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Pseudomonas putida S-313 can utilize a broad range of aromatic sulfonates as sulfur sources for growth in
sulfate-free minimal medium. The sulfonates are cleaved monooxygenolytically to yield the corresponding
phenols. miniTn5 mutants of strain S-313 which were no longer able to desulfurize arylsulfonates were isolated
and were found to carry transposon insertions in the ssuEADCBF operon, which contained genes for an ATP-
binding cassette-type transporter (ssu4ABC), a two-component reduced flavin mononucleotide-dependent mono-
oxygenase (ssuED) closely related to the Escherichia coli alkanesulfonatase, and a protein related to clostridial
molybdopterin-binding proteins (ssuF). These mutants were also deficient in growth with a variety of other
organosulfur sources, including aromatic and aliphatic sulfate esters, methionine, and aliphatic sulfonates
other than the natural sulfonates taurine and cysteate. This pleiotropic phenotype was complemented by the
ssu operon, confirming its key role in organosulfur metabolism in this species. Further complementation anal-
ysis revealed that the ssuF gene product was required for growth with all of the tested substrates except meth-
ionine and that the oxygenase encoded by ssuD was required for growth with sulfonates or methionine. The
flavin reductase SsuE was not required for growth with aliphatic sulfonates or methionine but was needed for
growth with arylsulfonates, suggesting that an alternative isozyme exists for the former compounds that is not
active in transformation of the latter substrates. Aryl sulfate ester utilization was catalyzed by an arylsulfo-

transferase, and not by an arylsulfatase as in the related species Pseudomonas aeruginosa.

The sulfur content of aerobic soils is made up almost entirely
of sulfonates and sulfate esters of undefined structure. Inor-
ganic sulfate, by contrast, is comparatively poorly represented
and constitutes less than 5% of the sulfur in these environ-
ments (2). In order to meet their sulfur requirements, soil
bacteria must therefore be able to mobilize this organically
bound sulfur and assimilate it into cell material. Utilization of
the naturally occurring alkanesulfonates taurine, isethionate,
and cysteate as sulfur sources is widespread in soil isolates (24,
38), although complete degradation of these compounds as
carbon and energy sources appears to be limited to a few
species. The ability to hydrolyze alkyl or aromatic sulfate esters
is also common in bacteria from soil and water environments.
Arylsulfatase is a stable soil enzyme and has been used as a
marker for biological activity in soils (37). Alkyl sulfatase en-
zymes are also very common and were found in 15% of isolates
obtained nonselectively from a noncontaminated environment
(52).

In contrast to the naturally occurring alkanesulfonates and
aliphatic and aromatic sulfate esters, aromatic sulfonates are
regarded as xenobiotic compounds (20) and are produced in-
dustrially as surfactants, dyestuffs, and cement additives. These
compounds are mineralized as a carbon source by a number of
bacterial isolates, but the dioxygenase systems that catalyze the
desulfonation step are limited in the range of substrates that
they will accept. Species that accept arylsulfonates as a sulfur
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source, by contrast, tolerate a broad range of different substitu-
ents on the aromatic ring (12, 21, 54). The best-characterized
such isolate is Pseudomonas putida S-313 (54). Desulfonation
of arylsulfonates in this strain is catalyzed by a putative mono-
oxygenase system, which converts the substrate quantitatively
to the corresponding phenol (21, 54). Although the sulfonatase
has not yet been stabilized in vitro, whole-cell experiments
have shown that its expression is repressed during growth with
preferred sulfur sources such as sulfate, cysteine, or thiocya-
nate (5). The arylsulfonatase, and/or an arylsulfonate transport
system, is therefore a member of a substantial group of pro-
teins whose synthesis is downregulated in the presence of sul-
fate or cysteine and derepressed during growth with organo-
sulfur sources or during starvation for sulfur (19, 22, 47).

In a previous study (49), we isolated a number of classes of
transposon mutants of P. putida S-313 which had lost the ability
to grow with aromatic sulfonates as the sulfur source. Mutants
from two of these classes appeared to show a pleiotropic phe-
notype and were deficient not only in growth with arylsulfo-
nates but also in growth with a variety of other organosulfur
compounds. We report here the further characterization of
one of these mutant classes and the cloning and molecular
characterization of the P. putida ssu gene cluster. Our results
show that the ssu gene products, and especially SsuD and SsuF,
play a role in desulfurization of a variety of organosulfur com-
pounds in P. putida.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids used in
this study are listed in Table 1. All P. putida strains were grown aerobically at
30°C in a succinate-salts minimal medium (22). Sulfur sources were added as
described in Results, to a final concentration of 250 to 500 wM. Escherichia coli
was grown aerobically in Luria-Bertani medium (36) at 37°C. Growth was mon-
itored as turbidity at 600 or 650 nm. Antibiotics were added at the following
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant features

Reference or source

E. coli
DH5« supE44 AlacU169 ($80 lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl Laboratory collection
RK4353 araD139 A(argF-lac)U169 deoC1 flhD5301 fruA25 gyrA219 non-9 relA1 rpsL150 39
VIS1778 RK4353 moaA-250::Tnl0d(Tc) V. Stewart
BL21(DE3) F~ ompT [lon] hsdSg (5~ mg; B strain); A\DE3 lysogen with T7 RNA polymerase Novagen

P. putida
S-313 Prototroph, arylsulfonate desulfonation 54
SN34 ssuE::miniTn5Km 49
PW2 ssuB::miniTnSKm This study
PW7 ssuB::miniTnSKm This study
PWI10 ssuC::miniTn5Km This study

Plasmids
pBluescript II KS Ap’, cloning vector Stratagene
pBBRIMCS-3 Tc', broad-host-range cloning vector 27
pET-24b Overexpression vector Novagen
pUCP24 Gm’, broad-host-range cloning vector 51
pKLAS-25 atsBA genes of K. pneumoniae in pBluescript T. Dierks
pME4071 7.5-kb Clal fragment from SN34 in pBluescript This study
pME4368 ssuE gene of P. putida in pET-24b This study
pME4404 1.4-kb KpnlI-EcoRI fragment from pME4071 in pBluescript This study
pME4420 5.2-kb Xhol-HindIII chromosomal DNA fragment from P. putida S-313 in pBluescript This study
pME4421 6.1-kb Kpnl-HindIII fragment in pBluescript, IsfA ssuEADCBF This study
pME4423 5.0-kb Xbal fragment from pME4421 in pBBRIMCS-3, ssuEADCBF parallel to lac promoter This study
pME4424 5.0-kb Xbal fragment from pME4421 in pPBBRIMCS-3, ssuEADCBF antiparallel to lac promoter This study
pME4426 atsA gene of P. aeruginosa in pPBBR1IMCS-3 This study
pME4441 atsBA genes of K. pneumoniae in pUCP24 This study
pME4431 PME4423, AssuE This study
pME4432 PME4423, AssuA This study
pME4433 PME4423, AssuD This study
pME4443 pME4424 with 293 bp upstream of ssuE This study
pME4578 Xhol-Munl deletion of pME4423, ssuF in pBBR1IMCS-3 This study

concentrations: for E. coli ampicillin at 100 pg/ml, tetracycline at 25 pg/ml,
gentamicin at 15 wg/ml, and kanamycin at 25 pwg/ml; for P. putida, tetracycline at
25 pg/ml, gentamicin at 25 pg/ml, and kanamycin at 25 pg/ml. When required in
sulfate-free medium, kanamycin chloride (25 wg/ml) was prepared and used as
previously described (47). Sulfur-limited solid media were prepared by addition
of 1.5% molecular biology grade agarose (Eurobio).

Measurement of growth characteristics. Growth experiments were done at
30°C in microtiter plates with 150 wl of culture using a SPECTRAmax Plus
microtiter plate reader with SOFTmax PRO software (Molecular Devices), as
previously described (48). The turbidity at 650 nm was measured every 5 min,
and the plate was shaken for a period of 30 s before each measurement.

For growth under molybdenum starvation conditions, all buffers were made up
in plastic ware instead of glassware, and the cells were precultured overnight in
molybdenum-free medium. All glassware used for this experiment was washed
consecutively with 3 M HCI (three times), 0.4 M NaOH (three times), and
double-distilled water (three times).

DNA manipulations. Plasmid isolation, restriction enzyme digestion, and
transformation of E. coli were carried out using published procedures (1). P.
putida was transformed by electroporation in 0.1-cm cuvettes (12.5 kV/cm), using
a GenePulser apparatus (Bio-Rad, Hercules, Calif.). Southern analysis was car-
ried out by standard methods (1), using digoxigenin-labeled probes labeled by
PCR.

Cloning of the ssuEADCBF genes. The interrupted genes in mutant strains
SN34, PW2, PW7, and PW10 were identified by the transposon rescue tech-
niques previously described (19). Suitably sized transposon-containing DNA
fragments were identified by Southern analysis using the digoxigenin-labeled kan
gene as a probe. For sequencing and complementation studies, a 7.5-kb Clal
fragment from strain SN34 was cloned into linearized, dephosphorylated pBlue-
script vector, to give plasmid pME4071. A 1.4-kb Kpnl-EcoRI fragment from
pME4071 was cloned into pBluescript vector to give pME4404, containing ssuE’.
A 5.2-kb Xhol-HindIIl chromosomal DNA fragment containing ssu’' EADCBF
was cloned into pBluescript to give pME4420, and this 5.2-kb fragment was
subsequently cut out of pME4420 and transferred into pME4404 linearized with
Xhol-BamHI, to give pME4421. The entire operon was recloned into
pBBRIMCS-3 as an Xbal fragment to give plasmids pME4423 and pME4424,
and deletion plasmids were constructed from pME4423 by removal of the fol-
lowing fragments and blunting where required: pME4431 (AssuE), Xhol-Sapl
deletion; pME4432 (AssuA), BsrG1-Bpn 11021 deletion; pME4433 (AssuD),
Stul-Eam 11051 deletion; and pME4578 (AssuEADCB), Xhol-Munl deletion.

PME4443 was constructed by inserting a 796-bp PCR fragment generated with
primers ssuprofor2 (5'-AAGAGCTCCCCAAAGGTTATCGCG-3') and ssu-
prorevl  (5-TCGTGCAAGCGCTCTTCC-3') into  Sacl-Sapl-digested
pME4424. For overexpression, the ssuE gene was cloned into pET-24b (Nova-
gen) as a 592-bp PCR fragment generated with primers ssuEfor (5'-AAGCGC
TCATATGCTGGTCGTC-3") and ssuErev (5'-AAACTCGAGGATGCTCCA
GCGGGCGC-3') to yield plasmid pME4368. Overexpression was carried out in
E. coli BL21(DE3), at 25°C.

Enzyme assays. Flavin reductase activity was assayed as NAD(P)H-dependent
flavin mononucleotide (FMN) reduction at 430 nm as previously described (23).
Arylsulfatase activity was measured as conversion of nitrocatecholsulfate to ni-
trocatechol (A = 515 nm; € = 13,000 M) (4). Arylsulfotransferase assays (500-
wl mixtures) contained nitrocatecholsulfate (10 mM), 50 pl of cell lysate (pre-
pared with washed, exponential-phase cells), and acceptor (10 mM) (see Table 3)
in 70 mM Tris acetate, pH 9.0. The assay mixture was incubated at 30°C for 60
min, during which period enzyme activity was linear with time (data not shown).
Release of 4-nitrocatechol was measured spectrophotometrically at 515 nm.
When phenols were used as acceptors, the reading was corrected for the absor-
bance at 515 nm of a blank assay mixture containing no nitrocatecholsulfate.

DNA sequence analysis. DNA sequences were determined on both strands
using an ABI Prism 310 sequencer. Analysis of DNA and protein sequences was
done with the Genetics Computer Group package. Signal peptide analysis was
carried out by the method of Nielsen et al. (33).

Other methods. Two-dimensional gel electrophoresis was carried out as pre-
viously described (19), and proteins were excised from the gel and concentrated
by standard methods (10). N-terminal amino acid sequences were determined by
Edman degradation using an Applied Biosystems 120A PTH Sequenator. Pro-
tein was measured with the Bio-Rad protein reagent (6), using bovine serum
albumin as the standard.

Nucleotide sequence accession number. The nucleotide sequence reported in
this study has been deposited in the GenBank database under accession number
AF075709.

RESULTS

Mutants of P. putida S-313 with a pleiotropic defect in or-
ganosulfur metabolism. P. putida S-313 is able to grow with a
variety of different organosulfur compounds as the sulfur
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TABLE 2. Relative growth rates of P. putida strains S-313, SN34,
and SN34(pME4423) with different sulfur sources

Growth rate? of strain:
Sulfur source

S-313 SN34 SN34(pME4423)
Sulfate 100.0 100.0 100.0
Cysteine 90.5 97.3 91.7
Thiocyanate 100.6 105.3 103.6
Benzenesulfonate 9.8 0.0 8.6
Toluenesulfonate 37.7 0.0 32.2
Pentanesulfonate 60.9 0.0 58.6
Methanesulfonate 79.9 33 101.2
Taurine 87.2 86.4 79.9
Cysteate 60.1 54.7 58.0
Isethionate 98.0 0.0 105.3
Nitrocatecholsulfate 74.9 0.9 80.8
Hexylsulfate 58.9 0.0 51.5
Homocysteine 50.3 5.0 355
Methionine 89.9 0.0 88.8

“ Growth rates were measured in a succinate-salts growth medium at 30°C in
a SPECTRAmax Plus microtiter plate reader, as described in Materials and
Methods. Values are relative to the growth rate with sulfate (u = 0.66 h™").

source for growth. To investigate the genetic basis for growth
with sulfonates and sulfate esters, we carried out transposon
mutagenesis with miniTn5Km and screened the mutants ob-
tained for loss of the ability to grow either with benzenesulfo-
nate or with 5-bromo-4-chloro-indoxylsulfate (X-sulfate) as
the sulfur source. Growth of these strains was then further test-
ed in a sulfur-free succinate-salts medium with a variety of or-
ganosulfur compounds as the sole sulfur sources. Four of the
mutants identified, strains SN34, PW2, PW7, and PW10, were
found not only to be defective in desulfurization of benzenesul-
fonate or X-sulfate but also to have lost the ability to grow with
a variety of other organosulfur compounds, including a range
of aromatic and aliphatic sulfonates or aromatic and aliphatic
sulfate esters. Growth of strain SN34 was studied in more
detail (Table 2), and this strain was also found to be unable to
grow with methionine or methionine biosynthetic intermedi-
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ates as the sulfur source, although the other three mutants
could desulfurize these compounds. All of the mutant strains
grew as fast as the wild-type strain when sulfate, cysteine, or
thiocyanate was supplied as the sulfur source, demonstrating
that the defects were not located in the sulfate assimilation
pathway. Interestingly, in the presence of taurine (2-aminoeth-
anesulfonate) or cysteate, strain SN34 grew at the same rate
as the wild type, though it did not grow with isethionate (2-
hydroxyethanesulfonate). This suggests that taurine and cyste-
ate are desulfurized by a pathway separate from that for other
alkanesulfonates in this species, as previously reported for
E. coli with taurine (47), and that the sulfite released by the
taurine desulfonation reaction can be utilized normally by
strain SN34. Together, these results showed that the transpo-
son insertions in the mutant strains were in a locus (or loci)
which was specifically involved in organosulfur utilization and
not in the well-characterized sulfate assimilation pathway (28).

Cloning and sequence analysis of the ssuEADCBF genes. In
order to characterize the mutated loci in strain PW2, PW7,
PW10, and SN34, the regions flanking the miniTn5 insertions
were cloned by transposon rescue techniques and sequenced.
Full sequencing of a 5.9-kb fragment (Fig. 1) revealed that the
transposon insertions had all occurred in a six-gene operon
ssuEADCBF, with SN34 being interrupted 50 bp from the end
of the ssuE gene, PW10 being interrupted 100 bp from the start
of ssuC, and PW2 and PW7 being interrupted in ssuB (550 and
455 bp from the start of ssuB, respectively). A further open
reading frame, IsfA4, was identified upstream of ssuE, reading in
the same direction as the ssu genes but separated from them by
235 bp. All of the ssu reading frames were preceded by good
consensus ribosome binding sites, and the overall GC content
of the coding region was 65%. Sequence comparison of the ssu
genes revealed that the operon encoded two separate groups of
proteins. The first group consists of ssuA, ssuB, and ssuC, which
are the genes for a putative ATP-binding cassette (ABC)-type
transport system. SsuA is a 200-amino-acid protein showing
highest similarity (57% amino acid identity) to the taurine-
binding protein (47). This assignment as a periplasmic protein
was confirmed by the presence of a putative signal peptide

SN34 % pw7PW2
|z > | ssub )| ssud >| ssuD >| ssuC >f ssuB >E‘>
¢ XX 8 B BC B skee ;
/i
miniTnSKm
pME4071 1 kb
pME4404
pME4420
pME4421
pME4423 )
pME4424 <

FIG. 1. Map of the ssu region of the P. putida chromosome. The positions of the miniTn5Km insertions in strains SN34, PW2, PW7, and PW10 are shown, as are
selected restriction sites: Bp, Bpn1102I; Bs, BsrG1; C, Clal; E, EcoRI; Ea, Eam11051; H, HindIII; K, Kpnl; S, Sapl; St, Stul. X, Xhol; Xb, Xbal. Several plasmids
described in the text are shown, and the location of the lac promoter in the vector is indicated with a solid triangle.
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FIG. 2. Two-dimensional electropherograms of total cell protein from P. putida S-313. Cells were grown in succinate minimal medium with sulfur for growth provided as
inorganic sulfate (A) or toluenesulfonate (B). Proteins that are upregulated during growth in the absence of sulfate are circled, and the SsuF protein is indicated.

(amino acids 1 to 28). SsuB and SsuC correspond, respectively,
to the ATP-binding component (32 to 65% identity to the
ATP-binding components of known transporters) and the per-
mease component (25 to 40% identity to known permease
components) of such systems. Hydrophobicity analysis of the
SsuC protein revealed the presence of six putative transmem-
brane helices, and SsuB was found to contain the consensus
motif expected for the ATP-binding component of a transport
system (16).

The second group of proteins encoded in the ssu operon are
encoded by the ssuD and ssuE genes. These are present in a
number of species, and in E. coli they have been shown to en-
code a two-component desulfonative monooxygenase system.
This consists of the NADPH:FMN reductase SsuE and the
FMNH,-dependent desulfonative oxygenase SsuD, which cat-
alyzes the desulfonation of unsubstituted alkanesulfonates (13).
SsuD displays 22 to 30% identity to other FMNH,-dependent
oxygenases, including SnaA (pristinamycin synthase, A sub-
unit, which catalyzes the final step in biosynthesis of the
antibiotic pristinamycin [42]), DszA (dibenzothiophene [DBT])
dioxide monooxygenase, which cleaves DBT dioxide to the cor-
responding hydroxybiphenylsulfinate [15]), and NtaA (nitrilo-
triacetate monooxygenase [25]). The P. putida ssuD and ssuE
gene products are very similar to the MsuE and MsuD proteins
of Pseudomonas aeruginosa (30 and 71% amino acid identity,
respectively) which are involved in methanesulfonate metabo-
lism in this species (23). Measurements of NADH-dependent
FMN reductase activity in crude extracts of strains S-313 and
SN34 showed no difference between the two strains, suggesting

that more than one FMN reductase may be present in the cell,
as has also been observed in P. aeruginosa. From the deletion
studies presented below, however, SsuE appears to be required
for utilization of aromatic sulfonates, and it may therefore
form part of a complex with SsuD.

The distal gene in the ssu gene cluster, ssuF, encodes a small
protein (7.6 kDa) with 40 to 43% identity to molybdopterin-
binding proteins of Clostridium pasteurianum (18) and which is
closely related to molybdopterin-binding proteins of Azotobac-
ter vinelandii (30) and Rhodobacter capsulatus (50).

The gene immediately upstream of the ssu genes, Isf4, en-
codes a 212-amino-acid protein which belongs to the thiol-
specific antioxidant (ahpC-tsaA) family (7), with 44 to 70%
identity to the AhpC or TsaA enzymes from the nematode
Onchocerca volvulus, yeast, rice, barley, and various bacteria.
This large family of related proteins is involved in responses to
various types of oxidative stress. The derived N-terminal pep-
tide sequence of LsfA was also 92.9% identical to the N-ter-
minal sequence determined experimentally for protein PA11,
one of the sulfate starvation-induced proteins of P. aeruginosa
(19, 34). Since expression of protein PA11 is regulated by sul-
fur supply, it seems likely that IsfA4 of P. putida is also regulated
in the same manner. However, it is probably not cotranscribed
with the ssu operon, since sequence analysis revealed a strong
terminator signal 40 bp downstream of the Isf4 stop codon (see
below).

Regulation of SsuF expression by sulfate. In an earlier study
(22) we reported that during growth in the absence of sulfate,
cysteine, or thiocyanate, P. putida S-313 responds by synthesis
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FIG. 3. Growth of P. putida PW7 (A) and P. putida PW7(pME4578) (B) in succinate minimal medium with different sulfur sources. Growth curves were measured
in a SPECTRAmax Plus microtiter plate reader, as described in Materials and Methods. Sulfur sources: m, sulfate; O, hexylsulfate; @, nitrocatecholsulfate; A,

pentanesulfonate; A, benzenesulfonate; *, methionine. —, no sulfur.

of a set of additional proteins, the sulfate starvation-induced
stimulon. The most intense of the proteins detected in the
earlier study was a small (7.6-kDa) protein with a pl value of
approximately 6.8. This protein was now identified on prepar-
ative two-dimensional gels (Fig. 2), excised and concentrated
by standard methods (10), and subjected to N-terminal amino
acid analysis. The amino acid sequence determined by Edman
sequencing was XAINVRNQFKGTVK, which corresponded
to the predicted sequence for SsuF. This indicated not only
that the ssu operon is expressed only in the absence of sulfate
but also that under derepressing conditions the distal gene in
this operon is surprisingly strongly expressed.

SsuF is required for growth with sulfate esters and sulfo-
nates but not with methionine. Strains PW2, PW7, and PW10
contained disruptions in the ssuB and ssuC genes (Fig. 1). To
test whether the observed phenotype was directly due to the
loss of the disrupted genes or to a polar effect on ssuF, mutants
PW7 and SN34 were transformed with the ssuF gene on plas-
mid pME4578. On this construct the ssuF gene is under the
control of the lac promoter, which is constitutively expressed in
Pseudomonas species. In the presence of ssuF, growth with
hexylsulfate or nitrocatecholsulfate was restored in both mu-
tants (Fig. 3). Strain PW7 also regained the ability to utilize
sulfonates as the sulfur source when provided with the ssuF
gene, but strain SN34 did not, nor did strain SN34 regain the
ability to grow with methionine as the sulfur source. This in-
dicated that the SsuF protein is required for growth with sul-
fonates and sulfate esters but not with methionine. It also pro-
vided indirect confirmation that the ssuEADCBF genes are
coexpressed as an operon, since the sulfate ester-negative phe-
notype of strain SN34 was due to the polar effect on ssuF
expression of an insertion in ssuk.

Since the predicted peptide sequence of the 7.6-kDa SsuF
protein showed similarity to several molybdopterin-binding
proteins, it was tempting to speculate that a molybdoprotein
might be involved in sulfate ester and sulfonate metabolism.
To test this hypothesis, P. putida S-313 was grown in molybde-
num-deficient medium with sulfate as the sulfur source and
then transferred to sulfate-free medium with toluenesulfonate

as the sole sulfur source. No significant difference in growth
pattern was seen between the low-molybdate and high-molyb-
date media, although it should be noted that complete molyb-
denum starvation conditions may be difficult to attain (14).
However, in a separate experiment we were able to show that
an E. coli moaA mutant (strain VJS1778 [39]) which was de-
ficient in molybdopterin biosynthesis was able to grow as well
with pentanesulfonate as could the parent strain RK4353. In E.
coli, at least, molybdopterin therefore appears not to play a
role in the desulfonation process.

The SsuD protein is required for desulfonation of aromatic
and aliphatic sulfonates. For complementation analysis of
strain SN34, the entire ssuEADCBF operon was cloned into
the broad-host-range medium-copy-number vector pPBBR1IMCS-
3, to give plasmids pME4423 and pME4424. In pME4423 the
ssuEADCBF genes were under the control of the lac promoter
of pBBR1MCS-3, while the operon was in the opposite orien-
tation in pME4424 (Fig. 1). These constructs were introduced
into strain SN34. Strain SN34(pME4423) displayed the same
growth rate as the wild type with all of the sulfur sources tested
(Table 2), confirming that the ssuEEADCBF operon is sufficient
to complement all of the observed growth defects of strain
SN34. Introduction of pME4424 into strain SN34 had no effect
on the growth characteristics of the mutant strain, suggesting
that a part of the ssu promoter region is missing (data not
shown). Addition of a further 237-bp fragment to the proximal
end of the operon in plasmid pME4424 generated plasmid
PME4443 (Fig. 1 and 4). This construct was able to comple-
ment the negative growth phenotypes of strain SN34. Sequence
analysis revealed that the insert in pME4424 terminated in the
middle of a consensus ¢’°-type promoter about 40 bp upstream
of the ssuE translation initiation site but that this promoter was
restored in the longer construct, pME4443 (Fig. 4). The pres-
ence of a putative rho-independent terminator sequence distal
to the IsfA gene also suggests that the Isf4 and ssuE genes are
transcribed separately.

Deletions were then constructed in the ssuF, ssuA, and ssuD
genes on pME4423 as described in Materials and Methods,
and the resultant plasmids were tested for their ability to com-
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PME4443 %
GCAGCGCTTCCCCAAAGGTTATCGCGCTGTGAAACCGTATCTGCGGCT
IsfA4 stop codon
GACCCCGCAACTTAACCGTTAACGCATTCTTCGTTGCATTGTTCTTAG

CCATAGCAGGGATTTTCGGGCCGTTTCGACGGCCCTTTTTTATGCCTG

CACGCTTTAGTCCGCAGCCGETGGAAGAGGCCGGCTTTTACGTGAGEC
35
GTGCTATCTGTCGATAAAAGCAAAATGGAATAAACAJATGAARAAATA

PME4424 —»  -10
TGATTTCTAGATATATAAJCGGGCTGGTAATGTCACCCCAACAAAACA
ssuE start codon
CAAGGAAGCGCTCCAATGCTGGTCGTCTCAATCGGTGGTAGCCCCAGT

ACCCGTTCACGCTCCGGCGTGCTGCTCGAGCGCTCGCGCCAGTGGCTG

FIG. 4. Nucleotide sequence of the intergenic region between the P. putida
IsfA and ssuE genes. The stop and start codons of Isf4 and ssuE, respectively, are
shown; the ribosome binding site of ssuE is underlined; and a putative rho-
independent terminator structure downstream of IsfA4 is indicated with arrows.
The —10 and —35 sequences of a putative o’’-dependent promoter are boxed.
Plasmids pME4424 and pME4443 begin at the points indicated.

plement the growth phenotype of strain SN34. Deletion of
ssuA had no effect on growth with any sulfur source tested (not
shown). If ssuABC encodes a sulfonate transport system, as
suggested above, it must therefore be duplicated on the chro-
mosome. The FMN reductase encoded by ssuE was not re-
quired for growth with aliphatic sulfonates or with sulfate es-
ters (Fig. 5B). This agrees with the fact that no decrease in
FMN reductase activity was observed in strain SN34, compared
with the wild-type strain, and is presumably due to the pres-
ence of other FMN reductases in the cell. Surprisingly, growth
with aromatic sulfonates required SsuE, and in this more com-
plex enzyme system (49) the SsuE protein may be directly
involved in a larger enzyme complex. To confirm that the SsuE
protein indeed catalyzed FMN reduction, as expected by com-
parison to E. coli SsuE and P. aeruginosa MsuE, it was over-
expressed in E. coli BL21(DE3) using plasmid pME4368, and
FMN reductase activities in cell extracts were measured. SsuE
revealed NADPH-dependent FMN reductase activity and low-
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er levels of FAD reductase activity (32% of the value with
FMN). No activity was observed with NADH.

No growth was seen with pentanesulfonate or benzenesul-
fonate in the absence of SsuD (Fig. 5C). With sulfate esters as
the sulfur source, growth was subject to an extremely long lag
phase, although the final growth yield was not reduced. We
conclude that the SsuD protein is the monooxygenase respon-
sible for cleavage both of alkanesulfonates (as in E. coli [13];
P. putida ssuD restored growth with alkanesulfonates to an in-
frame ssuD deletion mutant of E. coli [C. Wietek, unpublished
data]) and of arylsulfonates. Growth with methionine or ho-
mocysteine was also not observed in the absence of ssuD.
P. putida lacks the reverse transsulfuration pathway from me-
thionine to cysteine that is present in P. aeruginosa, and me-
thionine-sulfur is therefore cleaved to methanethiol by methi-
onine lyase and probably converted to cysteine via oxidation to
methanesulfonate and oxygenolytic cleavage to sulfite (48). It
was unclear why the loss of the SsuD oxygenase had an effect
on growth with sulfate esters, so this was examined in more
detail.

Hydrolysis of arylsulfate esters in P. putida by an arylsulfo-
transferase. To further investigate the role of the ssu gene
products in sulfonate and sulfate ester utilization, we wished to
compare the levels of enzyme activities responsible for desul-
furization of these compounds, including alkanesulfonatase
and alkyl- and arylsulfatase activities, in the wild-type and
mutant strains. However, this was frustrated by the fact that
sulfatases and sulfonatases are expressed only in the absence of
sulfate or thiocyanate, i.e., during growth with organosulfur
compounds as the sulfur source (5, 22, 48). The pleiotropic
growth phenotype of the mutant strains meant that they could
not be cultivated under any conditions where the ssu genes
were expressed.

Although strain SN34’s inability to grow with sulfonates was
clearly related to the loss of the SsuD sulfonatase, it was not
clear how the loss of growth with sulfate esters could be ex-
plained for any of the mutants. In the related organism P. aeru-
ginosa, arylsulfate utilization is dependent on the arylsulfatase
protein, an enzyme which requires a posttranslational modifi-
cation of an active-site formylglycine residue from a cysteine
residue (11). The mechanism by which this modification occurs
has not yet been elucidated. To test whether any of the ssu
gene products might play a role in this modification process, we
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FIG. 5. Growth of derivatives of P. putida SN34 in succinate minimal medium with different sulfur sources. Growth curves were measured in a SPECTRAmax Plus
microtiter plate reader, as described in Materials and Methods. (A) SN34(pME4423); (B) SN34(pME4431); (C) SN34(pME4433). Sulfur sources: m, sulfate; O,
hexylsulfate; @, nitrocatecholsulfate; A, pentanesulfonate; A, benzenesulfonate; *, methionine. —, no sulfur.
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TABLE 3. Arylsulfotransferase activity in P. putida S-313

Acceptor compound Sulfotransferase activity

(10 mM) (nmol/min/mg of protein)”
Phenol 13.7
Tyrosine 0.2
Dopamine 12.9
Tyramine 0.85
Catechol 18.0
3,4-Dihydroxybenzoate .........ccceeveeevereercenrreecnenuerencnnenenes 1.5
4-Hydroxybenzoate 0.3
ATP 0.1
Ala-Tyr-Ala 0.7
Tyr-Ala 0.4
Serine 0.0
DP-NItTOPhenol ......cccoviveeirieiiirccrcceccreeeceeeeees 1.5
p-Chlorophenol 9.2
None 0.1

¢ Sulfotransferase activity was measured as nitrocatechol release from nitro-
catecholsulfate, as described in Materials and Methods. The results are averages
from three independent experiments.

transformed strains S-313 and SN34 with the arylsulfatase gene
(atsA) from P. aeruginosa and with the related atsBA genes
from Klebsiella pneumoniae (41). However, no significant dif-
ference was seen in sulfatase activities between the wild type
and the mutant, ruling out a role for the ssu gene products in
this process. In fact, we found that P. putida does not contain
an arylsulfatase gene of the type found in P. aeruginosa, since
Southern analysis of the P. putida S-313 chromosome using the
P. aeruginosa atsA gene as a probe gave no signal, even under
reduced-stringency conditions (data not shown). This was a
surprising result, since arylsulfatase activity has been previ-
ously reported for this isolate (22), although attempts to purify
it were unsuccessful and enzyme activity was rapidly lost when
the cells were lysed (our unpublished results). However, when
phenol was added to the arylsulfatase assay, a dramatic
increase in desulfation of nitrocatecholsulfate to nitrocat-
echol was observed. We therefore postulate that P. putida
grows with aromatic sulfates by transferring the sulfate moiety
onto an uncharacterized acceptor, from which it can be incor-
porated into the sulfate assimilation pathway. A range of pos-
sible sulfate acceptors were tested for their ability to stimulate
arylsulfotransferase activity (Table 3). Using nitrocatecholsul-
fate as a donor substrate, catechol was the best acceptor, fol-
lowed by phenol, dopamine, and p-chlorophenol in decreasing
order. Tyrosine and tyramine were poor acceptors, and serine
did not act as an acceptor at all. Tyrosine-containing di- and
tripeptides were not significantly better acceptors than tyrosine
alone, but the data do not rule out the possibility that a ty-
rosine-containing protein is the natural acceptor in P. putida.
Furthermore, it is noteworthy that with phenol, tyramine, or
4-hydroxybenzoate as an acceptor, the presence of a second
hydroxyl group in the ortho position significantly enhanced
activity. p-Chlorophenol was a better acceptor than p-nitrophe-
nol, possibly because p-chlorophenol is expected to be present
mainly in the protonated form under the assay conditions used,
while p-nitrophenol is not.

DISCUSSION

Desulfurization of aromatic sulfonates by P. putida S-313 is
carried out by a monooxygenase system, which incorporates
molecular oxygen into the phenol product (54), releasing the
sulfur moiety as sulfite (49). It has not yet been possible to
stabilize this desulfonating oxygenase activity outside the cell,
but a genetic approach has led to the identification of three loci
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which are required for growth of P. putida S-313 with aromatic
sulfonates as the sulfur source (49). The first of these loci, the
asf gene cluster, comprised genes for a transcriptional regula-
tor, an electron transport system, and a putative sulfonate-
binding protein but not for the desulfonating monooxygenase
itself (49). In this report we show that the second of these
three loci consisted of the ssuEADCBF genes, containing the
FMNH,-dependent monooxygenase gene ssuD, which has pre-
viously been associated with alkanesulfonate metabolism in
E. coli and Bacillus subtilis (13, 45). For P. putida S-313, we
have shown that the ssu operon not only is required for growth
with alkanesulfonates but is central to much of organosulfur
metabolism. SsuD was required for the desulfonation of alkyl-
and arylsulfonates, was involved in growth with sulfate esters
but was not essential in this process, and also enabled the cell
to grow with methionine and methionine biosynthetic interme-
diates such as homocysteine. The ssuF gene product was found
to be involved in the utilization of aromatic and aliphatic sul-
fate esters as well as aromatic and aliphatic sulfonates.

The ssu operon has been identified in several bacterial spe-
cies, including both gram-negative and gram-positive species
and enteric and soil bacteria (45, 46; Pseudomonas Genome
Project website [http://www.pseudomonas.com/]) (Fig. 6). The
exact ordering of the genes within the operon varies between

E. coli

SSUE SSuA ssuD ssuC ssuB
B. subtilis

Wz

suB SSUA ssuC ssuD

ssuE SSUA ssuD ssuC ssuB ssuF
P. aeruginosa

SSUE SSUA ssuD ssuC ssuB SsuF

msuE msuD msuC
Y. pestis

K. pneumoniae

| G

FIG. 6. Genetic organization of related ssu and msu operons. The enzymes
encoded in each gene cluster are putative oxygenases (mm ), NADH-dependent
FMN reductases (ES), and the components of ABC-type transporters: periplas-
mic solute-binding proteins ( ), ATP-binding proteins (E£5), and permease
proteins ( ). No definite function is known for the products of the ssuF and
msuC genes (reference 23 and this paper). The genes are from E. coli (46, 47),
B. subtilis (45), P. putida (reference 49 and this paper), P. aeruginosa (23; Pseudo-
monas Genome Project [http:/www.pseudomonas.com/), and the unfinished
chromosomes of Yersinia pestis and K. pneumoniae (Yersinia pestis Sequencing
Group, Sanger Centre [ftp:/ftp.Sanger.ac.uk/pub/pathogens/yp/]; Klebsiella pneu-
moniae Sequencing Group, University of Washington Genome Center [http:
//genome.wustl.edu/gsc/Projects/bacterial/klebsiella/klebsiella.shtml]).
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species, but the oxygenase gene ssuD is always present, togeth-
er with genes encoding an ABC-type transporter. Except in
B. subtilis, an NAD(P)H-dependent FMN reductase gene is
also always present. These species can all utilize aliphatic sul-
fonates as sulfur sources, and in B. subtilis, P. putida, and E. coli
mutation of the ssu operon leads to loss of this ability (refer-
ences 45 and 46 and this report). However, of the species
studied, only P. putida S-313 is able to utilize aromatic sulfo-
nates as the sulfur source. We hypothesized that slight differ-
ences in the primary structure of the SsuD protein might lead
to a relaxation of the substrate specificity of the oxygenase and
hence the acceptance of aromatic substrates (the E. coli and
P. putida SsuD proteins show only 77% amino acid identity),
but as transformation of the P. putida ssu operon into E. coli
did not allow the latter organism to desulfonate benzenesulfo-
nate, this was clearly not the case. In fact, growth of P. putida
with aromatic sulfonates requires two further gene clusters,
consisting of the asfABC genes (encoding a putative reduc-
tase, a ferredoxin, and a periplasmic binding protein) and the
atsRBC genes (encoding an ABC-type transport system which
is also present in P. aeruginosa [accession no. Z48540]) (49).
Transformation of the asf operon into P. aeruginosa allowed
this organism to grow with benzenesulfonate as the sulfur
source (52). Deletion studies (reference 49 and this study)
showed that whereas aliphatic desulfonation required only the
SsuD and SsuF proteins (SsuE is also presumably involved, but
the flavin reductase function is probably duplicated within the
cell), the minimum set of proteins required for the aromatic
desulfonation reaction was SsuE, SsuD, SsuF, AsfA, and AsfB.
Work to reconstitute the enzyme complex with these proteins
and characterize the desulfonative enzyme activity in vitro is
continuing in our laboratory.

From a mechanistic standpoint, the difference in biochem-
istry observed between the aromatic and aliphatic desulfona-
tion processes is not surprising. Desulfonation of aliphatic sul-
fonates involves oxygenation at the a-position to the sulfonate
group to generate a hydroxy sulfonate which spontaneously
decomposes to the corresponding aldehyde and sulfite (13,
43). Oxygenation of benzenesulfonate, by contrast, requires
the temporary disruption of the aromatic ring, to an unknown
intermediate which decomposes to yield the corresponding
phenol, releasing the sulfonate moiety as sulfite. The addi-
tional enzyme components required for aromatic desulfona-
tion include a reductase-ferredoxin couple, and we speculate
that this complex, perhaps in connection with the FMN reduc-
tase SsuE, provides reducing equivalents at the correct poten-
tial. Interestingly, in several of the FMNH,-dependent mono-
oxygenases investigated, the FMN reductase has been shown
to be involved with the oxygenase component at best as part
of a loose complex, and the reduced FMN is a cosubstrate of
the monooxygenase rather than an enzyme-bound prosthetic
group as is the case for other flavin-dependent di- and mono-
oxygenases. The enzymes of this family that have been studied
include the nitrilotriacetate (NTA) and EDTA monooxygen-
ase enzyme systems (44, 53), the DBT monooxygenase DszC
(15), and the methanesulfonate desulfonatase from P. aerugi-
nosa, MsuED (23). For the first two it was also shown that the
reductase could be replaced by the unrelated Vibrio fischeri
flavin reductase without loss of function. Aliphatic desulfona-
tion in P. putida occurred in the absence of SsuE (Fig. 5),
demonstrating that here too, SsuE can be replaced by other
cellular FMN reductases. In contrast, aromatic desulfonation
required the presence of SsuE. The reductase protein there-
fore not only may be required to supply diffusible FMNH, but
may also play a structural role in the enzyme complex cata-
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lyzing aromatic (but not aliphatic) desulfonation, although
there is no direct evidence for this yet.

The family of bacterial FMNH,-dependent monooxygenases
that use FMNH, as a cosubstrate rather than as a prosthetic
group is relatively small and includes the sulfonate oxygenases
SsuD and MsuD; the NTA, EDTA, and DBT oxygenases men-
tioned above; an oxygenase involved in synthesis of the anti-
biotic pristinamycin Il (42); and bacterial luciferase (31).
Whereas the NTA system is quite substrate specific (NTA was
the only substrate found for the NTA oxygenase [44]), the
EDTA monooxygenase accepts a broad range of aminopoly-
carboxylate substrates, and mutant analysis showed that the
SsuD protein is also involved in metabolism of a variety of
sulfonates. Interestingly, SsuD is not required for desulfuri-
zation of the natural sulfonates taurine and cysteate (Table 2),
an effect which may be mediated by charge and lipophilicity
differences between xenobiotic substrates and natural sulfo-
nates. It should be noted, however, that the natural substrates
of the bacterial enzymes might not yet have been discovered.
For the EDTA oxygenase, these could include natural amino-
carboxylate metallophores (25), whereas for SsuD we antici-
pate that many uncharacterized sulfonates may also be present
in nature.

Upstream of the ssu operon in P. putida S-313 a further open
reading frame was located, which we have designated Isf4. The
N-terminal sequence of the encoded protein is >90% identical
to that of the sulfate-repressed protein PA11l from P. aerugi-
nosa (19). The pall gene was identified in the preliminary
release of the P. aeruginosa genome (http://www.pseudomonas
.com/), and the PA11 and LsfA proteins were found to be 88%
identical, confirming that /sf4 encodes the P. putida homo-
logue of PA1l. By sequence comparison, LsfA is a putative
member of the 1-Cys family of thiol-specific antioxidants (TSA),
which are important in protecting bacterial cells from perox-
ides (7, 32), and the P. aeruginosa LsfA protein indeed showed
the expected TSA activity (our unpublished results). The up-
regulation of antioxidant proteins (LsfA in P. putida, LsfA and
the alkylhydroperoxide reductase AhpC in P. aeruginosa [34],
and AhpC in E. coli [35]) under sulfate limitation conditions
may be a response to increased levels of desulfonative FMNH,-
dependent monooxygenase systems such as SSuED or MsuED.
When the cells are grown under aerobic conditions in the
absence of sulfate, expression of the ssuE gene will lead to the
generation of excess FMNH, in the cell, and if suitable sub-
strates (e.g., sulfonates) are not present to use up these reduc-
ing equivalents, they will rapidly react with molecular oxygen,
generating superoxide radicals that can lead to considerable
cellular damage. The cell responds to this kind of oxidative
challenge by inducing a number of antioxidant genes, under
the control of the OxyR and SoxRS systems (40), including
genes encoding protector proteins of the TSA-AhpC family
(7). It will be useful to see whether expression of the Isf4 gene
(which is separate from that of ssu [Fig. 4]) is also under the
control of these oxidative stress regulators and if the cells
perceive sulfate starvation stress primarily as an oxidative chal-
lenge as well as a nutrient stress. Interestingly, the B. subtilis
ssu operon is located directly downstream of the catalase gene
katA, suggesting that this genetic arrangement may be a more
general phenomenon.

The SsuD monooxygenase was also involved in growth of
P. putida S-313 with sulfate esters (Fig. 5). This was unexpect-
ed, since sulfatases are hydrolytic enzymes, and desulfonative
oxygenation of these compounds has previously been demon-
strated only for monomethylsulfate (17). Closer examination
revealed that P. putida S-313 does not in fact synthesize an
arylsulfatase enzyme. Instead, during growth with nitrocat-
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echolsulfate, the sulfate moiety is transferred onto an uniden-
tified acceptor by an arylsulfotransferase and then presumably
transferred from the acceptor into the cysteine biosynthesis
pathway. Sulfotransferases are well-characterized enzymes in
mammalian systems, where they are involved in detoxification
processes and catalyze the transfer of activated sulfate from
3’-phosphoadenosine-5’-phosphosulfate (PAPS) onto phenol-
ic acceptor substrates (9). A different type of sulfotransferase is
found in bacteria, which accepts phenyl sulfate esters instead
of PAPS as donors of the sulfate moiety (3, 8, 29) and is
probably involved in sulfation of peptidyl tyrosine residues
(26). The arylsulfotransferase of P. putida S-313 may catalyze
the reverse reaction to that seen in eukaryotes, thereby gener-
ating PAPS for cysteine biosynthesis, or alternatively, it may
transfer the sulfate onto an unidentified intermediate molecule
from which it can be oxygenatively cleaved by the SsuD mono-
oxygenase to yield sulfite. The details of this reaction are cur-
rently under investigation in our laboratory.
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