bio-Rad) which was equilibrated with Tris buffer. The
flowthrough fraction was solubilized by the modified method of Maeshima and
Yoshida (22). The flowthrough fraction was diluted in Tris buffer containing
0.1% Triton X-100, 1 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA), 20% glycerol, 1 mM dithiothreitol, and 2 mM MgCl,
(Tris-GDEM buffer). Lysophosphatidylcholine (Sigma) was then added to a final
concentration of 0.4%, and the solution was incubated at 4°C for 10 min. Triton
X-100 was added to a final concentration of 1%, and the insoluble material was
removed by centrifugation at 6,000 X g for 20 min. The resultant soluble fraction
was applied to a cation-exchange Econopack MonoS cartridge (Bio-Rad) which
was equilibrated with Tris-GDEM buffer and eluted with a 0 to 1 M NaCl
gradient. Protein concentrations were determined by the method of Bradford (6)
following precipitation with 10% trichloroacetic acid. SDS-polyacrylamide gel
electrophoresis (PAGE) was performed by the method of Laemmli (18).

Enzyme assays. Standard phosphatase activity was assayed at 37°C with 5 mM
p-nitrophenylphosphate (p-NPP) as a substrate at pH 6.4 in 0.025 M cacodylate
buffer. One unit of enzyme activity corresponded to 1 wmol of substrate hydro-
lyzed per min at 37°C. The effect of various cations on enzyme activity was
examined by using 0.1 M cacodylate buffer (pH 6.4) containing 5 mM p-NPP with
5 mM KCl, MgCl,, MnCl,, NaCl, ZnCl,, or CaCl,. The substrate specificity of
the enzyme was examined by using the following esters: p-NPP, B-glycerophos-
phate, p-glucose 6-phosphate, ATP, GTP, ADP, GDP, AMP, GMP, PP, ty-
rosine-o-phosphate, and UTP (each at 5 mM). The P; produced was detected
with a P; quantitative kit (Sigma).

Nucleotide sequence accession number. The nucleotide sequence of the phoN
gene has been deposited in the GenBank database and assigned accession num-
ber L25421.

RESULTS

Phosphatase activities of T. denticola. Recent results have
shown the presence of T. denticola phosphatase activity exhib-
iting two pH optima at pH 4.8 and 6.2 (28). This suggested the
presence of both acidic and neutral phosphatases in cell ex-
tracts. The phosphatase activity exhibiting a neutral pH opti-
mum was designated as a neutral phosphatase. The phos-
phatase activity of T. denticola ATCC 35405 was determined by
using a pH 6.4 assay buffer with the synthetic substrate p-NPP.
This activity was not detected in the culture supernatant fluid
but was expressed in treponemal cell extracts. After sonication
and ultracentrifugation of the cells, the activity was detected

exclusively in the membrane-associated sedimented material
(5.26 X 1072 U/mg) and was not detected in soluble fractions
from T. denticola. The substrate specificity of this preparation
showed strong nucleoside triphosphatase activity and very
weak glucose-6-phosphatase activity (data not shown). These
data suggested that the neutral phosphatase activity of 7. den-
ticola is associated with the membrane fraction and hydrolyzes
primarily nucleoside phosphates.

Isolation of the neutral phosphatase gene. The T. denticola
neutral phosphatase gene was isolated from a Sau3AlI library
with plasmid vector pMCL19. Three blue transformants were
obtained among 2,000 colonies on XP plates containing iso-
propyl-B-D-thiogalactopyranoside (IPTG). Both restriction
analysis and Southern blot analysis indicated that the three
positive clones harbored plasmids with the identical 6-kb
Sau3Al fragment (data not shown). One of these plasmids
was designated pTphl4. This chimeric plasmid proved to be
unstable in E. coli when cultured at 37°C and was therefore
routinely grown at 30°C. A restriction map of the treponemal
DNA in pTphl4 revealed that the insert contained two PstI
sites (Fig. 1), as well as single Sacl, Sphl, and Kpnl sites and
three HindIII sites. Southern blot analysis (data not shown)
indicated that positive bands of the same size were detected
from strain ATCC 35405 DNA and pTph14 following cleavage
with Hincll and PstI or with Sau3AI with the Hincll-HindIII
fragment as a probe. To localize the phosphatase gene, DNA
fragments from pTphl4 were subcloned into the medium-
copy-number plasmid pMCL19 and the low-copy-number plas-
mid pGD103 and analyzed for expression of phosphatase ac-
tivity (Fig. 2). The phosphatase activities were expressed from
both plasmids pTph14 and pZU. The lower activities expressed
from plasmid pZU reflected the low copy number of the plas-
mid. With pZU, but not pTphl4, phosphatase activity was
enhanced following IPTG induction. This result and the insta-
bility of the latter clone suggested that high-level expression of
phosphatase activity from pTph14 is toxic for growth of E. coli.
In the subclones other than pTph14 and pZU, no phosphatase
activity was expressed even in the presence of IPTG. These
results suggested that the neutral phosphatase activity was
produced from the 1.9-kb Sau3AI-PstI fragment and that the
gene is larger than the 600-bp Sau3Al-HindIII fragment.

Sequence analysis of the phoN gene. From the resultant
DNA sequence (Fig. 3), one open reading frame capable of
coding for neutral phosphatase activity with a putative initiat-
ing codon near the Sau3Al site was identified on the 1.9-kb
Sau3AI-Pstl fragment. The phosphatase gene was designated
as phoN (neutral phosphatase). The open reading frame begins
with an ATG codon (position 1) and terminates with a TAA
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FIG. 2. Phosphatase activities of pTphl4 subclones. Each sample was as-
sayed by the standard assay system. Symbols: ++, clone expressed strong blue
color on Luria-Bertani (LB) plates containing 200 pg of potassium phosphate
per ml; +, clone expressed weak blue color on LB plates containing 200 pg of
potassium phosphate per ml; —, clone expressed no blue color on LB plates
containing 200 g of potassium phosphate per ml.

codon (position 1028). An E. coli Shine-Dalgarno sequence
(34) was identified 8 to 12 bp upstream from the beginning
ATG codon. The deduced protein contains 343 amino acids
and has a calculated M, of 37,950. The G+C content of the
open reading frame is 38.7%, which agrees well with the data
for the chromosomal DNA of several T. denticola strains (37).
The codons AGA for Arg and CCC for Pro are not used
frequently in E. coli (23) but are common in phoN (data not
shown). Furthermore, TTT and TTC coding for Phe are used
at the same frequency in E. coli, but in phoN codon bias for
TTT is observed. In phoN, codons TTT for Phe, CTT for Leu,
and GAA for Glu are frequently used; they are also common
in the atc (15) and tdpA (26) genes of T. denticola. In phoN,
codons AAA for Lys, TTT for Phe, and TAT for Tyr are
frequently used, but in the flaB2 gene of T. pallidum (30), AAG
for Lys, TTC for Phe, and TAC for Tyr are most frequent. The
estimated pl of the phosphatase, 10.10, indicates that it is a
basic protein. The hydrophobicity plot by the method of Kyte
and Doolittle (17) suggested that the recombinant phosphatase
is a somewhat hydrophobic protein (data not shown).

An examination of the NBRF protein database revealed no
other protein with extensive homology with the phoN phos-
phatase.

Transcription of the phoN gene. To determine whether the
phoN gene was transcribed independently or as part of poly-
cistronic mRNA, Northern blot analysis was carried out. The
results clearly indicated that a single mRNA band of approx-
imately 1.4 kb was detected (Fig. 4). This is large enough to
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contain the entire phoN gene and suggests that the gene is
transcribed as a monocistronic mRNA species. Additional se-
quencing both upstream and downstream of the phoN gene will
be required to confirm this suggestion.

Purification and characterization of the neutral phos-
phatase. Since the results from both the hydrophobicity anal-
ysis of the phosphatase and the distribution of the activity in
the crude extracts of the clone suggested that the enzyme may
be membrane associated, various detergents were used in an
attempt to solubilized the activity. Triton X-100, octylglu-
coside, and 3-[3-(cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate (CHAPS) did not solubilize the neutral phos-
phase activity. However, treatment of the crude extracts with
lysophosphatidylcholine did result in solubilization of the en-
zyme. Following treatment with this phospholipid, the enzyme
was partially purified by ion-exchange chromatography. The
activity could be purified approximately threefold by anion
exchange chromatography on MonoQ columns (Table 1). The
active fractions were then pooled and chromatographed on a
MonoS cation-exchange cartridge. The phosphatase activity
was eluted from the columns with a NaCl gradient at approx-
imately 0.4 M NaCl. The resultant enzyme was purified 388-
fold over the crude extract. SDS-PAGE analysis revealed the
presence of several major protein bands in addition to that of
38 kDa corresponding to the phosphatase. This band was not
detected in the fraction which was fractionated from extracts of
subclone O1 by the same method (data not shown). Further
purification of the enzyme by a variety of approaches was not
successful in enhancing the purity of the active phosphatase.

The pH profiles of the partially purified enzyme (Fig. 5)
revealed a pH optimum of 6.4. Negligible activity was detected
at acidic pHs below pH 5.0 and clearly distinguished this en-
zyme from the acidic phosphatase of T. denticola identified
recently (28). Neither the activity isolated from the E. coli
clone nor that in crude extracts of T. denticola was stimulated
by reducing agents such as dithiothreitol (data not shown). In
addition, no stimulation by cations such as Na®, K™, Mg>*,
Ca®*, or Mn?" could be detected, but Zn** inhibited phos-
phatase activity strongly.

Since the neutral phosphatase was detected with the syn-
thetic substrate p-NPP, it was of interest to attempt to identify
the natural substrate for this activity. An examination of the
hydrolysis of a number of phosphate-containing compounds
suggested that the enzyme was most active with nucleoside di-
or triphosphates (Table 2). In addition, the enzyme displayed
strong pyrophosphatase activity. Interestingly, nucleoside
monophosphates were relatively poor substrates for the en-

zyme.

DISCUSSION

Phosphatase activity has been observed in several periodon-
topathic bacteria, including 7. denticola (19, 36, 39). However,
only one of these phosphatases has been extensively purified
until now (44). In the present investigation, we detected a
major neutral phosphatase activity in sonicates of 7. denticola.
Previously, Norton-Hughes and Yotis (28) characterized an
acid phosphatase activity from T. denticola. In the present
study, both acidic and neutral phosphatase (optimal pH 6.2)
activities were detected in crude preparations from 7. denti-
cola. The present investigation yielded an optimal pH of 6.4 for
the neutral phosphatase, which was slightly lower than the
phosphatase activity of crude extracts reported previously (28).
In a previous study, Tris-HCI and acetate buffers were used to
determine the optimal pH. These buffers apparently do not
have strong buffering capacity in the pH range around 6.0 to
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FIG. 3. DNA sequence and deduced amino acid sequence of
overlined.

7.0. Becker and Hurwitz (2) indicated that 3’-nucleotidase
activity exhibited slightly different pH optima depending on the
buffers used. This could explain the slightly different pH opti-
mum previously reported for the neutral phosphatase com-
pared with the present results. Therefore, it is likely that the
phoN gene isolated in the present investigation codes for the
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TGG GCG ATC CTA TAG CCG CAA TAG CTA CGG 1080
343

the phoN gene. A potential Shine-Dalgarno sequence is underlined, and restriction sites are

phosphatase which was identified previously (28). Confirma-
tion of this relationship will require further purification of the
phosphatase and comparison of the partial amino acid se-
quence of the protein with the deduced sequence of the phoN
gene.

The analysis of deduced amino acid sequence indicated that
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FIG. 4. Northern blot analysis. The 23S on the right indicates the 23S rRNA
(2.9 kb), and the 168 indicates the 16S rRNA (1.5 kb). RNA was extracted and
analyzed with the 447-bp HinclI-HindIII fragment as a probe, as described in
Materials and Methods.

the neutral phosphatase is hydrophobic and basic. These re-
sults suggested that the neutral phosphatase is possibly a mem-
brane-associated protein. In addition, the results from the pu-
rification of the recombinant protein indicated that the
phosphatase is associated with the E. coli membrane fraction.
Furthermore, the neutral phosphatase activity from 7. denti-
cola is found exclusively in the membrane fraction (Table 1).
Taken together, these results strongly suggest that the phoN
gene encodes the membrane-associated neutral phosphatase.
Previous reports have also characterized bacterial membrane-
associated phosphatase activity (3, 13, 14, 42). The neutral
phosphatase from T. denticola hydrolyzed nucleoside di- and
triphosphates. A membrane-bound alkaline phosphatase from
Bacillus licheniformis hydrolyzes AMP but only weakly cleaves
ATP and glycerol 2-phosphate. However, the phoN neutral
phosphatase does not hydrolyze glycerol phosphate and hydro-
lyzes ATP strongly. An outer membrane-associated protein
from Lysobacter enzymogenes also hydrolyzes glucose phos-
phate and glycerol phosphate (43). Other membrane-associ-
ated phosphatases apparently are concerned with the metab-
olism of membrane phospholipids. The membrane-associated
phosphatase of E. coli catalyzes cleavage of phosphatidylglyc-
erophosphate, phosphatidic acid, and lysophosphatidic acid.
These phosphatases hydrolyze monophosphate bonds, whereas
the T. denticola neutral phosphatase hydrolyzes PP; bonds.
These differences in substrate specificity emphasize the
uniqueness of the phoN phosphatase of the present investiga-
tion relative to other membrane-associated phosphatases. A
3’-deoxynucleoside phosphatase from E. coli showed a similar
optimal pH compared with the cloned neutral phosphatase,
but the 3’ deoxynucleotidase does not hydrolyze p-NPP
whereas the neutral phosphatase does not hydrolyze nucleo-
side monophosphates. In addition, several other phosphatases

TABLE 1. Purification of the neutral phosphatase
from E. coli pTph14¢

) Total amt Tptal % Sp act Fo!d
Fraction of protein umFs'of Recovery (U/mg) pul'.lﬁ-
(mg) activity cation
Sonicate 144.1 12.67 100 0.088 1
MonoQ 29.7 8.10 64 0.273 3
MonoS 0.030 1.02 8 34.23 388

“ Phosphatase activity was measured in the standard assay system.
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FIG. 5. pH optimum of the cloned neutral phosphatase. The activity of the
partially purified enzyme was measured at the indicated pHs in cacodylate buffer.
OD410, optical density at 410 nm.

from other oral microorganisms have been described (16, 44).
The phosphatase from Streptococcus mutans hydrolyzes only
p-NPP. The phosphatase from Porphyromonas gingivalis (44)
hydrolyzes B-glycerophosphate and o-phosphoserine but not
PP,. However, the effects of cations, molecular weights, and
optimal pHs of these enzymes distinguish them from the 7.
denticola neutral phosphatase. These differences suggest that
the neutral phosphatase belongs to a unique category of phos-
phatases compared with these other enzymes.

The phoN phosphatase hydrolyzes nucleoside di- and
triphosphates and also displays pyrophosphatase activity. How-
ever, it does not strongly cleave glucose-6-phosphate or glyc-
erol phosphate. The low glucose-6-phosphatase activity of the
enzyme is reasonable since 7. denticola displays negligible glu-
cose-metabolizing activity (37). The association of the neutral
phosphatase with the membranes of T. denticola suggests that
the enzyme could play a role in the transport of these nucle-
oside phosphates into the cells. However, no information re-
lating to the purine or pyrimidine requirements of these cells is

TABLE 2. Substrate specificity of the neutral phosphatase
from pTph14“

Activity

Substrate (Ulmg)

“ Activity of the partially purified enzyme was measured in the standard assay
system.
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currently available. Further investigation is required to define
the role of this enzyme in the physiology of the oral spirochete.
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