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Purification and characterization of the arylsulfatase
synthesized by Pseudomonas aeruginosa PAO

during growth in sulfate-free medium

and cloning of the arylsulfatase gene (afsA)
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An arylsulfatase (EC 3.1.6.1) was extracted from Pseudomonas aeruginosa PAO1 and purified 2700-
fold to homogeneity. Synthesis of this enzyme was repressed when sulfate, cysteine or thiocyanate was
supplied as the sole sulfur source for growth, but derepressed with all other sulfur sources tested. The
apparent molecular mass was determined by SDS/PAGE to be 57 kDa, and the enzyme was presumed to
be a monomer after gel filtration chromatography. The arylsulfatase showed maximal activity at 57°C
and pH 8.9, and a K, of 105 pM for 4-nitrocatecholsulfate. Despite previous reports that both inducible
and derepressible forms of arylsulfatase exist in P. aeruginosa, we found only one enzyme under a variety
of growth conditions: a sulfate-repressed enzyme with a native isoelectric point of 4.76. The gene encod-
ing this enzyme (atsA) was isolated by complementation of a Tn5-75] mutant of P. aeruginosa PAOL1.
Sequencing revealed a 1602-bp reading frame encoding a 534-amino-acid protein with sequence similarity
to known bacterial and eukaryotic arylsulfatases (30—40% and 25-30 % identity, respectively), but lacking
the signal peptide which is present in all known sequences. The lack of this signal peptide suggests
that the P. aeruginosa arylsulfatase is neither periplasmic nor membrane-associated, unlike other known
arylsulfatases. The atsA gene was located at 15—17’ on the P. aeruginosa genome by Southern hybridiza-

tion. Only a single copy was observed under moderate stringency conditions.
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Arylsulfatase hydrolyzes arylsulfate esters to the correspond-
ing phenols and inorganic sulfate. Its synthesis is subject to com-
plex regulation in bacteria and other microorganisms. Though
some arylsulfatases are known which are specifically induced
by their substrates [1, 2], most are subject to repression by inor-
ganic sulfate and intermediates of cysteine biosynthesis; their
synthesis is derepressed when other substrates (organosulfates,
organosulfonates, methionine) are used to provide sulfur for cell
growth [3, 4]. We have recently devoted more attention to the
sulfate-controlled regulation of arylsulfatase since discovering
that synthesis of a number of other proteins outside the cysteine
biosynthetic pathway is also subject to strict sulfate repression,
in several bacterial species [4]. These proteins constitute the sul-
fate-starvation-induced stimulon, a species-specific set of pro-
teins whose synthesis is repressed by sulfate and is coregulated
with that of arylsulfatase during growth with a variety of sole
sulfur sources. The sulfate-repressed proteins were observed in
two-dimensional polyacrylamide gels of extracts from Pseudo-
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Abbreviation. X-sulfate, 5-bromo-4-chloro-3-indolyl sulfate.

Enzyme. Arylsulfatase (EC 3.1.6.1).

Note. The novel nucleotide sequence data published here have been
deposited with the EMBL sequence data bank and are available under
the accession number Z48540. The novel amino acid sequence data have
also been deposited with the PROSITE database.

monas putida, Escherichia coli, and Staphylococcus aureus [4],
and in Pseudomonas aeruginosa (unpublished results). Though
they have not been identified, it seems probable that they, like
arylsulfatase, are involved in sulfur metabolism.

The best investigated bacterial arylsulfatase is that from
Klebsiella aerogenes, which is subject to a complex set of con-
trols. In this species, repression of arylsulfatase expression by
sulfate or cysteine can be reversed by the addition of tyramine
to the growth medium [3, 5]. This effect has been traced to
coregulation of the arylsulfatase (ats) and monoamine oxidase
(mao) operons as part of the monoamine regulon [6]. A further
regulatory link appears to exist with C, metabolism, since in K.
aerogenes a mutation in the negative regulator gene afsR was
found to be complemented by the E. coli folA gene, which en-
codes dihydrofolate reductase {7]. A putative positive regulator
gene (atsB) has also been discovered in the arylsulfatase operon
of K. aerogenes, but has not yet been studied in detail [8]. The
reasons for this regulatory complexity are still unclear.

In P. geruginosa, several different arylsulfatase activities
have been described in cells cultivated under different growth
conditions. One of these enzymes was induced by the presence
of arylsulfates as sulfur source, whereas a second enzyme was
not substrate-induced, but was repressed by certain sulfur-con-
taining metabolites (sulfate, sulfite, thiosulfate, cysteine), and
was only synthesized in their absence [9]. This latter sulfate-
repressed activity was later reported to be catalysed by two iso-
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Table 1. Bacterial strains, plasmids and phages used in this study.

Strain or plasmid Relevant characteristics

Source or references

P. aeruginosa

PAO1 prototroph [46]
PAO1S spontaneous Sm® mutant of PAO1 this study
AS1 atsA::Tn5-751 this study
E. coli

ED8654 supE supF hsdR metB lacY gal trpR [47]
S17-1 hsdR thi pro recA; RP4-2 integrated into the chromosome (kan::Tn7 ter::Mu) [48]
DH5a supE44 AlacU169 ($80 lacZAM15) hsdR17 recAl endA1 gyrA96 thi-1 relAl {491
IM109 recAl supE44 endA1 hsdR17 gyrA96 relAl thi A(lac-proAB) [501
Plasmids

pMED9 IncP-1 oriT trfA [= Rep(ts)] Tc® Cb® Tn5-751 (Tp® Km*®) [19]
pKT240 IncQ, mob* Amp® Km*® [51]
pLAFR3 IncP-1, cos, Tra, Tc® [20]
pME4012 24.5-kb chromosomal DNA fragment from P. aeruginosa PAO1 in PLAFR3; atsA* this study
pME4019 4.5-kb EcoRT—BamHI fragment from pME4012 in pLLAFR3; atsA* this study
pME4026 3.2-kb EcoRI—BamHI fragment from pME4019 in pKT240 this study
Phages

M13 mp18/mp19 single-stranded bacteriophage used for sequencing [50]
4026-mp18 1.8-kb EcoRI—Sall fragment from pME4026 in M13mp18 this study
4026-mp19 1.8-kb EcoRI—Sall fragment from pME4026 in M13mp19 this study
4019Eco-mp19 1.4-kb EcoR1—EcoRI fragment from pME4019 in M13mp19 this study

enzymes which differed slightly in charge and in their catalytic
properties [10]. As part of further studies of the sulfate-starva-
tion-induced stimulon in this species, we here report the identifi-
cation, purification and characterization of a single sulfate-re-
pressed arylsulfatase from P. aeruginosa PAO1 grown with eth-
anesulfonate as sole source of sulfur, and the cloning and se-
quencing of the gene which encodes it.

MATERIALS AND METHODS

Chemicals. Sulfur-containing chemicals used as sulfur
sources for bacterial growth were of the highest purity commer-
cially available, and with the exception of methyl sulfate (Al-
drich) and 5-bromo-4-chloro-3-indolyl sulfate (X-sulfate)
(Sigma), they were all obtained from Fluka. The sulfate content
of all sulfur sources was checked by ion-exchange chromatogra-
phy before use [11] and found to be less than 0.05 mol/100 mol.
DNase I and RNase A were from Boehringer Mannheim. Re-
striction enzymes were obtained from Boehringer or from New
England Biolabs and were used according to the manufacturer’s
instructions.

Bacterial strains, plasmids, and growth media. Bacterial
strains used in the present study are listed in Table 1. E. coli
strains were all grown routinely at 37°C in Luria-Bertani me-
dium [12]. Strains of P. aeruginosa were grown either in nutrient
yeast broth [13] or in a synthetic acetate/salts medium contain-
ing 50 mM sodium acetate, 20 mM ammonium chloride, 20 mM
potassium chloride, 20 mM sodium chloride, 2 mM potassium
phosphate, 0.5 mM magnesium chloride, 50 mM Tris/HCl, a sul-
fate-free trace element solution (10 ml/l) [14] and all the natu-
rally occurring protein amino acids except cysteine and methio-
nine (40 pg/ml each); the pH of the medium was adjusted to
7.3. Sulfur sources were added as described in the text. Solid
media were.prepared by addition of 1.5% (mass/vol.) agar to
complex media or 0.6% (mass/vol.) Seaplaque agarose (FMC
Bioproducts, Rockland ME) to minimal media. Antibiotic con-
centrations used were, for E. coli kanamycin 25 pg/ml, ampicil-
lin 100 pg/ml, tetracycline 20 pg/ml; for P. aeruginosa strepto-

mycin 500 pg/ml, kanamycin 300 pg/ml, trimethoprim 300 pg/
ml, carbenicillin 500 pg/ml and tetracycline 125 pg/ml. Relevant
plasmids constructed in the course of the present work are
shown in Table 1 and Fig. 1. All glassware used in sulfate-lim-
ited experiments was washed with 3 M HCI and rinsed thor-
oughly with glass-distilled water before use.

Enzyme assays. Arylsulfatase was routinely assayed as 4-
nitrocatechol release from 4-nitrocatechol sulfate at 37°C. The
assay mixture (250 ul) contained 70 mM Tris/acetate pH 8.8 and
10 mM 4-nitrocatechol sulfate, and the reaction was started by
addition of enzyme. After suitable times, the reaction was
stopped by diluting portions tenfold into 0.66 M NaOH, and the
4-nitrocatechol produced was quantified spectrophotometrically
(A=515nm, ¢ = 13 mM™' cm™*). Arylsulfatase was routinely
assayed over 10—30 min but in the presence of sufficient sub-
strate the reaction was linear over several hours.

For studies of the substrate range of arylsulfatase, the puri-
fied enzyme (0.1 pg protein) was incubated for 30 min at 37°C
with 10 mM substrate in 100 mM Tris/acetate pH 8.8; the reac-
tion was stopped by heating to 100°C for 15 min. All substrates
tested were stable under these conditions in the absence of aryl-
sulfatase. Sulfate released during the enzyme reaction was quan-
tified by ion-exchange chromatography with chemical suppres-
sion, as previously described [11].

Purification of arylsulfatase. P aeruginosa PAO1S was
grown in acetate/salts medium containing 500 uM ethanesulfo-
nate as sole sulfur source (1-1 cultures in 5-1 conical flasks),
and incubated aerobically at 37°C on a rotary shaker (180 rpm).
Growth was monitored as absorbance at 650 nm. Cells were har-
vested in the mid-exponential phase (A¢o = 0.8) by centrifuga-
tion (7000X g, 25 min, 4°C) and washed with 50 mM Tris/HCl
pH 7.3 containing 1 mM EDTA (8000Xg, 20 min, 4°C). They
were then resuspended in the same buffer (0.3 g wet mass/ml)
and ruptured by four passages through a chilled French pressure
cell at 135 MPa. DNase I (50 pg/ml), RNase A (10 pg/ml) and
MgCl, (2 mM) were added, and cell debris was removed by cen-
trifugation (20000Xg, 30 min, 4°C). After an ultracentrifuga-
tion step (250000Xg, 60 min, 4°C), the supernatant fluid was
stored at —20°C. This extract was thawed and refrozen several
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Fig. 1. Restriction maps of recombinant plasmids carrying the atsA gene of P. aeruginosa PAO. The size of the plasmid and the ability of the
plasmid to complement the arylsulfatase-negative phenotype of mutant strain AS1 are shown on the right-hand side. (—) P. geruginosa DNA;
(A) vector fragments. Restriction sites: B, BamHI; E, EcoRI; C, Clal; H, Hindlll; N, Nodl; S, Sall; V, EcoRV.

times, leading to selective precipitation of contaminating pro-
teins, and an increase in the specific activity of about 10%.

Purification of arylsulfatase to homogeneity was achieved in
five chromatographic steps. An initial, high-capacity separation
over a DEAE-Sepharose CL-6B column [15] was performed
using a standard, automated protein liquid chromatography sys-
tem (Pharmacia) at 4°C. The remaining steps were done with
commercially packed columns on an apparatus which has been
described elsewhere [15]. These steps were performed at room
ternperature, with samples collected at 4°C. Where required be-
tween chromatographic steps, protein solutions were concen-
trated by ultrafiltration using Centriprep or Centricon concentra-
tators (Amicon). These were pretreated overnight with Tween-
20 (5%, by vol.) and washed thoroughly with distilled water
before use. The concentrators then afforded reproducible en-
zyme recoveries of 95% and greater; without pretreatment, re-
covery was 40—50%.

Step 1. The DEAE-Sepharose column (30 mmX135 mmy)
was equilibrated with 50 mM Tris/HCl pH 7.5 (2.5 ml/min).
Crude extract (about 400 mg protein) was applied to the column,
which was then washed with the start buffer for 48 min. A linear
gradient of Tris/HC] pH 7.5 was then applied (50—600 mM over
110 min), fractions were collected (8 ml) and tested for arylsul-
fatase activity. Arylsulfatase eluted at about 220 mM Tris/HCI.
Active fractions were pooled and concentrated to a volume of
1.5 ml.

Step 2. The Fractogel TSK Butyl 10/150 hydrophobic in-
teraction column was equilibrated with 50 mM Tris/SO, pH 7.5,
containing 1.7 M (NH,),SO, (2.0 ml/min). The concentrated ma-
terial from step 1 was diluted to 10 ml with distilled water, and
solid ammonium sulfate added to a concentration of 1 M, with
stirring at 4°C. The solution was centrifuged to remove particu-
lates (25000X g, 45 min, 4°C), applied to the column (about
100 mg protein) and the column was washed with the start buffer
for 23 min. Proteins were eluted by decreasing the ammonium
sulfate concentration linearly from 1.7 M to zero over 60 min,
and collected in 1.5-ml fractions. Arylsulfatase eluted at 0.12 M
(NH,),SO,. The active fractions were pooled, diluted with
20 mM Tris/acetate pH 7.5, to reduce the sulfate concentration
to 10 mM, and concentrated by ultrafiltration.

Step 3. The Mono Q HR 5/5 anion-exchange column was
equilibrated with start buffer (20 mM Tris/SO, pH 7.5), at a flow
rate of 0.5 ml/min. The concentrated sample from step 2 was
loaded (about 10 mg protein), the column was washed with start
buffer for 34 min, and proteins were eluted with an increasing
gradient of Na,SO, (0—85 mM over 34 min). Fractions were col-

lected (0.5 ml), and the arylsulfatase activity was recovered at
about 50 mM sulfate. Active fractions were pooled and concen-
trated to about 150 ul.

Step 4. The Superose 12 HR 10/30 column was equilibrated
with 50 mM Tris/SO., 250 mM Na,SO,, pH 7.5 (0.25 ml/min).
The concentrated material from step 3 (about 1 mg protein) was
loaded onto the column, and then eluted isocratically with start
buffer while 125-ul fractions were collected. Arylsulfatase
eluted in a single symmetrical peak, although the fractions con-
taining arylsulfatase activity revealed two proteins on SDS/
PAGE. This preparation was stored at —20°C, and used for en-
zyme studies. Homogeneous, but no longer stably catalytically
active, enzyme was obtained by a further purification step.

Step 5. The ProRPC 5/10 C, reverse-phase column was
equilibrated with 0.1% (by vol.) aqueous trifluoroacetic acid
(0.5 ml/min). Material from step 4 was diluted 3.5-fold with dis-
tilled water and applied to the column (0.4 mg protein). Proteins
were eluted with an increasing gradient of methanol/0.1 % triflu-
oroacetic acid (0—70% methanol, 0—30 min; 70—100% metha-
nol, 30—60 min), while fractions were collected (0.25 ml). Aryl-
sulfatase eluted at about 70% methanol but enzyme activity
rapidly diminished due to denaturation. Fractions containing
pure arylsulfatase were stored at —20°C and used subsequently
for amino acid sequence determination.

Electrophoretic methods. Protein purification was routinely
monitored by SDS/PAGE [16], using a 12% separating gel and
a 4% stacking gel in a MiniProtean slab gel apparatus (Bio-
Rad). Proteins were visualized either with Coomassie blue R-
250 [15] or by silver staining [17]. Non-denaturing gel electro-
phoresis was performed similarly, but SDS was not added to
gels, loading buffer or running buffer. Arylsulfatase was visual-
ized in non-denaturing gels by incubation for 1—18 h at 37°C
in 1 mM X-sulfate, 100 mM Tris/acetate pH 8.8.

Non-denaturing isoelectric focussing was performed at 10°C
under a layer of DC200 silicone oil (Fluka), using preformed
pH gradients (pH 3—10 and 4—7) in Immobiline Drystrip gels
(Pharmacia) on a Multiphor flatbed apparatus (Pharmacia). The
gels were reconstituted as described by the manufacturer and
protein (up to 85 pg) was loaded onto the gel and allowed to
enter the gel at low voltage (300 V, 2 h; 500 V, 3 h). The voltage
was then increased to 3500 V over 2 h and electrophoresis con-
tinued at this voltage for 17 h (total 67000 V h). Denaturing
isoelectric focussing was performed with Immobiline Drystrip
gels in the presence of 8 M urea at 20°C. Standard proteins for
isoelectric focussing were obtained from Pharmacia and stan-
dards for SDS/PAGE were supplied by Bio-Rad.
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Protein-sequencing methods. N-terminal amino acid se-
quences were determined by automated Edman degradation
using an Applied Biosystems 120A PTH sequenator. Internal
amino acid sequences were obtained as follows. Purified arylsul-
fatase (200 pmol) was digested sequentially with cyanogen bro-
mide (200 mM CNBr, 70% HCOOH, 18 h, room temperature,
dark) and trypsin (0.5 pg, 0.5 M urea/50 mM ammonium hy-
drogen carbonate pH 8.5, 12 h). The resulting peptides were sep-
arated by reverse-phase HPLC as previously described [18] and
analysed in a TSQ710 triple quadrupole mass spectrometer (Fin-
nigan MAT) with an electrospray ionization interface (Analytica,
Branford CT). Scans were accumulated from 400—2000 Da in
4 s and the amino acid sequences of individual peptides were
determined using the PEPMAP program (Finnigan MAT).

DNA techniques and sequencing. DNA was isolated, puri-
fied and manipulated by standard techniques [12, 17]. DNA se-
quencing of the afsA gene was performed by subcloning the 1.4-
kb EcoRI—EcoRI fragment of pME4019 and the 2.6-kb EcoRI—
Sall fragment of pME4026 (Fig.1) into M13mp18 and
M13mp19 phages (Table 1), and sequencing by the dideoxy
chain-termination method, using either universal primers or spe-
cific synthetic primers. Both DNA strands were sequenced.

Generation and complementation of arylsulfatase-nega-
tive mutants. Transposon mutagenesis of P. aeruginosa PAO1
with the Tn5 derivative Tn5-75/ was performed as previously
described [19]. Mutants with reduced or zero expression of the
arylsulfatase gene were identified by plating cells on the syn-
thetic acetate/salts medium containing 200 uM ethanesulfonate
and the chromogenic arylsulfatase substrate X-sulfate (40 pg/
ml). A genomic library of P. aeruginosa PAO1 in E. coli §17-1
was prepared from chromosomal DNA by partial digestion with
Sau3A and ligation of the 18—30-kb fraction into the BamHI
restriction site of the cosmid vector pLAFR3 [20] (Serino, L.,
unpublished). Complementation of the Tn5-75] mutation in
strain AS1 was done by plate conjugation with sub-pools of the
library. The conjugation was performed by patching concen-
trated suspensions of donor and recipient cells together on nutri-
ent agar for 4 h at 37°C. The recipient cells (strain AS1) were
then screened for recovery of the ability to hydrolyze 4-nitroca-
techol sulfate during growth in selective medium with methio-
nine (70 uM) as sulfur source.

Other procedures. Total protein in cell suspensions was de-
termined by a modified Lowry method [21]. Soluble protein was
measured by the method of Bradford [22], using bovine serum
albumin as standard. Molecular mass values for native proteins
were determined by gel filtration through a Superose 12 column
at a flow rate of 0.25 ml/min, using the following proteins
as standards: ribonuclease A (13.7 kDa), chymotrypsinogen
(25 kDa), ovalbumin (43 kDa), bovine serum albumin (67 kDa),
aldolase (158 kDa).

RESULTS

Derepression and purification of arylsulfatase. Pseudomonas
aeruginosa PAO1 did not synthesise significant levels of arylsul-
fatase in acetate/salts medium containing sulfate as the sole
added source of sulfur for growth. However, when ethanesulfo-
nate was used as sole source of sulfur, arylsulfatase was pro-
duced in significant amounts (Fig. 2). Repression of arylsulfa-
tase synthesis was also observed with cysteine or thiocyanate as
sulfur sources, whereas with all other sulfur sources tested (alkyl
and aryl sulfates, sulfamates, methionine) arylsulfatase synthesis
was derepressed (not shown). Growth with tyramine in the pres-
ence of sulfate did not reverse the repressive effect of sulfate on
arylsulfatase synthesis, either in the presence of ammonium ions
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Fig. 2. Arylsulfatase activity in P. aeruginosa PAO during growth. P.
aeruginosa was grown at 37°C in synthetic mineral salts/acetate medium
either with ammonium as N source (20 mM) and sulfate (@, O) or eth-
anesulfonate (l, O) as S source (500 pM), or with tyramine as N source
(5 mM) and sulfate (500 uM) as S source (A, A). Samples were re-
moved at intervals for determination of protein content (@, W, A) and
arylsulfatase activity (O, O, A) as described in Materials and Methods.

(not shown) or when tyramine was the sole nitrogen source pre-
sent (Fig. 2). This is in contrast to the situation found in enteric
bacteria, where tyramine overcomes sulfate-mediated repres-
sion [3].

As part of our studies of the sulfate-starvation-induced sti-
mulon [4], we were interested in characterization of the sulfate-
repressed enzyme previously reported {10]. During growth with
ethanesulfonate, we observed a clear maximum in arylsulfatase
activity at the end of the exponential growth phase (Fig. 2). The
cells were therefore harvested in the mid-exponential phase of
growth, disrupted in a French pressure cell, and the membrane
fraction removed by ultracentrifugation. Repeated freeze/thaw-
ing (—20°C) and centrifugation of this crude extract led to an
initial purification, since contaminating proteins could be dena-
tured and removed without any loss of arylsulfatase activity. The
enzyme was then purified to apparent homogeneity using a
series of chromatographic steps (Table 2, Fig. 3). An initial
crude fractionation over a DEAE-Sepharose column was fol-
lowed by a hydrophobic interaction-exchange chromatography
step. Arylsulfatase eluted very late from this column, at 0.12 M
(NH,),SO,, indicating that the protein was quite hydrophobic.
The hydrophobic nature of the enzyme was also apparent from
the substantial losses which were experienced during concentra-
tion by ultrafiltration with commercial Centricon and Centriprep
ultrafiltration units (Amicon). These losses presumably arose
from binding of the enzyme to the ultrafiltration units used,
since full recovery could be obtained after passivization of these
units before use by overnight treatment in 5% (by vol.) Tween
20 [23].

Further purification was obtained by anion exchange (Mono
Q column) and gel filtration (Superose 12 column). At this stage,
the fractions exhibiting arylsulfatase activity still contained two
proteins, 57 kDa and 33 kDa in size, which had copurified
throughout the procedure described (Fig. 3). These two proteins
could be separated by chromatography over a C, reverse-phase
column in methanol/0.1% trifluoroacetic acid. The arylsulfatase
activity was unstable in the solvent used for reverse-phase chro-
matography (70 % methanol/0.1% trifluoroacetic acid) but could
still be measured immediately after elution, and was found only
in fractions containing the 57-kDa protein. The 33-kDa species
was hence not required for enzyme activity and did not consti-
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Table 2. Purification of arylsulfatase from P. aeruginosa PAO1S. Arylsulfatase activity was measured as formation of nitrocatechol from nitro-
catechol sulfate as detailed in Materials and Methods. The corrected activity values after reverse-phase chromatography (last line in Table) take into
account the inactivation of arylsulfatase enzyme caused by the 70% methanol/0.1% trifluoroacetic acid used as FPLC eluent.

Step Total Total Specific Recovery Purification
activity protein activity
gmol - min™* mg pmol - min~' - mg % -fold
protein™’
Crude extract 27.0 443 0.061 100 1.0
Freeze-thawing 29.6 296 0.100 110 1.6
DEAE-Sepharose 76.8 96.6 0.795 284 13
TSK-Butyl 54.7 114 4.80 202 79
Mono Q 21.4 1.40 152 79.1 250
Superose 12 219 0.40 544 81.2 892
Reverse-phase chromatography 25 0.04 554 9.2 908
Reverse-phase chromatography (corr.) 6.6 0.04 165.0 24 2700
STD E F DEAETSK MQ S12 RPC
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Fig. 3. SDS/PAGE of the purification of arylsulfatase from P. aerugi-
nosa PAO1. Proteins were visualized by silver staining [17]. The arrows
show the arylsulfatase (57 kDa) and the co-purifying 33-kDa protein.
Lanes: E, crude extract (3 pg protein); F, freeze-thawing step (2.5 pg
protein); DEAE, proteins eluting from the DEAE-Sepharose column
(12 ug protein); TSK, proteins eluting from the TSK-Butyl column
(2.0 ug protein); MQ, proteins eluting from the Mono Q column (1.0 ug
protein); S12, proteins eluting from the Superose 12 column (0.5 pg
protein); RPC, proteins eluting from the ProRPC column (0.2 ug pro-
tein). STD, standard protein markers (each =~ 0.2 pg protein).

tute a functional second subunit of the enzyme. The kinetics and
properties of the enzyme were studied further with the eluate
from the Superose column.

Characterization of arylsulfatase. P. aeruginosa arylsulfatase
was stable both in crude cell extracts and in the highly purified
preparation obtained after Superose 12 chromatography, and
could be stored at —20°C for several months without loss of
enzyme activity. It was also stable to incubation for 20 min at
50°C, though extended incubation at temperatures above this
value led to inactivation. The enzyme activity displayed a sharp
temperature optimum at 57°C (Fig. 4A), in contrast to previous
studies [10] where a flat temperature profile with an optimum
of about 37°C was reported. The pH optimum observed for the
enzyme was 8.9 (Fig. 4B), which was very similar to that pre-
viously reported both for the P. aeruginosa enzyme [10] and for
arylsulfatases from various other species [3]. The K., measured
for 4-nitrocatecholsulfate was 105 pM. The denatured molecular
mass of 57 kDa determined by SDS/PAGE was close to the
value of 60 kDa previously reported [10]. Presumably because
of the enzyme’s highly hydrophobic nature, an accurate measure
of native molecular mass could not be obtained by gel filtration.
The enzyme bound strongly to the Superose column, even when

eluted at an apparent molecular mass of 39 kDa, much lower
than the value of 57 kDa measured by SDS/PAGE. Interactions
of this sort between hydrophobic proteins and Superose columns
are well known [24] and can lead to inaccurate measurements
of native molecular mass as seen here. From the apparent molec-
ular mass observed, the enzyme is probably present as a mono-
mer, as found previously for other bacterial arylsulfatases [3].

In order to determine whether one or two isozymes were
present, native electrophoresis was performed with samples
taken from different stages of the purification process, and aryl-
sulfatase activity in the gel was visualized by staining with X-
sulfate. In each case, a single, sharp band with arylsulfatase ac-
tivity was found. Cell extracts prepared from cells cultivated
with ethanesulfonate, nitrocatechol sulfate or methionine as their
sole source of sulfur were also compared by native isoelectric
focussing, to check for the presence of various forms of arylsul-
fatase under different growth conditions. The isoelectric point
observed for the native enzyme was 4.76. Under denaturing con-
ditions a value of 7.6 was obtained and, in each case, a single
band of arylsulfatase activity was observed, which corresponded
to the purified enzyme from ethanesulfonate-grown cells. This,
and the fact that in all the protein purification steps the arylsulfa-
tase activity was found to elute in a single peak, suggested that,
in contrast to the P, geruginosa strains studied previously [9, 10,
25], strain PAO1 contains a single sulfate-repressed arylsulfa-
tase.

Substrates and inhibitors of arylsulfatase. The range of sub-
strates hydrolysed by the P. aeruginosa arylsulfatase was mea-
sured as sulfate release from a range of sulfate esters and quanti-
fied by ion-exchange chromatography [11]. The enzyme was
able to hydrolyse various aromatic sulfate esters. Highest activ-
ity was seen with nitrophenyl sulfate as substrate, and lower
values were found for nitrocatechol sulfate (57 % of the activity
found for nitrophenyl sulfate), X-sulfate (41 %), and indoxyl sul-
fate (7%). The sulfonate analogue of phenyl sulfate, phenyl-
methanesulfonate, was not hydrolysed at all by the enzyme, nor
was the sterically similar alkyl sulfate dimethylcyclohexy! sul-
fate.

The response of P, geruginosa arylsulfatase to a number of
compounds known to inhibit different classes of arylsulfatase
was tested with nitrocatechol sulfate as substrate, and is shown
in Table 3. P. aeruginosa arylsulfatase appears to be a typical
class I arylsulfatase [26], since cyanide (> 10 mM) inhibited its
activity, but no effect was seen with sulfate, phosphate or chlo-
ride, nor with thiol reagents such as 2-mercaptoethanol or gluta-



390

30}

20+

10

Arylsulfatase activity
(nmol.min.jug protein)

0 -
0 20 40 60 80
Temperature (°C)

100

60 1 B
3‘.5 50 °°
8
g & 40
LY
g3 5t
g.g 30
= E
3z ot
FE o

L/
0 //
6 7 8 9 0 11 12

pH

Fig. 4. Effect of temperature and pH on arylsulfatase activity from P. aeruginosa PAOL. (A) Effect of temperature. The assay was started by
the addition of purified arylsulfatase (0.22 pg protein) to the warmed assay mixture and was terminated after 10 min. The results shown are the
average of three experiments. (B) Effect of pH. The reaction was performed with crude extract (260 ug protein) for 15 min at 37°C in 50 mM Tris/
50 mM glycine adjusted to the appropriate pH. The pH was checked after the enzyme reaction using a microelectrode.

Table 3. Inhibitors of arylsulfatase from P. geruginosa PAOL. Resid-
ual activity was determined in a standard assay (30 min, 37°C).

Inhibitor Concen- Residual
tration activity
mM %

Na,SO, 40 100
Na,HPO, 40 91
KCN 1 95
10 64
NaCl 240 103
NaF 1 94
70 79
Glutathione 7 95
2-Mercaptoethanol 10 94
Sodium dodecyl sulfate 0.1 23
1 3
Sodium dodecyl sulfonate 0.1 89
1 19
Sodium hexyl sulfate 1 96
10 89
Sodium pentane sulfonate 1 95
10 97
Sodium ethane sulfonate 1 95
10 96
Phenylmethanesulfonyl fluoride 1 57
10 9
Sodium phenylmethane sulfonate 1 68
10 17
p-Toluenesulfonate 1 93
10 100
Tyramine 1 91
10 66
p-Cresol 1 79
10 23

thione. By contrast, the presence of sodium dodecyl sulfate led
to complete inhibition of the enzyme even at low concentrations.
This was presumably due to binding of the detergent alkyl chain
to the hydrophobic protein, since sodium dodecy! sulfonate also
inhibited the enzyme strongly, whereas the short-chain ana-

logues pentanesulfonate and hexylsulfate displayed much less
inhibition. Phenylmethanesulfonyl fluoride also inhibited aryl-
sulfatase, but appeared to act as a substrate analogue rather than
by covalent binding to the enzyme, since the inhibitory effect
was not time-dependent and could be reversed after gel filtration
to remove the inhibitor. Incubation with phenylmethanesulfonate
gave levels of inhibition similar to those observed for
phenylmethanesulfony! fluoride. Toluenesulfonate, by contrast,
did not inhibit the enzyme, whereas cresol and tyramine were
both moderate inhibitors.

N-terminal sequence and mass spectroscopic peptide finger-
print studies. The N-terminal amino acid sequence determined
for arylsulfatase was as follows: Asp-Lys-Arg-Pro-Asn-Phe-
Leu-Val-Ile-Val-Ala-Asp-Asp-Leu-Gly-Phe-Ser-Asp-lle-Gly-
Ala-Phe-Gly-Gly-Glu-lle. For further comparison with other
known arylsulfatases and with the gene sequence (Fig. 5), aryl-
sulfatase from P. aeruginosa was subjected to cleavage with cy-
anogen bromide and subsequent tryptic digestion; the resulting
peptides were separated by HPLC and analysed by mass spec-
trometry. The peptide sequences determined for the main peptide
peaks observed are shown in Fig. 5; they corresponded exactly
with the amino acid sequence derived from the gene.

Generation of an arylsulfatase-negative mutant of P. aerugi-
nosa. In order to isolate and characterize the gene encoding aryl-
sulfatase, P. aeruginosa PAO was mutagenized with the transpo-
son Tn5-751 [19]. This transposon is a derivative of Tn5 encod-
ing both kanamycin and trimethoprim resistance, carried on the
temperature-sensitive plasmid pME9. Mutants in arylsulfatase
expression were identified by plating on the synthetic acetate/
salts medium containing X-sulfate and ethanesulfonate. One mu-
tant was obtained which could not grow with arylsulfate esters
as sole sulfur source, and which showed no arylsulfatase activity
after cultivation with methionine, alkanesulfonates, or alkylsul-
fate esters as sulfur source, although growth with these com-
pounds was identical to that of the wild-type strain. This mutant
was named AS1. Several other mutant strains were identified
which displayed reduced but non-zero arylsulfatase activity un-
der derepressing conditions, but these organisms have not yet
been further investigated.

Cloning and sequencing of the arylsulfatase gene. A genomic
cosmid library of P aeruginosa PAO in the cosmid vector
pLAFR3 [20] was used for complementation of the mutation in
strain AS1. Plate conjugation of individual clones of the library
with strain AS1 and screening for arylsulfatase activity led to
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1 CAGTGCAGGAAGAGTTGCTGCGATCCGCCGGCGCACCGTATCACCACCCTGCTGGTCACCCACGACGTCGAGGAGGCGCTCTACCTGECE 90
91 GACCGGGTGGTGGTGATGGAGCCECGTCCGEEGCECATCAGRCGEETEETCGAGGTGGGCCTGGCECATCCGCECGAGOGCGETGECTTC 180

181 GACTTCCTGCGGCCAGCGCGAAGCGCTGCTGCACGAACTGACCGCCGACGGCGAGTACGTCGCGCCGCCGCCGCCACGAGTGGARAACCT 270
EcoRI B . . . . . . .

271 GCCCTTCGAATTCATCGCTTGCTGAARAGCCCCTTGCCCTAGCCCTTTCCCCCTGCGGOAAGGGCGGGGGCGAGGGCCCCACCTTCTCCT — 360
. ) ) ) . . ) ECORV .

361  cccatccacAbGAGAl CCGCaOATGAGCAARCGCCCCAACTTCCTGETGATCGTCGCCGACGACCTGEGOTTCTCCGATATCGGCGCCTT 450
atsAM 8 K R P N F L V I V A D DL G ¥ 8 DI GAYF

451 CGGCGGCGAGATCGCCACGCCGAACCTCGACGCCCTGGCCATC GCCGGCé'I'GCGCCTGAéCGACTTCCAéACCGCC TCGI.&CCTGC TCGC C 540
G ¢ £E I ATUPNULUDATILA ATIAGILU®RYULTUDTFHTA A STTC S P

541 GACCCGCTCGATGCTGCTCACCGRCACCGACCACCACATCGCCGGEATCGGCACCATGGCCGAGGCGCTGACCCCGGAACTGGAAGGCAR 630
T R § M L L T GTDHH I AGI G T M AT EA ATLTUZ PUETLTETGTZK

631 GCCGGGTTACGAAGGGCATCTCAACGAGCGCGTGETGECGCTGCCGGAGCTGCTCCGCGAGGCCGECTACCAGACCCTCATGGCCGGCAA 720
PGYEGHLNTETRVYVTYVALTPT RTLELTEILT RTETBTSEGTYOTTLMATCG K

721 GTGGCACCTCGGTCTGAAGCCGGAACAGACGCCCCATGCACGCGETTTCGAGCGTTCCTTCTCGCTGOTGCCGGGCGCCGCCAACCACTA 810
WHLGTLIXTPETG QT®SDP EHARTGTFETET RTEBTEYSES8TLTILILPOGAANRKTHEHTY

811 TGGTTTCGAGCCGCCCTACGACGAAAGCACTCCGCGCATCCTCAAGGGTACGCCAGCGCTCTACGTGGAAGACGAGCGCTACCTCGACAC 900
G rxXxpPPYDEXSTTPRTITLTEKTGTTPALTYTYTEDTETERTYTLTDT

901 GCTGCCGGAGGGCTTCTATICCTCCGACGCCTTCGECGACAAGCTGCTGCAATACCTCAAGGAGCGCGACCAGAGCCGGECGTTCTTCGE 990
L PEGTFTYSSODAFTGDZEXTELTELSGOTYELEKTERTDG QST RTPFF A

991 CTACCTGCCGTTCTCCGCGOCGCACTGGCCGCTGCARGCGCCECGEGAGATCGTCGAGAAGTACCGCGGTCGCTACGACGCCGGTCCAGA 1080
Y L PF S8 APHWTPLOAT®PRTETITVETKTYRGRTYDA ATEGTSE
1081 AGCGCTGCGCCAGGAACGCCTGGCCCGECTCAAGGAGCTGRGCCTGGTGEAAGCGEACCTCGAAGCCCATCCGETGCTCGCCCTGACCCG 1170
ALRGOQETRTELARTLTEKTETELTGTELTVTEA AZDTYVTEA AENEPPVEILALTR
1171 CGAGTGEGAGGCCCTGGAGGACGAGGAACGEGCTAAGTCARCGCGRGCRATGEAGETCTACGCGGCGATGGTCGAGCGCATGGACTGGAA 1260
E W EATUL E DEEIRAI K S A RA M EV Y A A MV EURMDUDUWWN
1261 CATCGGCAGGGTCGTGGACTACCTGCGCCGGCAGGGCGAGCTGGACAACACCTTCGTCCTETTCATGTCCGACAACGCGCCGAAGECGCE 1350
I1 G RVVDYLRRGOG® GETLTSDONTTPFVTILTFMSESESTDNATPTEKA AP
1351 CTGCTGGAGGCGTTCCCGARTCGGCCGRACCTGCTGECTTCTCGACCGGCACTACGACAACAGCCTGGARAACATCGGCCGCGCCAATTC 1440
CWRRGSRTIGRTTCWLLOD@RTETYODONTBSTELTETMNTIG GRARHNS
1441 CTACGICTGGTATGGCCCGCGCTEGECCCAGECEECCACCRCACCATCGOGCCTGTACAAGGCGTTCACCACCCAGGGCOGGATTCGCGT 1530
Y VW&YGPRUWATC QA AATATPST® RTLTYTKATFTTQG GTITE RV
1531 GCCAGCGCTARTGCACTACCCECERCTARGCCAGCAGEETGCAATCAGCCATGCCOTTCGCCACGOTGATGGACGTCACCCCOACCCTCOT 1620
P ALVERYPRTLGSRO OGGATILTESTEHATFA AT®D TVMDYVYT®PTLL
. . . NotI . . } . .
1621 CGACCTCGCCGGTGTCCGCCACCCAGGCAAGCGCTAGCGCGGCCGCGAGATCGCCGAGCCGCGCGGCAGGTCGTGGCTGGGTTGGCTTTC 1710
P LAGVYRTEHTPGE XKTERMWRGGRTETEAETPRTEGRSMWLGTUWTL 8
1711 CGGCGAGACCGAGGCGGCCCACGACGAGAACACCOTGACCGGCTGEGAGCTGTTCOGCATCCGTGCGATCCGCCAGGGCGACTGGAAGGE 1800
G ETTEAGATEHTDTENTUVTGWETLTFTGCMTRATIERS GG GTDTWK A
1801 GGTGTACCTGCCGRCCCGETGECCECCACCTGECAGCTCTACGACCTGACCCGCGACCCGGGCEAGATCCACGACCTCGCTGACAGCCA 1890
VYLPARTWTPATMWOLTYDTLARTPD T PG GTETTIHDTLADSES Q
1891 GCCGGGCAAGCTGGCGGAGCTGATCGAGCATTGGARGCGATACGTCAGCEAGACCEGTCTCGTAGAGGEGGCTTCGCCTTTCCTGGTGCG 1980
P ¢ KL AETLTITETGEHETWXRTYVSETGTYVVTETG GA aSSPFLJTVR
1981 ATAAGCGGAACCTCTCCCCTCGCCCTCTCCCTTCAGGAGGCAACGTCTGACCAGAAGGTCGGGGAGAGGGECTACTTCGCCGGATGEAAC 2070
*
. . . Clia . . . . . .
2071 GAGGCGACCCGGGTCAGGCCGAGAAACCGCCATCGATGETCAGGCTGGCCCCOGTGATGTAGGCCGCTTCCGECCCGGCCAGGTAGGCGA 2160
2161 CGAAGCTGGCGATTTCCTCGCTOCGGACETAGCACGRCAGCGCCATCAGACCCTTGAGGECCTCGECGAAGTCGCCGTCGTCCGGGTTCA 2250
2251 TGTCGGTATCCACCGEACCCGECTGCACGTTGTTCACCGTGATCCCGCRCGRECCGAGGTCGCGGECCAGECCCTTGGTCAGGCCGACCA 2340
2341 GCGCCGACTGCTCATCGCGTAGGTGEACCECCEECEAACOGCATECATTCGECATTGETGCTGCCCATGOTGATCACCCGCCCGCCATCE 2430
2431 CCCATGTGCTTGACCGCCGCCTGEETGECGACGAAGACGCTGCGCACGTTGATCGCCAGGGTCCCGCTCGAAGTCAGCCAGCGGCAGCTC 2520
. . . . . . . Sall.
2521 TTCCACCGAACCGAGGGCGAGGACGECGGCATTGTTGACCAGGATGTCGATGCGTCCGAAGCGAGCCGCCECTTCGTCGAC 2601

Fig. 5. Nucleotide sequence of the 2600-bp sequence containing the atsA gene and the deduced amino acid sequence. Regions identified by
N-terminal automated Edman sequencing or HPLC/MS sequencing of the arylsulfatase protein are shown in bold face. The putative ribosome
binding site for atsA is boxed. The stop codon is shown with an asterisk.

identification of a single cosmid (pME4012) which contained
the arylsulfatase gene (atsA). The gene was then localized to a
4.5-kb fragment in plasmid pME4019 by deletion analysis
(Fig. 1), and primers designed from the N-terminal sequence of
the protein were used to localize the exact position of the open
reading frame. Both strands of the arylsulfatase gene and adja-
cent sequences were then sequenced; this sequence has been
submitted to the EMBL data bank. The open reading frame thus
identified encodes a protein consisting of 534 amino acids with

a molecular mass of 60.14 kDa, which is in accord with the
value of 57 kDa obtained for the purified arylsulfatase protein
by SDS/PAGE. All the amino acid sequences determined from
the purified protein could be confirmed. The G+C content of
the azsA open reading frame is 68.8 %, which is normal for P.
aeruginosa [27], and the codon usage observed also corresponds
to that previously reported for P. aeruginosa [27]. A putative
ribosome binding site immediately preceding the atsA open
reading frame was also identified (Fig. 5). The amino acid se-
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quence encoded by arsA showed considerable similarity to
known sulfatase proteins from several bacterial and eukaryotic
species (30—40% and 25—30% identity respectively), but un-
like other sulfatases, the protein from P. aeruginosa did not con-
tain a signal sequence to facilitate transport across the cell mem-
brane (Fig. 6), and processing appeared to be limited to removal
of the terminal N-formylmethionine.

Localization of the atsA gene on the P. aeruginosa chromo-
some. The atsA gene was localized on the P. aeruginosa PAO
chromosome by hybridization to chromosomal DNA digested
with Spel or Dpnl as previously described [28]. Under medium
stringency hybridization conditions (40 mM sodium phosphate
pH 7.2, 5% SDS) the gene hybridized to a single band on Spel
fragment O and Dpnl fragment E [28], corresponding to 15—
17 min on the new P. aeruginosa PAO genetic map [29].

DISCUSSION

We have purified the arylsulfatase from P. geruginosa 2700-
fold to homogeneity, with an overall recovery of 24%. After
growth with ethanesulfonate as sulfur source the enzyme there-
fore constitutes some 0.04% of the total cell protein. From the
specific activity of the purified protein given in Table 2, and
assuming a molar growth yield of about 4 kg protein/mol sulfur
[30], the amount of enzyme present would therefore be sufficient
to support normal rates of growth with aromatic sulfates as sole
sulfur source. However, the arylsulfatase is clearly not substrate-
induced, as it is also synthesized in the absence of aromatic
sulfates as part of a response to sulfate limitation (presumably
as a ‘sulfur-scavenging’ enzyme), even when excess sulfur is
present in the form of a different, non-sulfate, sulfur source. This
phenomenon is comparable to the synthesis of alkaline phospha-
tase, which is induced as part of the Pho regulon even in the
presence of excess phosphonate or organophosphate if concen-
trations of inorganic phosphate are low. The direct corepressor
in the case of the Pho regulon appears to be inorganic phosphate
itself, in conjunction with the Pst/PhoU system [31]. For the
sulfate-starvation-induced stimulon the situation is more com-
plex, since sulfate, cysteine, and in some cases thiocyanate all
repress synthesis of the sulfate starvation-induced proteins [4].
In K. aerogenes, studies with mutants in the cysteine biosyn-
thetic pathway have led to the conclusion that sulfate and cyste-
ine act independently as corepressors of arylsulfatase synthesis
[32]. Thus, in a suifate-uptake mutant arylsulfatase formation
was effectively repressed by cysteine, whereas in a strain with a
mutation late in cysteine biosynthesis, sulfate was able to repress
arylsulfatase synthesis, even though it could not be converted to
cysteine (sulfur for growth was provided by methionine). In P.
aeruginosa the precise nature of the corepressor(s) which are
responsible for arylsulfatase repression at a molecular level is
unknown. Sulfate, cysteine, thiocyanate, sulfite and sulfide all
lead to repression in this organism {9] (and our unpublished re-
sults).

Interestingly, the arylsulfatase makes up such a small propor-
tion of cell protein that it can not be seen on two-dimensional
PAGE of cell extracts, even when the proteins are visualized by
sensitive methods such as silver staining. The sulfate starvation-
induced proteins which have previously been observed by two-
dimensional PAGE of cell extracts of E. coli, P. putida, S. aureus
[4] and P. aeruginosa (our unpublished results) are hence present
at much higher levels than is arylsulfatase. The number of sul-
fate-starvation-induced proteins reported [4] is therefore an un-
derestimate of the total number of proteins in the cell which are
regulated by sulfate levels.

Several different arylsulfatase isoenzymes have previously
been reported in P. aeruginosa but, by isoelectric focussing and
by FPLC analysis, we have only found evidence for one form
of the enzyme. The atsA open reading frame (Fig. 5) contained
all the partial amino acid sequences (N-terminal sequence and
internal sequences) which had been determined for the purified
arylsulfatase, confirming unambiguously that it indeed encodes
the sulfate-repressed enzyme which we have purified and char-
acterized. The protein encoded by atsA also showed consider-
able similarity to other sulfatase sequences, with the most con-
served regions located in the N-terminal region (Fig. 6). This
region also contained the two sulfatase consensus patterns listed
in the PROSITE database, which were almost exactly conserved,
with only one small alteration at the second residue of the sulfa-
tase-1 consensus sequence (an atypical threonine). The encoded
protein (534 amino acids) contains three cysteine and ten methi-
onine residues, suggesting that although it is synthesized only
under sulfate-limited conditions, the protein itself is not low in
sulfur amino acids. This contrasts, for instance, with the phyco-
bilisomal proteins produced by cyanobacteria under sulfate-lim-
ited conditions, which contain much less cysteine and methio-
nine than the equivalent proteins produced when excess sulfate
is present [33].

The most significant new characteristic of the P. aeruginosa
arylsulfatase, however, is the absence of the N-terminal signal
peptide which is found in arylsulfatase precursors in other spe-
cies (Fig. 6). To eliminate the possibility that translation begins
further upstream than indicated, we examined the region preced-
ing the atsA gene. An in-frame stop codon was found 90 bp
upstream of atsA and no alternative translation start codons were
present. The beginning of the atsA open reading frame in P.
aeruginosa corresponds well with the N-termini of the mature
forms of other arylsuifatase proteins. The E. coli arylsulfatase-
like protein is an exception here, since it carries no leader pep-
tide and, although its synthesis is apparently controlled by sul-
fate levels like other arylsulfatases, the protein has no arylsulfa-
tase activity and has only been detected by cross-reaction with
antibodies raised againstthe K. aerogenes arylsulfatase [34]. The
putative signal peptide deduced from the DNA sequence of the
K. aerogenes arylsulfatase is clearly active in protein transloca-
tion, since the enzyme has been shown to be localized in the
periplasm [35]. Several other bacterial or fungal arylsulfatases
are also periplasmic or cell-wall-associated, or associated with
lysosomal particles [3], cellular locations which are in good
agreement with the postulated role of microbial arylsulfatases as
‘sulfur-scavenging enzymes’ for the cell.

In P. aeruginosa, transport of proteins into the periplasm is
catalysed by a complex very similar to the Sec system of E. coli
[36], which has an absolute requirement for a defined N-terminal
signal peptide [37]. The P. aeruginosa arylsulfatase does not
carry an N-terminal signal peptide and is therefore an atypical
arylsulfatase in that it is unlikely to be either periplasmic or cell-
wall-associated. Whereas a small group of proteins lacking an
N-terminal leader sequence (e.g. alkaline protease [36], a-hemo-
lysin [38]) is known to be transported across the cytoplasmic
membrane, these proteins are exclusively extracellular, whereas
P. aeruginosa arylsulfatase could not be detected in the external
growth medium. Since we have failed to detect release of aryl-
sulfatase from P. aeruginosa cells in spheroplasting experiments
(unpublished) using several methods [35, 39, 40], the enzyme is
probably indeed intracellular. A system for uptake of aromatic
sulfates into the cell must therefore also be present, though this
has not yet been studied. Further confirmation of arylsulfatase
localization awaits immunocytological studies in whole cells.

The presence of several isozymes of arylsulfatase is not un-
usual in bacteria, and has been reported for P. aeruginosa [10],
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Fig. 6. Sequence alignment of the N-terminal regions of arylsulfatases and arylsulfatase precursors from P, geruginosa PAO, K. aerogenes
[8] and Homo sapiens [44, 45] and of the ‘arylsulfatase-like protein’ from E. coli (Genbank Accession no. M90498). The alignment was
calculated with the program PILEUP; the numbering refers to the total alignment and not to a specific sequence. Residues which are identical (*)
or similar (3) in all five sequences are indicated, and the signal peptides are underlined. The E. coli AslA protein sequence is a hypothetical one
based on nucleotide sequence analysis of the aslA gene, no arylsulfatase activity being observed in E. coli. The two sulfatase motifs recorded in

the PROSITE database (June 1994) are boxed.

Salmonella typhimurium [41], Mycobacterium fortuitum [3] and
Proteus rettgeri [42]. The two different sulfate-repressed arylsul-
fatases previously described in P. aeruginosa were purified from
a not well-defined strain, and differed slightly in charge, pH op-
tima with different substrates and activation behaviour with ani-
ons [10]. In the genetically well-defined strain P. aeruginosa
PAO1, by contrast, we observe only one form of the enzyme by
isoelectric focussing, after growth of the cells with several dif-
ferent sole sulfur sources, and also only found a single copy of
the atsA gene on the PAO chromosome.

The regulation of atsA expression is simpler in P. aeruginosa
than in enteric bacteria, since it is controlled primarily by sulfur
supply and is not affected by the presence of tyramine in the
growth medium (Fig. 2). It is therefore not part of the mono-
amine oxidase regulon [6], and is not subject to the multiple
controls (catabolite repression, nitrogen control) which are seen
in K. aerogenes [43]. The P. aeruginosa arylsulfatase is therefore
a useful paradigm for sulfate-starvation control, and we antici-
pate that our further studies of arsA regulation will shed more
light on the nature of sulfate-starvation control in this and other
species.
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