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A gene encoding the mucin-desulfating sulfatase in Prevotella strain RS2 has been cloned, sequenced, and
expressed in an active form. A 600-bp PCR product generated using primers designed from amino acid se-
quence data was used to isolate a 5,058-bp genomic DNA fragment containing the mucin-desulfating sulfatase
gene. A 1,551-bp open reading frame encoding the sulfatase proprotein was identified, and the deduced 517-
amino-acid protein minus its signal sequence corresponded well with the published mass of 58 kDa estimated
by denaturing gel electrophoresis. The sulfatase sequence showed homology to aryl- and nonarylsulfatases with
different substrate specificities from the sulfatases of other organisms. No sulfatase activity could be detected
when the sulfatase gene was cloned into Escherichia coli expression vectors. However, cloning the gene into a Bac-
teroides expression vector did produce active sulfatase. This is the first mucin-desulfating sulfatase to be se-
quenced and expressed. A second open reading frame (1,257 bp) was identified immediately upstream from the
sulfatase gene, coding in the opposite direction. Its sequence has close homology to iron-sulfur proteins that post-
translationally modify other sulfatases. By analogy, this protein is predicted to catalyze the modification of a
serine group to a formylglycine group at the active center of the mucin-desulfating sulfatase, which is necessary
for enzymatic activity.

Mucins are high-molecular-weight glycoproteins which form
the structural component of the protective mucus gel layer at
the surfaces of the gastrointestinal, respiratory, and female gen-
ital tracts. Colonic mucin, particularly in the proximal region,
contains significant levels of sulfate covalently bound to the
mucin oligosaccharide chains, and levels of 2.0 to 6.5 g of sul-
fate per 100 g of mucin have been found (9, 17). Heavily sul-
fated mucins (sulfomucins) have many of the general lubricat-
ing and barrier functions of mucins with lower sulfate levels.
There is accumulating evidence that sulfomucins may, in ad-
dition, rate-limit mucin degradation by mucin-degrading bac-
terial enzymes (4, 7, 13, 15, 18, 24, 26, 27), and this role is
thought to be particularly important in the colon, where ap-
proximately 1014 bacterial cells are located (10).

There have been reports of mucin-desulfating sulfatases that
partially remove the sulfate from sulfomucin in a number of
bacteria from the mouth, stomach, and colon and in feces. The
effect of such sulfatases is to increase the susceptibility of the
mucin to degradation by other mucin-degrading enzymes (4,
27). Elevated levels of bacterial mucin-desulfating sulfatases
are found in feces of patients with ulcerative colitis (26). The
sulfated sugar specificity of these fecal sulfatases, the number
of different types present, the bacterial origin of the elevated
levels, and the conditions which regulate bacterial production
of such enzymes are unknown. The types of mucin-desulfating
sulfatases that might be predicted include sulfatases specific
for galactose-3-sulfate, galactose-6-sulfate, and N-acetylglucos-
amine-6-sulfate, and they could act on terminal or internal
sulfated sugars (20) of the mucin oligosaccharide chain.

Two mucin-desulfating sulfatases have been purified to date.
One was obtained from human fecal fluid and was produced by
unknown bacteria (27). It has a molecular size of 15 kDa and
a pH optimum of 4.5 and was isolated from extrcellular fluid.
The other, from the periplasm of Prevotella strain RS2, has a
pH optimum of 7.5, an estimated molecular size of 111 kDa as
determined by gel exclusion chromatography, and a subunit
size of 58 kDa as determined by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) (19). It will de-
sulfate [35S]mucin, free N-acetylglucosamine-6-sulfate, and
glucose-6-sulfate (19), suggesting that N-acetylglucosamine-6-
sulfate is its sulfated sugar specificity in mucin side chains.

We are interested in clarifying the nature of bacterial en-
zymes involved in desulfation of mucins during mucin degra-
dation. As there is no information available on any of the bac-
terial mucin-desulfating sulfatases with respect to their gene
sequences and relationships to other proteins, we have cloned
and characterized the gene encoding the Prevotella sulfatase and
expressed active protein in a Bacteroides recombinant system.

MATERIALS AND METHODS

Bacterial culture and sulfatase purification. Prevotella strain RS2 is an isolate
from pig colon, selected for its ability to grow anaerobically on colonic mucin as
an energy source (24). The mucin-desulfating sulfatase protein from Prevotella
strain RS2 was purified to homogeneity as previously described (19). The clas-
sification of Prevotella strain RS2 was further clarified by PCR amplification of
the small subunit rRNA gene (16S), using genomic DNA (gDNA) as the tem-
plate. The sequence was compared with ribosomal DNA sequences of the Bac-
teroides subgroup of the Cytophaga-Flavobacter-Bacteroides group (16) in the
GenBank database. Strain RS2 fell within the Prevotella cluster, showing the
greatest similarity to Prevotella oris (89.5% identity).

Reduction and S-carboxymethylation of the sulfatase and sequence analysis of
peptides. The purified protein was reduced and carboxymethylated prior to di-
gestion with trypsin or cleavage with cyanogen bromide. Peptides were separated
by reverse-phase-high-pressure liquid chromatography (HPLC), and their se-
quences were analyzed using a gas phase sequencer (PE Biosystems, Foster City,
Calif.).
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Molecular techniques. After partial sequencing of selected peptides, degen-
erate PCR primers (22- to 23-mers) complementary to the forward (F) and
reverse (R) strands of the cyanogen bromide peptides CB2 and CB11 were
synthesized (Table 1). Primer sequences based on CB2 were TR4(F), 59 TI
CA(A/G) AA(A/G) CA(A/G) GCI TGG GA(C/T) GC 39, and TR5(R), 59 TA
IGC (A/G)TC CCA IGC (C/T)TG (C/T)TT (C/T)TG 39. Those based on CB11
were TR6(F), 59 ATG CA(A/G) AA(C/T) GA(C/T) CCI AA(C/T) GA(A/G)
(C/T)T 39, and TR7(R), 59 A(A/G) (C/T)TC (A/G)TT IGG (A/G)TC (A/G)TT
(C/T)TG CAT 39. PCR amplifications were conducted by standard methods with
Prevotella gDNA as the template. Southern analysis, DNA restriction enzyme
digestion, and cloning were performed according to procedures described by
Sambrook et al. (22). Sequencing of plasmid inserts was performed by automated
sequencing. All DNA sequences were constructed from overlapping fragments of
DNA sequenced in both directions.

Expression of mucin-desulfating sulfatase protein in Escherichia coli. An MseI
1,615-bp fragment (bases 3141 to 4755 from the 5,058-bp XhoI Prevotella frag-
ment containing the entire sulfatase sequence) was subligated in the NdeI site of
plasmid pET17b (Novagen Inc., Madison, Wis.) and used to transform E. coli
BL21pLysS. Plasmids with the correct insert orientation were identified, and
expression of the sulfatase protein was induced by isopropyl-b-D-thiogalactopy-
ranoside (IPTG).

Expression of the Prevotella mucin-desulfating sulfatase gene in Bacteroides
thetaiotaomicron. A gDNA fragment containing all of the Prevotella sulfatase
sequence was amplified by PCR with the 5,058-bp XhoI insert in pGEM-7 as the
template. Primer sequences were TR22(F), 59 CTT TGG ATC CAA TTA TGG
GCA CCC GTG 39 (bases 3144 to 3170 in Fig. 1, modified to contain a BamHI
site), and SP3(R), 59 TAG GTG ATA TCG TAG TGA GCG CCA ACA AG 39
(bases 4811 to 4783 in Fig. 1 modified to contain an EcoRV site). PCR ampli-
fication was performed with ELONGase (Life Technologies, Gaithersburg,
Md.), and the product was digested with BamHI and EcoRV.

The B. thetaiotaomicron shuttle plasmid pVGA-3 (6, 8) contains a promoter-
operator region of the chondroitin sulfate-regulated operon csuCB controlling
the expression of an E. coli reporter gene encoding b-glucuronidase (GUS). A
polylinker region between the operator and the GUS gene has BamHI and SmaI
sites. pVGA-3 was digested with these restriction enzymes, and the PCR product

encoding the Prevotella sulfatase was ligated into the plasmid. E. coli S17-1, a
strain that contains the transfer region of plasmid RP4 in its chromosome, was
transformed by pVGA-3 containing the sulfatase insert and by control uncut
pVGA-3. The transformed E. coli S17-1 was mated with B. thetaiotaomicron
ATCC 29148, and the shuttle plasmid was transferred by conjugation (28).
Bacteroides cells containing the plasmid were selected by anaerobic growth on
supplemented brain-heart infusion-agar plates containing tetracycline (3 mg
ml21) and gentamicin (0.2 mg ml21). For measurements of enzyme expression,
B. thetaiotaomicron cells containing plasmids were grown in medium 10 broth
with 0.3% (wt/vol) chondroitin sulfate, glucose, or maltose as the sole energy
source in the presence of tetracycline (3 mg ml21) to maintain the plasmid.
Mucin-desulfating sulfatase, measured by the glucose-6-sulfatase assay (19), and
GUS (6) activities were measured in cell extracts made by sonication followed by
centrifugation or in the periplasm.

Antibody against Prevotella mucin-desulfating sulfatase and Western blotting.
A chimeric gene construct was made in plasmid pGEX-2T (Amrad Pharmacia
Biotech, Uppsala, Sweden) which contains a glutathione S-transferase (GST)
gene under the control of a lac promoter. A DNA fragment (bases 4431 to 4915
in Fig. 1) encoding the 39 end of the Prevotella sulfatase gene was amplified by
PCR with primers DPW10(F) (59 C GGA TCC TCA TTC CTC GAC CTC TTC
G 39) and TR15(R) (59 TCA GGG AAT TCC CAA GCG GCT TCA CGC TTT
C 39), which have been modified to incorporate BamHI and EcoRI sites. After
restriction digestion, this sulfatase gene fragment was inserted in frame in the
polycloning site at the 39 end of the GST sequence. A chimeric protein of GST
fused to 105 amino acids from the C terminus of the sulfatase was expressed and
purified by glutathione–Sepharose CL-4B affinity chromatography (Amrad Phar-
macia Biotech). Antibodies against the fusion protein were raised in New Zea-
land White rabbits. Antibody production was monitored by enzyme-linked im-
munosorbent assay (ELISA) using inactive recombinant Prevotella sulfatase
produced in an E. coli expression vector as the bound antigen. Rabbit serum was
collected, and antibody against GST epitopes was removed by chromatography
through Sepharose 4B-GST resin. The remaining polyclonal antibody showed
good reactivity with Prevotella sulfatase. Western blotting with this antibody was
performed by standard procedures and with alkaline phosphatase-labeled second
antibody (22) after proteins were electrophoresed on SDS–10% PAGE gels.

Nucleotide sequence accession number. The 5,058-bp XhoI insert has been
given GenBank accession number AF248951.

RESULTS

Sulfatase peptide sequences. Initial attempts to sequence
the N terminus of the intact 58-kDa mucin-desulfating sulfa-
tase were unsuccessful, suggesting that it was blocked. The pro-
tein was subsequently cleaved with trypsin and cyanogen bro-
mide, and five tryptic peptides and four cyanogen bromide
peptides were isolated by reverse-phase HPLC and partially
sequenced (Table 1).

Screening of a partial XhoI gDNA library for sulfatase gene
sequence. Forward and reverse primers based on sulfatase pep-
tide sequences CB2 and CB11 and Prevotella strain RS2 gDNA
template were used for PCR. TR5(R) plus TR6(F) gave no
product, but TR4(F) plus TR7(R) gave an approximately 600-
bp product. This was ligated into M13mp18 and sequenced.
Sequences encoding peptides T6a, T23, T17, and CB14b and
sequence 39 to primer CB2 (Table 1) were present, confirming
that the 600-bp product encoded part of the sulfatase protein.

FIG. 1. Restriction map of the 4.7-kb gDNA fragment from Prevotella strain RS2 cloned in pGEM-7zf(2). Arrows indicate the positions and directions of ORFs
encoding the mucin-desulfating sulfatase (mdsA), the putative sulfatase posttranslational modification protein (mdsB), and a gene sequence tentatively identified as the
N-terminal region of anthranilate phosphoribosyltransferase (apt). The cross-hatched region in mdsA shows the location of the 600-bp PCR product formed using
primers TR4(F) and TR7(R). Nucleotide numbers refer to the 5,058 bp found after sequencing of the gDNA fragment. Restriction sites are indicated by the letters
N (NcoI), Ps (PstI), Pv (PvuII), Sc (SacI), Sl (SalI), Sp (SphI), Su (Sau3AI), Xb (XbaI), and Xh (XhoI).

TABLE 1. Amino acid sequences of mucin-desulfating
sulfatase peptidesa

Peptide Sequence Amino acids

T6a FMYEE 360–364
T6b QAWDAYY 276–282
T16 EQGYATDIVTEHAVE 166–180
T17 LI( )FY 455–459
T23 YMHDYLSTIH 307–316
CB2 (M)( )( )LQKQAWDAYY 270–282
CB11 (M)QNDPNELN( )L 478–488
CB14a (M)PNLKYLGLYDKVEFP 205–220
CB14b (M)YEES(F,L)R(T,D)P 361–369

a Tryptic peptides are given a T prefix, and cyanogen bromide peptides have a
CB prefix. The T6a and T6b and CB14a and CB14b sequences were determined
by sequence analysis of samples which contained both peptides. Empty paren-
theses indicate an unidentified amino acid. (M), deduced methionine. Two
amino acids within parentheses indicates that a decision between the two amino
acids was equivocal. Amino acid numbering corresponds to the MdsA sequence
shown in Fig. 2.
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Southern analysis of XhoI-digested Prevotella gDNA with
the 600-bp PCR product as a probe revealed a 4.7-kb XhoI
fragment. This was large enough to contain the sulfatase gene,
predicted to be about 1.5 kb. A partial genomic library was
constructed by ligating XhoI-digested gDNA (4.2- to 5.2-kb
fragments) into pGEM-7zf(2) and transforming E. coli DH5aF9
to ampicillin resistance. Colonies were screened with the 600-
bp probe, and a positive recombinant plasmid containing an
approximately 4.7-kb gDNA insert was isolated.

Sequence determination of the 4.7-kb XhoI insert. The insert
was characterized by restriction mapping (Fig. 1). The 600-bp
probe bound to a region 1.0 to 0.4 kb from one end. The insert
was sequenced in both directions and contained 5,058 bp.

Nucleotide and amino acid sequences of the sulfatase. The
5,058-bp XhoI insert sequence revealed three open reading
frames (ORFs). One of these, nucleotides 3203 to 4753, is 1,551
bp long and contains the 600-bp PCR product sequence (Fig.
1). There are two possible ATG codons for the initiation of
translation, but subsequent expression of protein in an E. coli
system suggests that translation may start at the first ATG
(nucleotides 3203 to 3205) rather than the second (nucleotides
3218 to 3220) (see below). The ORF from the first ATG codon
encodes a deduced protein of 517 amino acids, with a calculat-
ed molecular mass of 60 kDa. The deduced sequence is shown
as the mucin-desulfating sulfatase A (MdsA-prev) in Fig. 2.
The sequence contains a characteristic signal sequence (Met1

to Ala23) for targeting to the periplasm (29) and all nine sulfa-
tase peptides found previously by microsequencing (Table 1).

Comparisons with primary structures of sulfatases. The de-
duced amino acid sequence of the mucin-desulfating sulfatase
was compared with protein sequences in the SWISS-PROT data-
base. Sequence homology was found with 26 aryl- and non-
arylsulfatases. The deduced protein sizes of these sulfatases
(including signal peptides, where present) were 464 to 649
amino acids. Figure 2 shows the alignment of the Prevotella
mucin-desulfating sulfatase with two bacterial sulfatases, a pu-
tative E. coli sulfatase (Yidj-esch) and Klebsiella pneumoniae
arylsulfatase, and a human lysosomal sulfatase specific for
N-acetylglucosamine-6-sulfate. Regions of similarity extend
throughout the sequences.

Expression of the sulfatase protein in E. coli. An attempt
was made to express the Prevotella sulfatase gene in E. coli. An
MseI restriction fragment containing the entire sulfatase gene
was inserted into pET17b, and the recombinant plasmid was
used to transform E. coli BL21pLysS. A major protein band of
the expected molecular size was induced by IPTG. However,
the protein was concentrated in the cytoplasm rather than the
periplasm, and no enzymatic activity was detected in extracts.
N-terminal analysis of the band gave the sequence MKSDN,
indicating that the first methionine (nucleotides 3203 to 3205)
was the start of translation in this system and that the signal
sequence had not been removed from the bulk of the protein.
Attempts were made to express the sulfatase as an active en-
zyme in other E. coli expression systems, including plasmids
pJLA602 and pET22b. In every case the engineered protein
was the expected size on SDS-PAGE gels but precipitated out
in inclusion bodies and had no enzymatic activity. Attempts to
refold the engineered protein, with or without its signal se-
quence, were unsuccessful.

Expression of the Prevotella mucin-desulfating sulfatase gene
in B. thetaiotaomicron. One possible explanation for the re-
sults obtained using E. coli expression systems is that there
is significant phylogenetic distance between Prevotella and
Escherichia, and though protein translation has occurred, the
subsequent processing of the sulfatase chain—chaperone in-
teraction, posttranslational modification, translocation to the

periplasm, or folding—has not functioned properly. Therefore,
we attempted to express the Prevotella mucin-desulfating sul-
fatase in the closely related genus Bacteroides.

A 1,668-bp genomic DNA fragment (bases 3144 to 4811 of
the 5,058-bp XhoI insert) containing the Prevotella sulfatase
sequence was amplified by PCR. After restriction digestion to
produce compatible ends, this fragment was ligated into the
polylinker region of pVGA-3, downstream from the chondroi-
tin sulfate promoter-operator region and upstream from the
GUS reporter gene. This shuttle plasmid was then transferred
from E. coli S17-1 into B. thetaiotaomicron. A control pVGA-3
plasmid without an insert was also transferred.

Table 2 shows that the strain containing pVGA-3 with the
sulfatase insert expresses both active sulfatase (as measured by
the glucose-6-sulfatase assay) and reporter enzyme GUS when
cells are grown on chondroitin sulfate but not on glucose or
maltose. The control strain containing pVGA-3 with no sulfa-
tase insert expresses only GUS when grown on chondroitin
sulfate but not the other substrates. Clearly the Bacteroides
expression system is able to synthesize and fold the Prevotella
sulfatase. The results of Western blotting of the Bacteroides
recombinant protein were consistent with these enzyme activ-
ity results (Fig. 3). Only cells containing the plasmid with the
mdsA insert and grown on chondroitin sulfate produced a band
at approximately 58 kDa detected by antibody against Pre-
votella sulfatase (lane 1). The enzyme was concentrated in the
periplasm rather than in spheroplasts, as expected (compare
lanes 1 and 5), confirming that the mdsA signal sequence is
recognized. Neither the above cells grown on glucose (lane 3)
nor cells containing a plasmid without the mdsA insert grown
on chondroitin sulfate (lane 2) showed bands. A positive con-
trol containing periplasm from Prevotella cells grown on mucin
is shown in lane 4. When the Prevotella strain was grown on
galactose, no sulfatase band was seen (result not shown).

The specificity of the sulfatase made using the Bacteroides
expression system was compared with that of authentic enzyme
from Prevotella strain RS2 (Table 3). Glucose-6-sulfate was a
substrate for both enzymes. The activity of the periplasmic
enzyme from the recombinant source was higher than that
of the periplasmic enzyme from mucin-grown Prevotella cells.
Two competitive inhibitors, N-acetylglucosamine and N-acetyl-
glucosamine-6-phosphate, inhibited both enzymes.

Identification of a second ORF within the 5,058-bp XhoI in-
sert. In the region upstream from the sulfatase gene, another
ORF 1,257 nucleotides in length was identified, encompassing
nucleotides 1952 to 696 (Fig. 1) and coding in the reverse di-
rection from the sulfatase gene. The predicted peptide of 419
amino acids corresponds to a 49.1-kDa protein. Upstream from
this ORF are two sets of putative RNA polymerase-binding
sequences and a putative ribosome-binding site, while a puta-
tive transcription termination sequence is downstream from
the stop codon.

The deduced protein sequence from this ORF (mdsB in Fig.
1) was compared with sequences in the database. Striking sim-
ilarities were found to three proteins formerly thought to be
involved in transcriptional regulation of sulfatases but recently
shown to be involved instead in sulfatase posttranslational
modification (25). The Prevotella protein showed 65% identity
to B. thetaiotaomicron chondro-6-sulfatase “regulatory pro-
tein” ChuR (3), 44% identity to E. coli putative arylsulfatase
“regulatory protein” AslB (5), and 37% identity to K. pneu-
moniae putative arylsulfatase “regulatory protein” AtsB (14).
Alignment showed that homology with the putative Prevotella
protein MdsB occurred over the length of the proteins. This
homology suggests that the putative Prevotella protein MdsB,
like the Klebsiella protein AtsB, is likely to encode an iron-
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FIG. 2. Alignment of the deduced amino acid sequence of Prevotella strain RS2 mucin-desulfating sulfatase (MdsA-prev) with three other sulfatases: Yidj-esch, from
the SWISS-PROT database, a putative E. coli sulfatase (f497 in reference 2); Gl6s-human, human N-acetylglucosamine-6-sulfatase (G6S in reference 21); and
AtsA-kleb, K. pneumoniae arylsulfatase (14). Amino acids that occur in three of the four sequences are highlighted in reverse type, and a consensus sequence is included.
Where the consensus sequence is highly conserved, the amino acids are underlined.
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sulfur protein involved in posttranslational modification of the
sulfatase, rather than a sulfatase regulatory protein (25).

Identification of a third partial ORF within the 5,058-bp
XhoI insert. Nucleotides 192 to 1 in the 5,058-bp gDNA frag-
ment contain another partial ORF (Fig. 1). Amino acid ho-
mology suggests that the sequence codes for the N terminus of
an anthranilate phosphoribosyltransferase. This protein is not
relevant to mucin degradation or sulfatases, and investigation
of the DNA in this direction was not continued.

DISCUSSION

The Prevotella sulfatase gene mdsA encodes the first mucin-
desulfating sulfatase to be fully characterized. The gene en-
codes a 517-amino-acid proprotein, and the deduced size of
57.6 kDa is consistent with the subunit size of 58 kDa esti-

mated from SDS-PAGE (19). Sequence homologies occur
throughout the length between this mucin-desulfating sulfatase
and other aryl- and nonarylsulfatases, which are proteins of
464 to 649 amino acids. Only one other mucin-desulfating sul-
fatase has been purified, a 15-kDa protein (27), which is much
smaller than any sequenced sulfatase. Given the significant se-
quence homology between sulfatases, it may be difficult to fit
this fecal mucin-desulfating sulfatase into the existing sulfatase
family, and information on its protein sequence would be very
helpful.

The crystal structures of two human sulfatases have been
solved (1, 11), and the critical amino acids participating in
sulfatase substrate and metal binding are highly conserved
(30). In the Prevotella mucin-desulfating sulfatase, 9 of 10 of
these highly conserved active-site residues (30) are found, the
exception being a conservative replacement of glutamine for
asparagine. One of the conserved active-site residues is a
formylglycine, made by posttranslational modification (23) of a
cysteine or serine residue (Ser79 in the Prevotella protein).

A prime objective of the present work was to prepare large
amounts of the Prevotella mucin-desulfating sulfatase by re-
combinant expression, to confirm the identity of the cloned
gene, and to simplify preparation of the enzyme for future
research. However, all attempts to make this sulfatase as an
active enzyme in E. coli expression systems were unsuccessful.
This result was puzzling, as protein synthesis occurred and the
signal sequence should have been usable. Our initial conclu-
sion was that E. coli is probably too distant phylogenetically
from Prevotella for recognition by the host chaperones or trans-
location machinery. We therefore made use of a Bacteriodes
expression system, developed in A. A. Salyers’ laboratory, and
were successful in expressing active sulfatase.

However, a recent paper on expression of the Klebsiella
sulfatase gene (atsA) in an E. coli expression system has pro-
vided a different explanation (25). E. coli contains three sulfa-
tase gene homologs, but no sulfatase activity has been detected
in this bacterium. When the Klebsiella sulfatase gene (atsA)
was cloned into E. coli, the expressed protein was inactive
unless an adjacent Klebsiella gene (atsB) was cloned simulta-
neously (25). The researchers have provided evidence that atsB
is not involved in regulation of sulfatase transcription, as pre-
viously thought, but encodes an iron-sulfur enzyme catalyzing
the critical serine-to-formylglycine posttranslational modifica-
tion necessary for AtsA active-center function. The E. coli ho-
molog of atsB is inactive (25). Our work provides independent
support for this explanation as well as an alternative way of
producing recombinant sulfatase. The Prevotella sulfatase mdsA is
not expressed in E. coli but is expressed in the alternative
Bacteroides expression system, which is known to contain chuR,

FIG. 3. Western blot analysis of recombinant and normal Prevotella strain
RS2 mucin-desulfating sulfatases after SDS-PAGE. Samples analyzed included
the periplasm of chondroitin sulfate-grown B. thetaiotaomicron containing plas-
mid pVGA-3 with the mdsA insert (7 mg of protein) (lane 1) and without the
mdsA insert (7 mg of protein) (lane 2), periplasm of glucose-grown B. thetaio-
taomicron containing plasmid pVGA-3 with the mdsA insert (7 mg of protein)
(lane 3), periplasm of mucin-grown Prevotella strain RS2 (7 mg of protein) (lane
4), lysed spheroplasts of chondroitin sulfate-grown B. thetaiotaomicron contain-
ing plasmid pVGA-3 with the mdsA insert (16 mg of protein) (lane 5) and without
the mdsA insert (23 mg of protein) (lane 6), and lysed spheroplasts of glucose-
grown B. thetaiotaomicron containing plasmid pVGA-3 with the mdsA insert (9
mg of protein) (lane 7). Molecular size standards are shown on the left.

TABLE 2. Specific activities of GUS and mucin-desulfating
sulfatase (MDS) in cell extracts from B. thetaiotaomicron containing

plasmid pVGA-3 with or without the mdsA insert after the
chondroitin sulfate promoter-operator region grown

on medium 10 with various sugar substrates

Plasmid Sugar substrate GUS sp acta MDS sp actb

pVGA-3 Chondroitin sulfate 4.4 0.5
Glucose 0.02 0
Maltose 0.02 0.5

pVGA-3 1 mdsA Chondroitin sulfate 8.5 49
Glucose 0.03 0
Maltose 0 1.3

a GUS specific activity in nanomoles of p-nitrophenol per minute per milli-
gram of cell extract protein.

b MDS specific activity in nanomoles of glucose per minute per milligram of
cell extract protein.

TABLE 3. Comparison of mucin-desulfating sulfatase (MDS)
activities in the periplasm of mucin-grown Prevotella strain RS2 and

the periplasm of chondroitin sulfate-grown B. thetaiotaomicron
containing plasmid pVGA-3 with an mdsA insert

Conditions

Periplasmic MDS activity,
nmol/min/mg of protein

(% inhibition)

Prevotella
strain RS2

B. thetaiotao-
micron

Glucose-6-sulfate substrate 24 82
Glucose-6-sulfate substrate 1 2 mM

N-acetylglucosamine-6-phosphate
3 (87) 12 (85)

Glucose-6-sulfate substrate 1 3 mM
N-acetylglucosamine

10 (58) 51 (38)
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a homolog of atsB, known to be necessary for chondroitin
sulfate desulfation in the host organism. The mdsB and mdsA
genes are adjacent in Prevotella strain RS2, as are their ho-
mologs atsB and atsA in K. pneumoniae. Thus, we speculate
that lack of posttranslational serine modification activity in E.
coli expression systems accounts for the absence of activity of
the Prevotella sulfatase.

Mucin is thought to provide one of several endogenous
energy sources for colon bacteria (12), and there is accumu-
lating evidence that heavy sulfation of mucin rate-limits its
breakdown. Clearly, it is important to identify specific sulfata-
ses from bacteria that remove sulfate from these sulfated mu-
cin sugars and how the levels of these sulfatases are regulated.
In the context of large-bowel inflammatory disease, fecal mu-
cin-desulfating sulfatase levels are elevated in ulcerative colitis
(26), but it is uncertain which bacteria are involved, which sul-
fated sugars are being desulfated, and what has caused the
change in activities. The present research characterizes for
the first time two adjacent genes, encoding a sulfatase and its
putative posttranslational modifying enzyme, which may well
be similar to genes encoding the proteins involved in the mu-
cin-desulfating sulfatase changes recorded in this disease. Pro-
duction of the Prevotella mucin-specific N-acetylglucosamine-
6-sulfatase in a recombinant system should allow us to develop
simple but specific assays for its measurement in colon con-
tents.
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