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The 4-carboxymethylen-4-sulfo-but-2-en-olide (4-sulfomuconolactone) hydrolases from Hydrogenophaga interme-
dia strain S1 and Agrobacterium radiobacter strain S2 are part of a modified protocatechuate pathway responsible
for the degradation of 4-sulfocatechol. In both strains, the hydrolase-encoding genes occur downstream of those
encoding the enzymes that catalyze the lactonization of 3-sulfomuconate. The deduced amino acid sequences of the
4-sulfomuconolactone hydrolases demonstrated the highest degree of sequence identity to 2-pyrone-4,6-dicarboxy-
late hydrolases, which take part in the meta cleavage pathway of protocatechuate. The 4-sulfomuconolactone
hydrolases did not convert 2-pyrone-4,6-dicarboxylate, and the 2-pyrone-4,6-dicarboxylate hydrolase from Sphin-
gomonas paucimobilis SYK-6 did not convert 4-sulfomuconolactone. Nevertheless, the presence of highly conserved
histidine residues in the 4-sulfomuconolactone and the 2-pyrone-4,6-dicarboxylate hydrolases and some further
sequence similarities suggested that both enzymes belong to the metallo-dependent hydrolases (the “amidohydro-
lase superfamily”). The 4-sulfomuconolactone hydrolases were heterologously expressed as His-tagged enzyme
variants. Gel filtration experiments suggested that the enzymes are present as monomers in solution, with molecular
weights of approximately 33,000 to 35,000. 4-Sulfomuconolactone was converted by sulfomuconolactone hydrolases
to stoichiometric amounts of maleylacetate and sulfite. The 4-sulfomuconolactone hydrolases from both strains
showed pH optima at pH 7 to 7.5 and rather similar catalytic constant (k_,/K,,) values. The suggested 4-sulfocat-
echol pathway from 4-sulfocatechol to maleylacetate was confirmed by in situ nuclear magnetic resonance analysis

using the recombinantly expressed enzymes.

Aromatic sulfonic acids are produced in large quantities by
the chemical industry. They are typically used as detergents,
dyes, dispersants, ion exchangers, optical brighteners, and
pharmaceuticals (43). In contrast, aromatic sulfonic acids are
only rarely formed as natural products. Therefore, they are
generally regarded as xenobiotic substances and several exam-
ples for the accumulation of aromatic sulfonic acids in the
environment have been described (1, 2, 25, 35, 36, 44).

Previous studies of the microbial degradation of simple ben-
zene- and naphthalenesulfonates demonstrated that these
compounds are in most cases initially desulfonated by ring-
hydroxylating dioxygenases to the corresponding diols (29, 30,
42, 45). In contrast, a coculture of Hydrogenophaga intermedia
strain S1 and Agrobacterium radiobacter strain S2 initially oxi-
datively deaminated 4-aminobenzenesulfonate (sulfanilate) to
4-sulfocatechol (4SC) (14). More recently it was shown that
4-sulfocatechol is also formed as a ring fission substrate in the
catabolic pathways for the degradation of 1,3-benzenedisulfo-
nate and linear alkylbenzenesulfonates (LAS) (11, 12, 13, 37,
40). This indicated that 4-sulfocatechol is a central intermedi-
ate in the degradation of substituted sulfonated benzenes,
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which are released by humans in quantities of more than 10° t
annually.

The sulfanilate-degrading coculture of H. intermedia S1 and
A. radiobacter S2 converted 4-sulfocatechol to 3-sulfomuconate
by variants of protocatechuate 3,4-dioxygenases, which con-
verted protocatechuate and 4-sulfocatechol (8, 10). In the next
enzymatic step, 3-sulfomuconate is converted to a sulfonated
lactone (Fig. 1). The abilities of the 4-sulfocatechol- and 3-sul-
fomuconate-transforming enzymes to also convert their car-
boxylated structural counterparts (protocatechuate and 3-car-
boxy-cis,cis-muconate) and sequence comparisons clearly
demonstrated that both enzymes are related to the corre-
sponding enzymes of the protocatechuate branch of the B-ke-
toadipate pathway. These enzymes were therefore designated
as “type Il enzymes” (8, 10, 15, 17, 18, 19). The product formed
enzymatically from 3-sulfomuconate in the cycloisomerization
reaction has been identified as 4-carboxymethylen-4-sulfo-but-
2-en-olide (“4-sulfomuconolactone” [4SL]) (15, 17). This
metabolite structurally resembles its equivalent from the pro-
tocatechuate pathway (4-carboxymethylen-4-carboxy-but-2-en-
olide [“4-carboxymuconolactone”]) (Fig. 1). However, further
metabolism of 4-carboxymuconolactone and 4SL must be fun-
damentally different because it is not possible to eliminate the
sulfonic acid substituent via the same mechanism used to de-
carboxylate 4-carboxymuconolactone (Fig. 1). Therefore, it
was previously suggested that 4-sulfomuconolactone is hydro-
lytically desulfonated to maleylacetate (15).

The presumed differences in the reaction mechanisms for
the conversion of the carboxylated and sulfonated lactones
suggest that 4-sulfomuconolactone hydrolase is the key enzyme
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FIG. 1. Proposed pathway for the degradation of 4-sulfocatechol
and protocatechuate by Agrobacterium radiobacter S2 (15). En-
zymes: I, protocatechuate 3,4-dioxygenase type 2; II, 3-carboxy-
cis,cis-muconate-lactonizing enzyme type 2; III, 4-sulfomuconolac-
tone hydrolase; IV, maleylacetate reductase; V, protocatechuate
3,4-dioxygenase type 1; VI, 3-carboxy-cis,cis-muconate-lactonizing
enzyme type 1; VII, 4-carboxymuconolactone decarboxylase; VIII,
B-ketoadipate enol-lactone hydrolase. Compounds: 4SC, 4-sulfocat-
echol; 3SM, 3-sulfomuconate; 4SL, 4-sulfomuconolactone (4-car-
boxymethylene-4-sulfobut-2-en-4-olide); MA, maleylacetate; KA,
B-ketoadipate; PC, protocatechuate; 3CM, 3-carboxy-cis,cis-muconate;
4CL, 4-carboxymuconolactone; EL, B-ketoadipate enol-lactone.

in the modified B-ketoadipate pathway for the conversion of
substituted benzenesulfonates. Therefore, in the present study,
the 4-sulfomuconolactone hydrolases (4SLHs) from H. inter-
media S1 and A. radiobacter S2 were analyzed on the enzymatic
and molecular levels to further clarify the evolution of the
modified B-ketoadipate pathway that is responsible for the
conversion of various xenobiotic and environmentally harmful
sulfonated benzenes.
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MATERIALS AND METHODS

Bacterial strains and media. The isolation, characterization, and culture con-
ditions for Hydrogenophaga intermedia S1 (DSMZ 5680) and Agrobacterium ra-
diobacter S2 (DSMZ 5681) have been described previously (9, 14, 15).

Escherichia coli DH5a, E. coli JM109, and E. coli BL21(DE3)pLysS (Invitro-
gen, Carlsbad, CA) were used as host strains for recombinant DNA work. E. coli
strains were routinely cultured in Luria-Bertani (LB) medium supplemented
with ampicillin (100 pg/ml), if appropriate.

Plasmids and DNA manipulation techniques. The characteristics of all plas-
mids used are given in Table 1. The isolation of genomic DNA of H. intermedia
S1 and A. radiobacter S2, the amplification of DNA by PCR, and all recombinant
DNA work was performed as described previously (17).

Determination of the nucleotide sequence of the 4-sulffomuconolactone hydro-
lase gene from A. radiobacter S2. The genes coding for the protocatechuate
3,4-dioxygenase type II and 3-carboxy-cis,cis-muconate-lactonizing enzyme type
1I from A. radiobacter (ArCMLE2), which in A. radiobacter S2 are responsible for
the conversion of 4-sulfocatechol to 4-sulfomuconolactone, had been previously
identified on plasmid pMCS2-2. Downstream of the gene encoding the A. ra-
diobacter CMLE2, a truncated gene encoding a putative hydrolase was identified
(open reading frame [ORF] 4) (10, 17). The missing part of ORF 4 was obtained
using partial inverse PCR (32). Finally a DNA fragment was amplified from the
genomic DNA of A. radiobacter by using the primers MC_CHA_1 and
MC_CHA_2 (Table 2). The amplified DNA fragment (ca. 2 kb) was cloned into
pBluescript IT SK(+), giving pS2PDH-2. Nucleotide sequencing of the insert
demonstrated that it carried the missing part of the gene encoding the 4-sulfo-
muconolactone hydrolase and a putative maleylacetate reductase gene.

Sequencing of the 4-sulfomuconolactone hydrolase gene from H. intermedia
S1. The gene encoding the 4-sulfomuconolactone hydrolase from H. intermedia
S1 was identified downstream of the gene encoding the 3-sulfomuconate-con-
verting CMLE2 from H. intermedia (HICMLEZ2) on an approximately 2-kb DNA
fragment previously obtained by PCR using the primers pcaBS1_1930F and
pcaBS1_1888R (17). The DNA-fragment was completely sequenced and found
to encode the carboxy-terminal part of the HICMLE2, the 4SLH, and the amino-
terminal part of a maleylacetate reductase.

Amplification and cloning of the 4-sulfomuconolactone hydrolases in E. coli.
The genes encoding the 4SLHs of H. intermedia S1 and A. radiobacter S2 were
amplified from the genomic DNA of the strains by PCR using the primers
PDHS1-X-N, PDHS1-X-B, PDHS2-X-N, and PDHS2-X-C (Table 2), using
“Ready to Go” PCR beads (Amersham). This resulted in the simultaneous
introduction of Ndel sites upstream and BamHI sites downstream of the genes.
The amplified products were partially cleaved with Ndel and BamHI (there is a
Ndel cleavage site in the 4SLH gene of strain S1) and cloned into pAC28 (23),
previously digested with Ndel and BamHI. This resulted in the recombinant
plasmids pSHSLHS1 and pSHSLHS2, which carried amino-terminal His-tagged
enzyme variants. The plasmids were subsequently used to transform cells of E.
coli BL21(DE3)pLysS. The integrity of the insert was verified by sequencing.

Nucleotide sequence analysis. The DNA sequences were determined by
dideoxy chain termination with double-stranded DNA of overlapping subclones
in an automated DNA-sequencing system. (ALF-Sequencer, Amersham-Phar-
macia, Freiburg, Germany) with fluorescently labeled primers.

Sequence analysis, database searches, and sequence comparisons were per-
formed with Lasergene software, version 5 (DNASTAR Inc., Madison, WI), and
BLAST at NCBI (4).

TABLE 1. Bacterial plasmids

Plasmid Relevant characteristics Source or reference
pBlueskript II SK(+) Standard cloning vector, ap” 3
pAC28 T7- Expression vector 23
pSHSLHS1 4-Sulfomuconolactone hydrolase gene from H. intermedia S1 in pAC28 This study
pSHSLHS2 4-Sulfomuconolactone hydrolase gene from A. radiobacter S2 in pAC28 This study
pMCS2-2 pcaG2 genes for a putative TRAP transport system, the putative IcIR regulator, pcaB2S2, and 10
the gene fragment for the C-terminal part of the 4-sulfomuconolactone hydrolase from
A. radiobacter S2 in pBluescript I SK(+)
pS2PDH-2 C-terminal part of the gene for the 4-sulfomuconolactone hydrolase and the maleylacetate This study
reductase from A. radiobacter S2 in pBluescript IT SK(+)
pETS2-X-I1 Expression of pcaH2G2 from A. radiobacter S2 under the control of the T7 promoter 8
pDS15 Gene for the 2-pyrone-4,6-dicarboxylate hydrolase from S. paucimobilis SYK-6 under the 28

control of the T7 promoter
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TABLE 2. Oligonucleotide primers used in the present study

Position Primer name Deduced primer sequence® (5'—=3")"
C-terminal region of the 4-sulfomuconolactone MC_CHA_1 GATGCGGTCGAGCGTTCTG
hydrolase from H. intermedia S1
Downstream of the 4-sulfomuconolactone MC_CHA 2 CGAAAGTGTTGCAGCGACCG
hydrolase gene from H. intermedia S1
N terminus of the 4-sulfomuconolactone PDHS2-X-N AAAACATATGTTACCCGCTGATCAAGCTGG
hydrolase from A. radiobacter S2
C terminus of the 4-sulfomuconolactone PDHS2-X-C AAAAGGATCCGTTGCATTGAATATCCGCCCC
hydrolase from A. radiobacter S2
N terminus of the 4-sulfomuconolactone PDHS1-X-N TTTTCATATGTCAGAACAAGCTGTTGAAGTTTCGC
hydrolase from H. intermedia S1
C terminus of the 4-sulfomuconolactone PDHS1-X-B TTGGATCCTCATGCTCCCTTGGCAACC

hydrolase from H. intermedia S1

“ The underlined sequences indicate the recognition sites for the restriction endonucleases Ndel and BamHI.

Amino acid sequence alignment. Amino acid sequences were aligned using
ClustalX (41) and default parameters. The computed dendrogram was visualized
using TreeView version 1.6.6 (31).

High pressure liquid chromatography. The turnover of 4-sulfocatechol, 3-sul-
fomuconate, and 4-sulfomuconolactone was analyzed by reversed-phase High
pressure liquid chromatography (HPLC; pump model 510 equipped with a pho-
todiode array detector model 996 and Millenium Chromatography Manager 2.0;
Waters Associates, Milford, MA). A reversed-phase column (250- by 4.0-mm
internal diameter) packed with 3-um particles of Nucleosil C,g was used. The
flow rate was 1 ml/min. The separated compounds were detected photometrically
at 210 nm, using a photodiode array detector. The solvent system consisted of
98.9% (vol/vol) water, 1% (vol/vol) methanol, and 0.1% (vol/vol) H;PO,. The
average retention times of 4-sulfocatechol, 3-sulfomuconate, and 4-sulfomucono-
lactone under these chromatographic conditions were 3.7, 3.4, and 4.3 min,
respectively.

The turnover of 4SL to maleylacetate was analyzed using a different reversed-
phase column (125- by 4.0-mm internal diameter) packed with 5-um particles of
Lichrospher 100, RP8) and a solvent system consisting of 16% (vol/vol) aceto-
nitrile, 83.7% water, and 0.3% (vol/vol) trifluoroacetic acid. In this system, 4SL
and maleylacetate had average retention times of 1.3 and 2.7 min, respectively.

Preparation of cell extracts. Cell suspensions in 50 mM Tris-HCI buffer (pH
8.0) were disrupted by using a French press (SLM Aminco; SLM Instruments
Inc., Urbana, IL) at 1.1 X 10% Pa. Cells and cell debris were removed by
centrifugation at 100,000 X g for 30 min at 4°C.

Protein content estimation and enzyme assays. The protein content of cell
extracts was determined by the method of Bradford (6). Bovine serum albumin
was used as a standard. One unit of enzyme activity is defined as the amount of
enzyme that converts 1 wmol of substrate per minute.

The conversion of 4-sulfomuconolactone was routinely measured by using a
spectrophotometric assay. The cuvettes contained a final volume of 1 ml of 100
1M 4SL (synthesized enzymatically from 4-sulfocatechol; see below) and 50 mM
Tris-HCl buffer (pH 8). The reactions were started by the addition of cell extracts
or purified enzyme preparations. The increase in absorption due to the formation
of maleylacetate was determined at 242 nm. The reaction rates were calculated
by using a molar extinction coefficient for maleylacetate of €54, ,n, = 4,740
M~ 'em™! (38).

2-Pyrone-4,6-dicarboxylate hydrolase activity was determined spectrophoto-
metrically, using the method described by Masai et al. (28). The cuvettes con-
tained a total volume of 1 ml of 50 mM Tris-HCI (pH 8) and 100 wM 2-pyrone-
4,6-dicarboxylate. The reactions were started by the addition of cell extracts, and
the decrease of absorption was monitored at A = 312 nm. Reaction rates were
calculated by using a molar extinction coefficient of 6,600 M~! cm™' (28).

All kinetic data were fitted using Graphpad Prism version 4.0 (Graph Pad
Software, San Diego, CA).

Purification of the His-tagged enzyme variants of the 4-sulfomuconolactone
hydrolases. E. coli BL21(DE3)pLysS(pSHSLHS1) and E. coli BL21(DE3)pLysS
(pSHSLHS2) were grown at 30°C in LB medium plus kanamycin (50 pg/ml) to an
optical density at 546 nm of 0.5. Subsequently, isopropyl-B-D-thiogalactopyranoside
(1 mM) was added, and the bacterial cultures were grown for another 5 h. The cells
were then harvested by centrifugation, and cell extracts were prepared in Tris-HCI
buffer (50 mM [pH 8.0]). The cell extracts (about 120 mg of protein) were trans-
ferred to a 20-ml fast-performance high-pressure liquid chromatography column
filled with Ni-nitrilotriacetic acid Superflow agarose (QIAGEN) that was previously

equilibrated with 1 to 2 column volumes of the equilibration buffer consisting of
Tris-HCI (50 mM [pH 8.0]), NaCl (300 mM), imidazole (20 mM), and 1,4,-dithio-
p,L-threitol ([DTT]; 1 mM). Subsequently, the column was washed with 1 to 2
column volumes of the equilibration buffer. Finally, the active enzymes were eluted
using a buffer system (pH 8.0) consisting of Tris-HCI (50 mM), NaCl (300 mM),
DTT (1 mM), and imidazole (100 mM). Fractions were collected (5 ml each), and
those showing enzymatic activity (usually the third and fourth fractions) were used
for the enzymatic tests.

Determination of molecular mass. The relative molecular masses of the native
enzymes were determined by gel filtration using a Superdex 200 preparative-
grade column (Amersham Biosciences) calibrated with a “high-molecular
weight” calibration kit (Amersham Biosciences).

Polyacrylamide gel electrophoresis. Sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis was performed by the method of Laemmli (26), and
the gels were routinely stained with Coomassie blue. In some experiments, the
gels were silver stained using a Dodeca silver stain kit (Bio-Rad).

Determination of the metal content of the 4-sulfomuconolactone hydrolase
from H. intermedia S1. The purified enzyme (about 100 pg of protein in 300 .l
of 50 mM Tris-HCI [pH 8.0]) was dialyzed twice at 4°C for 36 h against 4 liters
of 50 mM Tris-HCI (pH 8.0). The extinction coefficient of the protein was
calculated from the known amino acid sequence as 42,420 cm™' M~! (16;
http://www.basic.northwestern.edu). As the sample demonstrated an extinction
of 0.26 at 280 nm, the protein content of the dialyzed protein solution was
calculated as 6 wM. The metal content of the sample was analyzed by plasma
mass-spectroscopy (Spurenanalytisches Laboratorium Baumann, Maxhiitte-
Haidhof, Germany).

Spectrophotometric quantitation of sulfite. The enzymatic release of sulfite
from 4-sulfomuconolactone was quantified by using Ellman’s reagent [5,5'-di-
thiobis(2-nitrobenzoic acid)] as described in the report by Johnston et al. (21).

Enzymatic production of 4-sulfomuconolactone. 4-Sulfomuconolactone for
the enzyme assays was prepared by two sequential enzymatic reactions: 4-sulfo-
catechol (4 mM in 1 ml of 50 mM Tris-HCI [pH 8.0]) was converted to 3-sulfo-
muconate, using a cell extract from E. coli BL21(DE3)pLysS(pETS2-X-1I) (4.5
mg of protein), which heterologously expressed the protocatechuate 3,4-dioxy-
genase type I (P340II) from A. radiobacter S2 (10, 17). The reaction mixtures
were incubated in an Eppendorf shaker at 1,400 rpm and 30°C, and the reaction
was monitored by HPLC until substrate depletion (after approximately 45 min).
Then, 50 pl (0.5 mg protein/ml) of a purified preparation of the 3-sulfomu-
conate-converting ArCMLE1 (18) was added. The reaction mixtures were
shaken, and the reaction was further analyzed by HPLC until the complete
conversion of the 3-sulfomuconate was achieved (usually after 25 to 30 min). The
proteins were removed by centrifugation in an ultrafiltration unit (Vivaspin, 2 ml;
Concentrator, 10,000 MW cutoff; PES membrane), and the filtrates were used
for the enzyme assays.

In situ 'H nuclear magnetic resonance analysis of the transformation of
4-sulfocatechol. 4-Sulfocatechol was dissolved in 4 ml of 50 mM Tris-HCl buffer
(pH 8.0) to give a final concentration of 4 mM. An aliquot of this solution was
supplemented with 20% (vol/vol) D,O and transferred to the nuclear magnetic
resonance (NMR) sample tube (0.7 ml). The one-dimensional "H NMR spectra
were recorded at 300 K on an AVANCE DMX 600 NMR spectrometer (Bruker,
Rheinstetten, Germany) locked to the deuterium resonance of D,O in the
solution. Spectra were recorded using the standard Bruker one-dimensional
nuclear Overhauser effect spectroscopy suppression sequence with 280 scans,
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each with a 1.8-s acquisition time and a 1.3-s relaxation delay. The center of the
suppressed water signal was used as an internal reference (4.80 ppm). (The same
NMR-conditions were also used for the determination of the structures of the
intermediates and the product of the reaction sequence.)

4SC (4 mM in 1 ml of 50 mM Tris-HCI [pH 8.0]) was converted by the addition
of a cell extract (26 mg of protein) from E. coli BL21(DE3)pLysS(pETS2-X-IT)
(10) which expressed the 4SC-converting P34OI1. The reaction was analyzed in
parallel by using HPLC and NMR analysis. The HPLC analysis solvent system
(1% [vol/vol] methanol, 98.9% water, and 0.1% [vol/vol] H;PO,) demonstrated
that the addition of the enzyme preparation resulted after 30 min in the complete
conversion of 4SC (retention time [R,] = 3.7 min) to a product with an R, of 3.4
min. A part of the solutions containing the substrate or the product were simul-
taneously analyzed by NMR.

In the following step, a diluted sample (1:1 [vol/vol]; 1 ml) of the product
solution (containing about 2 mM 3-sulfomuconate) was incubated with 50 pl (0.1
mg/ml) of the purified 3-sulfomuconate-converting HICMLE2. The His-tagged
HiCMLE2 was purified by affinity chromatography as described previously (17),
and the imidazole, which inhibited the enzyme, was removed by ultrafiltration
(Vivaspin 20; Sartorius) and by subsequent dilution of the concentrated protein
solution in 50 mM Tris-HCI (pH 8.0). The reaction mixture was incubated on a
laboratory shaker, and aliquots were analyzed by HPLC. This demonstrated that
3-sulfomuconate was completely converted to 4-sulfomuconolactone after 60
min. The sample was then analyzed by NMR (see Results).

The solution containing the 4-sulfomuconolactone (1 ml; 2 mM) was incu-
bated with the purified 4-sulfomuconolactone hydrolase from H. intermedia S1
(50 pl; 0.5 mg/ml). The HPLC analysis demonstrated that the substrate was
completely converted within 60 min. The product formed was further character-
ized by NMR in comparison to that of a previously produced sample of maleyl-
acetate (32).

Chemicals. 4-Sulfocatechol was synthesized according to the procedure described
by Quilico (34).

Maleylacetate was prepared from 4-carboxymethylene-but-2-en-olide (cis-
dienelactone) by alkaline hydrolysis (22). The cis-dienelactone was dissolved in
water (2 mM; 10 ml) and 50 pl of 1 M NaOH was added. The formation of
maleylacetate was analyzed spectrophotometrically at 242 nm until no further
increase in absorbance was observed.

cis-Dienelactone and 2-pyrone-4,6-dicarboxylate were kindly provided by M.
Schlomann (TU Freiberg, Germany) and E. Masai (Nagaoka University of Tech-
nology, Japan). All other chemicals used were obtained from Aldrich (Steinheim,
Germany), Fluka (Buchs, Switzerland), Merck (Darmstadt, Germany), and
Sigma (Neu-Ulm, Germany).

Nucleotide sequence accession number. The nucleotide sequences of the sul-
fomuconolactone hydrolases were deposited in the GenBank nucleotide se-
quence database under the accession numbers DQ813261 and DQ813262,
respectively.

RESULTS

Identification, cloning, and sequencing of the genes encod-
ing the 4-sulfomuconolactone hydrolases from H. intermedia
S1 and A. radiobacter S2. Previously, the genes encoding two
3-carboxy-cis,cis-muconate-lactonizing enzymes were identi-
fied in the genomes of H. intermedia S1 and A. radiobacter S2.
These genes were localized in both strains in close proximity to
the genes coding for protocatechuate 3,4-dioxygenases. Fur-
thermore, it was shown that the encoded proteins were able
to convert 4-sulfocatechol (P340OII) and 3-sulfomuconate
(CMLEI) (8, 10, 17, 18). Therefore, it was postulated that in
both strains, the genes encoding the P34OIIs (pcaH2G2) and
CMLEs (pcaB2) were part of genetic structures of a higher
order which were responsible for the degradation of 4-sulfo-
catechol. In order to search for the genes coding for the sup-
posed 4-sulfomuconolactone hydrolase, the genomic regions
downstream of pcaB2 were sequenced. This resulted in the
identification of two rather similar genes in both strains. The
genes encoded proteins of 303 (strain S1) and 299 (strain S2)
amino acids, which showed 57% amino acid sequence identity
to each other.
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FIG. 2. Comparison of the proposed reactions catalyzed by 2-pyrone-
4,6-dicarboxylate hydrolases and 4-sulfomuconolactone hydrolases. PDC,
2-pyrone-4,6-dicarboxylate; CHMS, 4-carboxy-2-hydroxymuconate-6-semi-
aldehyde; 4SL, 4-sulfomuconolactone; MA, maleylacetate.

Sequence comparisons demonstrated for both enzymes the
highest degree of amino acid sequence identity (57 to 68%) to
a recently sequenced putative dicarboxylic acid hydrolase from
Novosphingobium subarcticun SA1 (NCBI accession number
AAW29742). Presumably, this enzyme belongs to the sulfani-
late/4-sulfocatechol degradation gene cluster in this organism
(GenBank accession number AY700015). A comparison of the
putative 4-sulfomuconolactone hydrolases with sequences de-
posited at the NCBI database for which an enzymatic activity
has been experimentally determined demonstrated the highest
degree of amino acid sequence identity (30 to 32%) to the
2-pyrone-4,6-dicarboxylate hydrolases (PDCH) from Sphin-
gomonas paucimobilis SYK-6 and Pseudomonas ochraceae (P.
straminea). The PDCHs occur in the extradiol cleavage path-
way of protocatechuate (27, 28). A comparison of the struc-
tural features of the respective substrates of the PDCHs
(2-pyrone-4,6-dicarboxylate) and the 4-sulfomuconolactone
hydrolases (4-carboxymethylen-4-sulfo-but-2-enolide) showed
that both substrates resembled each other in their lactone
structure and the presence and relative position of negatively
charged groups (Fig. 2). This suggested that the two genes
cloned from H. intermedia S1 and A. radiobacter S2 encoded
4-sulfomuconolactone hydrolases.

The genes encoding 4-sulfomuconolactone hydrolases and
putative maleylacetate reductases are organized in a con-
served sequential order. Downstream of the 4-sulfomucono-
lactone hydrolase gene from H. intermedia S1, a BLAST search
identified a truncated ORF encoding 244 amino acids which
showed 63% amino acid sequence identity with amino acids
29 to 217 of a putative maleylacetate reductase from the
putative 4-sulfocatechol operon of Novosphingobium subarcti-
cum (GenBank accession number AAW29743.1) and 61%
amino acid sequence identity with amino acids 23 to 217 of a
presumed maleylacetate reductase from the 2,4-p-degrading
Burkholderia cepacia 2a strain (GenBank accession number
AAKS1685.1).

Also in A. radiobacter S2, downstream of the 4-sulfomucono-
lactone hydrolase gene, a gene encoding a putative maleylac-
etate reductase was identified (on plasmid pS2PDH-2). The
deduced gene product, with a length of 351 amino acids,
showed again the highest degree of sequence identity (63%)
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FIG. 3. Structures of the gene clusters for the catabolism of protocatechuate and 4-sulfocatechol from Hydrogenophaga intermedia S1 and
Agrobacterium radiobacter S2 compared to the protocatechuate gene clusters from Rhodococcus opacus, Acinetobacter baylyi ADP1, Pseudomonas
putida, and Agrobacterium tumefaciens (17). Homologous genes are shaded in the same way. “Type II enzymes” indicate those isoenzymes of the
protocatechuate pathway which demonstrate increased relative activities with sulfonated substrates.

with the sequence deposited for Novosphingobium subarcticum
(GenBank accession number AAW29743.1).

Thus, in both strains, a conserved gene order encoding a
3-carboxy-cis,cis-muconate-lactonizing enzyme, a 4-sulfomu-
conolactone hydrolase, and a putative maleylacetate reductase
were found (Fig. 3). Maleylacetate reductases are involved in
the proposed degradative pathway of 4-sulfocatechol (Fig. 1).
This suggested that in both strains a three-gene functional unit
exists which is apparently dedicated to the degradation of sub-
stituted benzenesulfonates.

Functional expression of the 4-sulfomuconolactone hydro-
lases in E. coli. The ORFs carrying the two putative 4-sulfo-
muconolactone hydrolases were amplified by PCR from the
genomic DNAs of strains S1 and S2 and cloned into the ex-
pression vector pAC28 (see Materials and Methods). This
yielded plasmids pSHSLHS1 and pSHSLHS2, which contained
the genes encoding the His-tagged variants of the 4-sulfomu-
conolactone hydrolases from H. intermedia S1 and A. ra-
diobacter S2, respectively. The enzymes encoded were func-
tionally expressed in E. coli (see Materials and Methods), and
cell extracts were analyzed by SDS gel electrophoresis. In both
transformants, the induction of a protein with a subunit mass
of about 35 kDa was observed.

Identification of maleylacetate as reaction product. The en-
zyme variants were purified on nickel-agarose columns by im-
mobilized metal ion affinity chromatography. The purified pro-
teins (according to SDS gel electrophoresis, >90% pure) were
incubated with 4-sulfomuconolactone, which was enzymatically
prepared from 4-sulfocatechol by using protocatechuate 3,4-
dioxygenase and 3-sulfomuconate-lactonizing enzymes (see
Materials and Methods). The spectrophotometric analysis of
the reaction mixture by using overlay spectra clearly demon-
strated that 4-sulfomuconolactone was converted by the en-
zymes to a product which showed an increased absorbance at
around 240 nm (Fig. 4). This suggested that maleylacetate was
the reaction product, because at neutral pH, this compound
has an absorption maximum of 242 nm. Furthermore, acidifi-

cation of the reaction mixture to pH 2 resulted in the reversible
disappearance of the absorption maximum (7).

The presence of an isosbestic point in the overlay spectra sug-
gested that the substrate was stoichiometrically and directly con-
verted into the product. The transformation of a defined concen-
tration of 4-sulfomuconolactone (0.1 mM) with the purified
4-sulfomuconolactone hydrolase from E. coli BL21(DE3)pLysS
(pSHSLHS1) resulted in an increase in absorbance of 0.48 at 242
nm. This value correlated well with the reported molar extinction
coefficient of maleylacetate of 4,740 M~ cm™* (38), indicating

0,8 4

Abs

0,0 T T T T

220 240 260 280 300
Wavelength (nm)

FIG. 4. Spectrophotometric analysis of the conversion of 4-sulfo-
muconolactone by the purified sulfomuconolactone hydrolase from H.
intermedia S1. The reaction mixture was contained in a final volume of
1 ml of 50 mM Tris-HCI (pH 8.0), 100 uM 4-sulfomuconolactone, and
5 wl of a purified preparation of the 4-sulfomuconolactone hydrolase
from H. intermedia (C,,, = 0.5 mg/ml). The overlay spectra were
recorded every min against a reference cuvette containing the same
ingredients but no enzyme.
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TABLE 3. Kinetic data for the conversion of 4-sulfomuconolactone by the 4-sulfomuconolactone hydrolases from H. intermedia
S1 and A. radiobacter S2

Molecular mass per

Kinetic data = SD“

Enzyme Source .

i subunit (kDa) K,, (mM) Vo (UImg) ke (min ) kKo, (M min )
HiSLH H. intermedia S1 34.7 1.9 *+05 79.0 = 18.6 2700 = 600 1400
ArSLH A. radiobacter S2 32.9 0.34 = 0.14 12.6 = 3.3 400 = 100 1200

“ Kinetic data + standard deviations (SD) were calculated by nonlinear regression using Prism 4 software (GraphPad Software, San Diego, CA). V., values were

calculated based on the protein content.

that 4-sulfomuconolactone was indeed stoichiometrically con-
verted to maleylacetate.

The formation of maleylacetate was further substantiated by
HPLC analysis of the reaction. Thus, 4-sulfomuconolactone (1
mM in 50 mM Tris-HCI [pH 8.0]) was incubated in 1 ml for 20
min at room temperature with 50 pg of the purified 4-sulfo-
muconolactone hydrolase from H. intermedia S1, and the re-
action mixture was analyzed by HPLC. This resulted in the
disappearance of the signal for 4SL (R, = 1.3 min) and the
formation of a new signal with a retention time of 2.7 min.
The latter signal was identified by comparison with an authen-
tic standard according to its retention time and in situ spec-
trum as maleylacetate.

The 4-sulfomuconolactone-hydrolyzing activities of the recom-
binant E. coli strains were calculated spectrophotometrically using
the increase in absorbance at 242 nm and a molar extinction
coefficient for maleylacetate of 4,740 M~* cm ™. Thus, in E. coli
JM109(pSHSLHS1) and E. coli IM109(pSHSLHS?2) 4SLH activ-
ities of 0.25 and 0.05 U/mg of protein, respectively, were found.

Identification of sulfite as reaction product. The hydrolytic
desulfonation of 4-sulfomuconolactone should result in the
formation of maleylacetate plus sulfite. Therefore, different
concentrations of 4-sulfomuconolactone (0.02 to 0.08 mM in
50 mM Tris-HCl-buffer [pH 8.0]) were incubated for 10 min
with the purified 4-sulfomuconolactone hydrolase from H. in-
termedia S1 (concentration, 0.5 mg/ml), and the amount of
sulfite formed was determined using Ellman’s reagent (21).
For all substrate concentrations, almost stoichiometrical
amounts (R? = 0.99) of sulfite were formed from the 4-sulfo-
muconolactone. In contrast, in control experiments without
added enzyme, no sulfite was formed.

Characterization of the 4-sulfomuconolactone hydrolases
from H. intermedia S1 and A. radiobacter S2. The molecular
masses of the purified His-tagged enzymes were determined by
gel filtration. Thus, for the 4-sulfomuconolactone hydrolases
from H. intermedia S1 and A. radiobacter S2, molecular weights
of 34,700 and 32,900, respectively, were determined. This sug-
gested that both enzymes have monomeric structures as pre-
viously found for the PDCH from S. paucimobilis SYK-6 (28).

Both hydrolases showed their pH optima at pH 7 to 7.5;
approximately 30% of the maximal activities were still detected
at pH 5 and pH 9.

The steady-state kinetic parameters were determined for
both enzymes by using different concentrations (20 to 300 uM)
of 4-sulfomuconolactone in 50 mM Tris-HCI (pH 8.0). The
enzyme from strain S1 showed significantly higher V.., and K,,
values, but the catalytic constants (k.,,/K,,) of both enzymes
were similar (Table 3).

cat

4-Sulfomuconolactone hydrolases are related to metallo-de-
pendent hydrolases. Sequence comparisons at the NCBI data-
base using the “Conserved Domain Search” program suggested
sequence similarities among the 4-sulfomuconolactone hydro-
lases, the PDCHs, and the metallo-dependent hydrolases (the
“amidohydrolase superfamily”) (E-value of 0.000003). The den-
drograms generated by the “Conserved Domains” program sug-
gested a close relationship of the 4-sulfomuconolactone hydro-
lases and the PDCHs with dihydroorotases and other
amidohydrolases (“cyclic amidases”), which convert cyclic amides,
such as p-hydantoinases and dihydropyrimidases. The predicted
relationship of 4-sulfomuconolactone hydrolases and metallo-de-
pendent hydrolases was further investigated by amino acid se-
quence alignments. The resulting dendrogram underlined clearly
that 4-sulfomuconolactone hydrolases (and PDCHs) were related
to metallo-dependent hydrolases and not to dienelactone hydro-
lases (Fig. 5a), which catalyze the hydrolysis of the lactone ring in
the chlorocatechol pathway (39). Moreover, the amino acid se-
quences of both the 4-sulfomuconolactone hydrolases and the
PDCHs exhibit a conserved DXHXH motif (Fig. 5b) that is in-
volved in the interaction with metal ions such as Mn**, Mg**,
Zn**, Ni**, or Co*" in the active centers of metallo-dependent
hydrolases (24).

The metal content of a sample of the purified His-tagged
variant of the 4-sulfomuconolactone hydrolase from H. inter-
media S1 was determined by using plasma mass-spectroscopy.
The sample contained 0.197 pg/ml Zn, 0.079 pg/ml Mg, 0.052
pg/ml Ni, 0.038 wg/ml Fe, 0.003 wg/ml Mn, and 0.001 pg/ml
Co. The calculation of the Zn*" content and the protein con-
centration in the sample suggested that about 0.6 mol of Zn**
was present per mole of enzyme (see Materials and Methods).
Therefore, the sulfomuconolactone hydrolase activity was
tested in the presence of different metal ions and thiol reagents
(0.5 mM each). These experiments demonstrated that the ad-
dition of ZnCl, and CuCl, resulted in a complete inhibition of
the enzyme activity. In contrast, still in the presence of N-
ethylmaleimide, 60% of the initial activity was recovered.

4-Sulfomuconolactone hydrolases do not convert 2-pyrone-
4,6-dicarboxylate. The sequence comparisons and the structural
similarities of the substrates suggested the possibility of some
cross-reactivities between PDCHs and 4-sulfomuconolactone hy-
drolases. Therefore, PDC (0.1 mM in 1 ml of 50 mM Tris-HCl
[PH 8.0]) was incubated with a cell extract of E. coli
BL21(DE3)pLysS(pSHSLHS1) (5 pl; 4.5 mg ml~" of protein;
0.25 U/mg), and the reaction mixture was analyzed spectropho-
tometrically. No changes in absorbance between 200 and 400 nm
were observed within 30 min of taking several overlay spectra. As
PDC shows a pronounced absorbance maximum at a A of 312 nm,
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FIG. 5. Comparison of the amino acid sequences of different 4-sulfo-
muconolactone hydrolases, 2-pyrone-4,6-dicarboxylate hydrolases, and
dienelactone hydrolases. (a) Dendrogram showing the predicted relation-
ship of 4-SLHs with metallo-dependent hydrolases. The sequence of the
3-carboxy-cis,cis-muconate-lactonizing enzyme from Hydrogenophaga in-
termedia S1 (CMLEHIi) was used as an outgroup. (b) Sequence alignment
showing the conserved regions in 4-sulfomuconolactone hydrolases,
PDCHs, and metallo-dependent hydrolases. The conserved residues are
indicated by an asterisk, and motif DXHXH is shaded. Numbers indicate
the position of the conserved glycin residue in each protein. Gk, Geoba-
cillus kaustophilus HTA426 (GenBank accession no. YP_147276); Hs,
Homo sapiens (GenBank accession no. NP_001376); Hi, Hydrogenophaga
intermedia  (GenBank accession no. AAXI11217 for CMLE and
DQ813261 for 4-SLH); Ar, Agrobacterium radiobacter S2 (X); Ps, Pseudo-
monas straminea (GenBank accession no. BAD04056); Sp, Sphingomonas
paucimobilis (GenBank accession no. BAA33799); Sc, Saccharomy-
ces cerevisiae (GenBank accession no. NP_012293); Pk, Pseudomo-
nas knackmussii (GenBank accession no. AAB71539); Ro, Rhodo-
coccus opacus (GenBank accession no. 067988).

this indicated that 4-sulfomuconolactone hydrolases do not con-
vert PDC. In a second reaction mixture, a cell extract from E. coli
JM109(pDS15), which heterologously expressed the PDCH from
S. paucimobilis SYK-9 (28), was incubated with 4-sulfomucono-
lactone or PDC (0.1 mM each), and the reaction mixtures were
analyzed spectrophotometrically. These extracts converted PDC
(0.3 U/mg) but did not convert 4-sulfomuconolactone. Thus,
4-sulfomuconolactone hydrolases and PDCHs have distinctly dif-
ferent enzyme specificities.

NMR analysis of the complete 4SC pathway and confirmation
of maleylacetate as the first desulfonated intermediate. The pro-

J. BACTERIOL.

posed metabolic pathway of 4-sulfocatechol was finally con-
firmed by '"H NMR analysis of the in-situ-formed metabolites.
Thus, 4-sulfocatechol and its metabolites were sequentially
incubated with (i) a cell extract from E. coli BL21(DE3)pLysS-
(pETS2-X-1I) expressing P340l1, (ii) a purified preparation of
the 3-sulfomuconate and 3-carboxy-cis,cis-muconate-lactoniz-
ing enzyme (17), and (iii) the 4-sulfomuconolactone hydrolase
from H. intermedia, and the metabolic reactions were moni-
tored by '"H NMR analysis.

The substrate showed the presence of three aromatic pro-
tons resonating at 6.99 (d, J = 8.2 Hz), 7.27 (dd, J = 8.2 and
<2 Hz), and 7.31 ppm (d, J = <2Hz) (Fig. 6) in accordance
with the 4-sulfocatechol structure (15). Turnover by the
P340II resulted in the formation of 3-sulfomuconate as con-
firmed by the "H NMR spectrum. Three olefinic protons were
observed, with signals at & values of 6.13 (HS5), 6.40 (H4), and
6.62 (H2) ppm. The large coupling constant between H4 and
HS indicates that they are located in an open-chain configura-
tion typical of muconates. The addition of HICMLE?2 resulted
in the formation of a product with NMR characteristics previ-
ously reported for 4-sulfomuconolactone (15). Two olefinic
protons resonate at a d value of 6.43 and 7.87 ppm, respec-
tively, and the small coupling constant of 5.6 Hz indicates the
presence of the olefinic protons in a closed five-membered ring
system. Two protons of a methylene group resonate at d values
of 3.21 and 3.27 ppm. The signals were split into doublets due
to a geminal coupling of 14.3 Hz. The 4-sulfomuconolactone
hydrolase converted 4-sulfomuconolactone into a single prod-
uct with characteristics previously reported for maleylacetate
(33). Two olefinic protons (8 = 6.34 and 6.49 ppm) were
present in an open-chain formation as evidenced by the cou-
pling constant of 12 Hz, and two methylene protons were
observed at a & of 3. 56 ppm.

DISCUSSION

The present study is the final part of our investigation of the
enzymes and genes involved in the degradation of 4-sulfocat-
echol (8, 10, 17, 18, 19). This study was undertaken as 4-sul-
focatechol has been identified as a central intermediate in the
microbial degradation of various substituted benzenesulfon-
ates and LAS, which are probably the quantitatively most im-
portant class of xenobiotic compounds which are deliberately
released by mankind into the environment (5, 20).

The present study clearly demonstrated that the 4-sulfomu-
conolactone hydrolases are evolutionarily not related to the
4-oxoadipate enol-lactone hydrolases participating in the ortho
cleavage pathways of catechol and protocatechuate but are
more closely related to (although distinct from) the 2-pyrone-
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FIG. 6. Summary of the '"H NMR signals obtained for 4-sulfocatechol and its transformation products.
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4,6-dicarboxylate hydrolases from the extradiol cleavage path-
way of protocatechuate. It was previously suggested by Masai
et al. (28) that the PDCH from S. paucimobilis SYK-6 might
contain a catalytically active cysteine residue in its active cen-
ter, because the enzyme was sensitive to thiol reagents such as
Ellman’s reagent and N-ethylmaleimide. Furthermore, the au-
thors proposed, from the surrounding amino acids, a specific
cysteine residue that could most probably fulfill this function
(Cys76). It was therefore surprising that in our sequence com-
parisons of the 4-sulfomuconolactone hydrolases and PDCHs,
the corresponding cysteine residue was not conserved but re-
placed by valine or isoleucine residues in the 4-sulfomucono-
lactone hydrolases. A subsequent sequence analysis using the
“Conserved Domain Search” at the NCBI database then indi-
cated sequence similarities between the PDCHs, the 4-sulfo-
muconolactone hydrolases, and the so-called cyclic amidases,
which include the p-hydantoinases, dihydropyrimidases, allan-
toinases, and dihydroorotases. All these enzymes hydrolyze
cyclic amides and contain divalent metal ions, such as Mn?*,
Mg?", Zn**, Ni**, or Co?*, which presumably are bound to
the enzymes by some highly conserved histidine residues (24).
Conserved histidine residues are also present in the PDCHs
and 4-sulfomuconolactone hydrolases. This indicates that
these enzymes also belong to the metallo-dependent hydro-
lases. This assumption is also supported by the structural re-
semblance of the substrates converted by the cyclic amidases,
the 4-sulfomuconolactone hydrolases, and the PDCHs, which
are all five- or six-membered ring systems containing one to
two amide or ester groups.

The inability of the 4-sulfomuconolactone hydrolases and
the PDCHs to convert the respective substrates of the other
group of hydrolases clearly demonstrated that these enzymes
indeed show distinct enzyme specificities. This was also re-
flected in the presence of certain conserved amino acid resi-
dues within the sequences of the 4-sulfomuconolactone hydro-
lases which differed from the homologous positions in the
PDCHs. Furthermore, the genomic context of the respective
genes within the genomes was different. The genes coding for
the 4-sulfomuconolactone hydrolases were found (probably
within operon structures) between the genes encoding (sulfo-
muconate-converting) CMLEIIs and those genes that presum-
ably encode maleylacetate reductases. In contrast, the genes
coding for the enzymatically characterized PDCHs from S.
paucimobilis SYK-6 and Pseudomonas ochraceae NGJ1 (and
also the genes presumably encoding PDCHs in Sphingomonas
sp. strain LB126, Comamonas testosteroni BR6020, and Ar-
throbacter keyseri) were all found in operon structures which
encoded all relevant enzymes of the protocatechuate meta
cleavage pathway (27). This extradiol degradative pathway
does not include enzymes with any significant homology to
CMLE:s or maleylacetate reductases. This observation should
allow a differentiation of PDCHs and 4-sulfomuconolactone
hydrolases during the annotation of new sequences obtained in
the course of genome sequencing projects.

The complete study of the degradation of 4-sulfocatechol
demonstrated that 4-sulfocatechol and 3-sulfomuconate were
converted by enzymes which are clearly related to enzymes
from the protocatechuate branch of the 3-oxoadipate pathway
(8, 10, 17, 18). In contrast, clearly different origins could be
shown for the enzymes which convert 4-carboxymethylen-4-
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carboxy-but-2-en-olide (“4-carboxymuconolactone”) in the
protocatechuate pathway or 4-carboxymethylen-4-sulfo-but-2-
en-olide (“4-sulfomuconolactone”) in the sulfocatechol path-
way. This clearly resembles the situation observed for the deg-
radation of chlorocatechols, which in most cases are degraded
via a modified version of the catechol branch of the 3-oxoadi-
pate pathway. Also in this metabolic pathway, it was found that
the chlorocatechol- and chloromuconate-converting enzymes
were clearly homologous to the enzymes involved in the me-
tabolism of the naturally occurring substrate benzoate. In con-
trast, in the catechol and chlorocatechol pathways, different
types of hydrolases are necessary for the ring opening of the
intermediately formed lactone ring structures, which do not
show any evolutionary relationship with each other (39). Thus,
it appears that in both branches of the 3-oxoadipate pathway,
nature has used rather similar strategies for the evolution of
metabolic pathways which release substituents as anions. An
interesting variation of this theme in the 4-sulfocatechol path-
way is the observed pronounced sequence similarity between
the 4-sulfomuconolactone hydrolases and the 2-pyrone-4,6-di-
carboxylate hydrolases. This suggests a rather unique evolu-
tionary connection between the intradiol and the extradiol
pathways for the degradation of aromatic compounds.
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