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Summary
Bacteria can utilize a broad variety of sulfur-containing compounds as sources of
sulfur for growth. In the absence of preferred sulfur sources such as inorganic sulfate,
cysteine or thiocyanate, several prokaryotic species synthesize a special set of proteins,
the sulfate-starvation induced stimulon (SSIS), which enables them to scavenge traces of
sulfate and mobilize organically bound sulfur. A major part of the SSI proteins comprises
transporters as well as transcriptional regulators and enzymes that allow the assimilation
of sulfur from sulfate esters (C-O-SO3H) and sulfonates (C-SO3H). The sewage sludge
isolate Pseudomonas putida S-313 is the most versatile among the subjects of
investigation of aerobic bacterial organosulfur assimilation. Like Escherichia coli, it is
able to utilize a broad range of aliphatic sulfonates as sulfur sources, but it is additionally
capable of desulfurizing aromatic sulfonates, as well as aliphatic and aromatic sulfate
esters.
This work contains the identification of the ssu gene cluster in P. putida S-313.
Like its counterpart in E. coli, it encodes an ABC-type transporter for the uptake of
aliphatic sulfonates (SsuABC), together with a two-component desulfonative
monooxygenase system. The latter consists of the FMNH2-dependent desulfonative
monooxygenase SsuD and the NADPH:FMN reductase SsuE. However, in P. putida, the
ssuED genes are additionally required for growth with aromatic sulfonates, and it has
been shown elsewhere that the oxygenase SsuD exhibits a different substrate range than
the corresponding E. coli enzyme. Another difference between the P. putida ssu cluster
and its counterpart in E. coli consisted in the presence of an additional open reading
frame, encoding the SsuF protein. SsuF was strongly expressed when the cells grew with
sulfonates as the sulfur source, and showed sequence similarity to clostridial
molybdopterin-binding proteins. It was not only required for growth with aromatic and
aliphatic sulfonates, but also with aromatic and aliphatic sulfate esters.
Transposon mutagenesis of P. putida S-313 and subsequent screening for the loss
of the ability to utilize aromatic sulfate esters led to the identification of a second gene
cluster (the ats-sft cluster) encoding further SSI proteins. The cytoplasmic
sulfotransferase AstA was found to catalyse the first step in aryldesulfurization by
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transferring the sulfate moiety from aromatic sulfate esters to an unknown in vivo
acceptor. Growth with aliphatic sulfate esters such as hexylsulfate (HS) and sodium
dodecylsulfate (SDS) required the presence of the a-ketoglutarate dependent dioxygenase
AtsK. The purified AtsK enzyme catalysed oxygenolytic cleavage of aliphatic sulfate
esters to sulfate and the corresponding aldehydes, with the concomitant oxidation of aketoglutarate to succinate and carbon dioxide. Enzyme activity was dependent on Fe2+.
Unlike most other characterised α-ketoglutarate-dependent dioxygenases, AtsK accepted
a range of α-ketoacids as co-substrates, including α-ketoglutarate (Km 140 µM), αketoadipate, α-ketovalerate and α-ketooctanoate. The Km values for hexylsulfate and
SDS were 40 and 34 µM, respectively.
The ats-sft genes further encoded an ABC-type transporter (AtsRBC). While the
ATPase component (AtsC) and the integral membrane component (AtsB) were required
for growth with both aromatic and aliphatic esters and aromatic sulfonates, the
periplasmic binding protein (AtsR) was only required for growth with aromatic and
aliphatic sulfate esters. The product of a gene (sftP) cotranscribed with the
sulfotransferase gene astA displayed sequence similarity to TonB-dependent receptors
and was identified among outer membrane proteins. A further reading frame in the ats-sft
cluster encoded the LysR-type regulator SftR. Expression of sftR was strongly
upregulated when the cells grew with aromatic and aliphatic sulfonates and sulfate esters,
as well as during growth with methionine. Similarily, expression of atsK, astA, and atsB
was strongly induced during growth with all types of sulfonates and sulfate esters, but,
when the cells grew with methionine, no upregulation was observed. An SftR mutant
(PH18) was no longer able to grow with any type of sulfate esters, and the presence of
SftR was required for upregulation of expression of atsK, astA, and atsB during growth
with aliphatic sulfonates, but not aromatic sulfonates. Initial studies demonstrated that the
mutant PH18 was impaired in survival in different bulk and rhizosphere soils, in
comparison to the wildtype.
It was known at the beginning of this work that in Pseudomonas aeruginosa PAO,
aromatic sulfate ester desulfurization is catalysed by the arylsulfatase AtsA. Unlike the
sulfotransferase in P. putida, AtsA hydrolytically liberates sulfate from arylsulfate esters
without requiring an acceptor. The X-ray structure of AtsA was solved, which clarified
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the general hydrolytic sulfate ester cleavage reaction mechanism. It was demonstrated
that a 2-amino-3-oxo-propionic acid residue, which had previously been shown to be
generated by posttranslational modification of a cysteine residue, is present in the
hydrated form in the active site of the resting enzyme. Sulfate ester cleavage occurs by a
nucleophilic attack of one of the hydroxyl groups of the hydrated aldehyde on the ester
sulfur atom. The posttranslational modification mechanism, which is a prerequisite for
sulfatase activity, remains unknown.
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Zusammenfassung

Zusammenfassung
Prokaryoten sind in der Lage, mit einer breiten Palette von verschiedenen
Schwefelverbindungen zu wachsen. In Abwesenheit von bevorzugten Schwefelquellen
wie Sulfat, Cystein oder Thiocyanat synthetisieren viele Bakterienarten einen Satz von
Proteinen, das SSIS (sulfate-starvation induced stimulon), der es ihnen erlaubt, letzte
Spuren von Sulfat mit erhöhter Effizienz aufzunehmen und gleichzeitig alternative
Schwefelquellen zu erschliessen, in denen der Schwefel organisch gebunden vorliegt.
Das SSIS enthält Transportsysteme, Regulatoren und eine Reihe von Enzymen, die es
erlauben, den Schwefel aus Sulfonaten (C-SO3H) und Sulfatestern (C-O-SO3H)
abzuspalten und in den Sulfatassimilationsweg einzuspeisen.
Im Klärschlammisolat Pseudomonas putida S-313 ist bisher die grösste Vielfalt
an Abbauwegen für organische Schwefelverbindungen unter aeroben Bedingungen
gefunden worden. Wie Escherichia coli ist der Stamm in der Lage mit aliphatischen
Sulfonaten als Schwefelquelle zu wachsen. Zusätzlich kann er jedoch den Schwefel auch
aus den stabilen aromatischen Sulfonaten sowie aus aliphatischen und aromatischen
Sulfatestern abspalten.
In dieser Arbeit sind die ssu Gene in P. putida S-313 identifiziert worden. Wie in
E. coli codieren sie für einen Transporter des ABC-Typs, der die Aufnahme von
Alkylsulfonaten

katalysiert

(SsuABC),

sowie

für

ein

desulfonierendes

Zweikomponenten-Monooxygenase-System. Dabei ist SsuD eine falvinabhängige
Sulfonatase, die aus Sulfonaten oxygenolytisch Sulfit freisetzt. Die NADPH-abhängige
FMN-Reduktase SsuE liefert das benötigte FMNH2. Die SsuED-Proteine sind in P.
putida jedoch zusätzlich für Wachstum mit Arylsulfonaten notwendig, und es ist
unabhängig von dieser Arbeit gezeigt worden, dass die Sulfonatase aus diesem Bakterium
ein anderes Substratspektrum aufweist als diejenige aus E. coli. Ein weiterer Unterschied
zwischen den ssu Genclustern dieser beiden Arten ist das Vorhandensein eines
zusätzlichen offenen Leserasters in P. putida, welches für das SsuF-Protein codiert. Die
Expression von SsuF ist während des Wachstums mit Sulfonaten als Schwefelquelle stark
aufreguliert,

und

die

Aminosäuresequenz

des

Proteins

zeigt

Ähnlichkeit

zu

Molybdopterin-Bindeproteinen aus Clostridium. SsuF wird sowohl für das Wachstum mit
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aliphatischen und aromatischen Sulfonaten als auch mit Sulfatestern beiden Typs
gebraucht.
Transposonmutagenese von P. putida S-313 mit anschliessender Auswahl von
Klonen, welche die Fähigkeit zur Spaltung von Arylsulfatestern verloren hatten, führte
zur Entdeckung einer Gruppe von Genen (das ats-sft Cluster), die für weitere SSIProteine codieren. Die cytoplasmatische Sulfotransferase AstA katalysiert den ersten
Schritt in der Assimilation von Arylsulfatestern. Sie überträgt das Sulfat von diesen
Verbindungen auf einen bislang unbekannten Akzeptor. Voraussetzung für das
Wachstum mit aliphatischen Sulfatestern wie Hexylsulfat (HS) und Natriumdodecylsulfat
(SDS) hingegen ist das Vorhandensein der α-Ketoglutarat-abhängigen Dioxygenase
AtsK. Das gereinigte Enzym katalysiert die Spaltung von Alkylsulfaten zu Sulfat und den
entsprechenden Aldehyden. Damit einhergehend wird α-Ketoglutarat unter Abspaltung
von Kohlendioxid zu Succinat oxidiert. Die Aktivität des Enzyms ist Eisen(II)-abhängig.
Im Unterschied zu den bisher charakterisierten α-Ketoglutarat-abhängigen Dioxygenasen
akzeptiert AtsK neben α-Ketoglutarat (Km 140 µM) eine Reihe von weiteren 2Oxosäuren als Cosubstrate, wie a-Ketoadipat, a-Ketovalerat und a-Ketooctanoat. Die
Km-Werte für Hexylsulfat und Natriumdodecylsulfat betragen 40 bzw. 34 µM.
Weiterhin kodieren die ats-sft-Gene für einen Transporter des ABC-Typs
(AtsRBC). Während dessen ATPase (AtsC) und Membrankomponente (AtsB) sowohl für
Wachstum mit aliphatischen und aromatischen Sulfatestern als auch für die Verwertung
von Arylsulfonaten notwendig sind, wird das periplasmatische Bindeprotein (AtsR) nur
für die Verwertung von Sulfatestern beiden Typs gebraucht. Es wurde ausserdem ein Gen
(sftP) identifiziert, welches mit dem die Sulfotransferase kodierenden Gen (astA)
transkribiert wird. Das SftP-Protein weist Ähnlichkeit zu TonB-abhängigen Rezeptoren
auf und wurde in einer Präparation von Proteinen der äusseren Membran identifiziert. Ein
weiteres offenes Leseraster des ats-sft-Genclusters kodiert den LysR-Typ Regulator SftR.
Die Expression von sftR ist während des Wachstums mit aliphatischen und aromatischen
Sulfonaten und Sulfatestern sowie mit Methionin aufreguliert. Ebenso sind atsK, astA
und atsB induziert wenn die Zellen Sulfonate und Sulfatester beiden Typs verwerten. Bei
Wachstum mit Methionin wurde jedoch keine Aufregulation beobachtet. Die SftRMutante PH18 ist nicht in der Lage, aliphatische und aromatische Sulfatester zu
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verwerten, und die Anwesenheit von SftR ist für die Aufregulation von atsK, astA und
atsB notwendig, wenn aliphatische, jedoch nicht, wenn aromatische Sulfonate verwertet
werden. Erste Studien zeigten, dass die PH18 in verschiedenen Böden sowohl in der
Rhizosphäre als auch in Abwesenheit einer Pflanze weniger überlebensfähig war als der
Wildtyp.
Zu Beginn dieser Arbeit war bekannt, dass die Spaltung aromatischer Sulfatester
in Pseudomonas aeruginosa PAO von der Arylsulfatase AtsA katalysiert wird. Im
Unterschied zu der Sulfotransferase aus P. putida benötigt dieses Enzym keinen
Akzeptor, sondern setzt hydrolytisch Sulfat aus diesen Verbindungen frei. Die
Aufklärung der Struktur des Enzyms erlaubte es, den allgemeinen Mechanismus der
aromatischen Sulfatesterspaltung zu lösen. Im aktiven Zentrum des Enzyms lag der 2Amino-3-Oxo-Propionsäurerest (Formylglycin) hydriert vor, von dem früher gezeigt
worden war, dass er durch eine posttranslationale Modifikation aus einem Cystein im
Präprotein generiert wird. Die Esterspaltung wird durch nukleophilen Angriff einer der
beiden Hydroxylgruppen des Formylglycins auf das Schwefelatom eingeleitet. Der für
die

Bildung

von

Formylglycin

verantwortliche

posttranslationale

Modifikationsmechanismus ist für die katalytische Aktivität von Sulfatasen unabdingbar.
Er ist bislang unbekannt.
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Abbreviations
2D-PAGE

two-dimensional polyacrylamide gel electrophoresis

aa

amino acids

ABC

ATP-binding cassette

Ap

ampicillin

APS

ammoniumpersulfate

BS

benzene sulfonate

BSA

bovine serum albumin

C23O

catechol 2,3-dioxygenase

CFU

colony forming units

Cm

chloramphenicol

DSP

dithiosuccinimidyl propionate

EDTA

ethylenediaminetetraacetate

FAD

flavin adenine dinucleotide

FMN

flavin mononucleotide

Gm

gentamicin

HS

hexylsulfate

IPTG

isopropyl-ß-D-thiogalactoside

kDa

kilo Dalton

Km

kanamycin

MALDI-MS

MCS

matrix-assisted laser desorption ionization mass spectrometry
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry
multiple cloning site

MSD

multiple sulfatase deficiency

NADH

nicotinamide adenine dinucleotide reduced

NADPH

nicotinamide adenine dinucleotide phosphate reduced

NCS

p-nitrocatecholsulfate

ODx

optical density at x nm

ORF

open reading frame

MALDI-TOF

Abbreviations

PAPS

3’-phospho-adenosine 5’-phosphosulfate

PS

pentane sulfonate

rpm

revolutions per minute

SDS

sodium dodecylsulfate

SSIS

sulfate starvation induced stimulon

Tc

tetracycline

Tris

((tris)hydroxymethyl)aminomethane

X-Gal

5-bromo-4-chloro-3-indolyl-D-galactopyranoside

X-sulfate

5-bromo-4-chloro-3-indolylsulfate
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Chapter 1: General Introduction
Bacteria have very limited capacity to alter their environment, or to escape
fluctuations in the environmental conditions around them. Thus, they respond to
environmental challenges by changing themselves. The bacterial genome contains an
arsenal of strategies to survive in the face of various environmental stress factors, by
phenotypic adaptation. Alterations in patterns of gene expression as a response to defined
stress stimuli are the subject of considerable study, aiming at a better understanding of
bacterial metabolism and its interactions with the environment. The most-investigated
stress factors include temperature and pH stress, oxidative stress, oxygen deprivation,
nutrient starvation, osmotic stress, DNA damage, and the bacterial responses to
threatening chemicals, such as drugs, metals or organic solvents (Storz and HenggeAronis, 2000).
Among these, starvation has been considerably investigated for more than 30
years, but recently, a marked increase in the interest in starvation-survival in non-spore
forming bacteria can be seen (Kjelleberg, 1993). This reflects the realization that the
biology of bacteria under natural conditions is usually not that of exponential growth, and
that we have very little information on the physiology of the energy- and nutrient-limited
phases of the life cycle of the bacterial cell. Limited nutrient availability is a common
characteristic of most external aquatic and terrestrial environments and those
environments which are encountered by pathogenic bacteria inside their eukaryotic hosts
(Koch, 1971).
Whereas many studies on the bacterial response to the limitation of phosphate,
carbon and nitrogen are available, much less is known about sulfate-starvation. In many
environments, bacteria encounter a lack of inorganic sulfate, although organically bound
sulfur is available. Studies of differentially synthesized proteins have brought to light that
several species express a whole set of proteins during growth with organically bound
sulfur, and biochemical evidence has been presented for the presence of a global
regulation system involved in organosulfur utilization (Beil et al., 1996; Hummerjohann
et al., 1998; Kertesz et al., 1993).
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1.1 Bacterial sulfur metabolism
After carbon, oxygen, hydrogen and nitrogen, sulfur takes the fifth place among
the major bioelements required by bacteria to build up their biomass. It is a constituent of
the amino acids cysteine and methionine, and of cofactors such as thiamine, coenzyme A,
biotin, and a-lipoic acid. The oxidation states in which sulfur is present range from +2 to
–6, and its redox reactivity is widely used in the biological world, for instance in ironsulfur centers and disulfide bonds. In its various oxidation states, sulfur can function
either as electron acceptor (sulfate and elemental sulfur are reduced to sulfide by different
obligate anaerobic bacteria and archaea), or as electron donor (sulfide, elemental sulfur
and thiosulfate are oxidized to sulfate by Thiobacilli and a number of phototrophic
bacteria). This study focuses exclusively on the assimilatory sulfate acquisition of
heterotrophic gram-negative bacteria grown under aerobic conditions.
1.1.1 Assimilation of inorganic sulfate and amino acid sulfur
It is generally considered that bacteria normally grow with sulfate as a sulfur
source, and the assimilation pathway for inorganic sulfate has been well investigated,
mostly in Escherichia coli and Salmonella typhimurium (reviewed in (Kredich, 1996)). In
this process, inorganic sulfate is taken up and reduced to sulfide, which is then
incorporated into L-cysteine (Figure 1). L-cysteine is then used for protein biosynthesis
or is converted to glutathione, or donates its reduced sulfur group to methionine, lipoic
acid, thiamine, coenzyme A, molybdopterin, or other organic molecules.
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Sufate (extracellular)
cysT
cysW
cysA
sbp

Sulfate permease

Sufate (intracellular)
ATP
cysN
cysD

ATP Sulfurylase
PPi

Adenosine 5‘-phosphosulfate
ATP
APS Kinase

cysC
ADP

3’-Phosphoadenosine 5‘-phosphosulfate
Serine

Acetyl-CoA

ATP
PAPS Sulfotransferase

cysH

Serine transacetylase

cysE

ADP

O-Acetylserine
Sulfite
NADPH+H+
cysI
cysJ

Sulfite reductase
NADP

+

Sulfide

Cysteine
cysK
cysM

O-Acetylserine(thiol)-lyase A

Figure 1: Sulfate assimilation pathway and synthesis of cysteine in E. coli (modified from (Kredich,
1996; Soda, 1987)).

In a first step, sulfate and thiosulfate are transported into the cell by an ABC-type
transport system. Apart from two homologous membrane-spanning channel-forming
subunits (CysT and CysW), the transporter consists of an ATP-binding protein (CysA),
and two periplasmic binding proteins for thiosulfate (CysP), and sulfate (Sbp),
respectively (Hryniewicz et al., 1990; Sirko et al., 1990).
Prior to reduction, sulfate is activated by ATP-sulfurylase in an ATP-dependent
step,

to

give

adenosine

5’-phosphosulfate

(APS).

APS

kinase

subsequently

phosphorylates APS with a second ATP to give 3’-phospho-adenosine 5’-phosphosulfate
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(PAPS), which is then reduced by the PAPS sulfotransferase (or PAPS reductase) to
sulfite. The NADPH-sulfite reductase is composed of a flavoprotein subunit (CysJ), and a
hemoprotein subunit (CysI), which transfer the electrons onto sulfite to yield sulfide.
Cysteine is then generated from sulfide by O-acetylserine(thiol)-lyase A, which
forms part of a multifunctional complex termed cysteine synthase, together with serine
transacetylase. The latter enzyme provides O-acetylserine from serine and coenzyme A as
cosubstrate for the reaction catalyzed by the former.

Homoserine
NH 3+

Cysteine

metA

SH

COO-

homoserine
O-succinyltransferase

O-Succinylhomoserine
cystathionine-γ-synthase
metB

Succinate
NH 3+

Cysthathionine

COO-

COO-

S

NH 3+
cystathionine-β-lyase
metC

NH3, Pyruvate
NH 3+

Homocysteine
COO-

SH
CH3

methionine-synthase
metE
metH

NH 3+

Methionine
COO-

S

CH 3

Figure 2: Transsulfurylation pathway.

Methionine is synthesized from cysteine in the so-called transsulfurylation
pathway (Figure 2). Homocysteine is produced from O-succinylhomoserine and cysteine
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through cystathionine by coupled reactions of cystathionine γ-synthase and cystathionine
ß-lase. In other species such as Saccharomyces cerevisiae (Langin et al., 1986) and
Brevibacterium flavum (Ozaki and Shiio, 1982), O-succinylhomoserine is substituted by
O-acetylhomoserine. These organisms are furthermore able to directly introduce reduced
sulfur into the homoserine ester by sulfhydrylation, to give homocysteine, which is then
the precursor for both cysteine and methionine. The lack of the reverse transsulfurylation
pathway, together with the lack of any other possibility to convert homocysteine into
cysteine is reflected by the fact that E. coli is unable to grow with methionine as sole
sulfur source.
In Pseudomonas species, sulfate assimilation pathways are not yet well
elucidated. P. aeruginosa PAO1 is capable of growth with either cysteine or methionine
as sulfur sources, demonstrating its ability to convert these two amino acids into one
another. Biochemical evidence has been presented for the existence of an Osuccinylhomoserine sulfhydrylase in that strain, which catalyses direct sulfhydrylation of
O-succinylhomoserine to homocysteine (Foglino et al., 1995). This finding suggests that
P. aeruginosa follows the global pathway established for S. cerevisiae (Cherest and
Surdin-Kerjan, 1992), in which cysteine is synthesized from homocysteine via the reverse
transsulfurylation pathway (the only peculiarity being the usage of O-succinylhomoserine
as substrate for sulfhydrylation, instead of O-acetylhomoserine) (Figure 3).

Sufate

Serine

?
Homoserine

O-Succinylhomoserine

Sulfide

O-Acetylserine
Sulfide

metZ

Homocysteine

Cystathionine

Cysteine

Methionine

Figure 3: Sulfate assimilation pathway in Pseudomonas aeruginosa (Foglino, et al., 1995).
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However it is not yet clear whether, like in S. cerevisiae, the reverse
transsulfurylation pathway is the only cysteine biosynthesis pathway in P. aeruginosa, or
whether the organism is additionally capable of sulfhydrylation of serine, like E. coli. A
further finding described in (Foglino, et al., 1995) adds to the puzzle: P. aeruginosa
homoserine

sulfhydrylase

mutant

could

be

phenotypically

complemented

by

overexpression of the E. coli metB gene, which encodes cystathionine γ-synthase. At first
sight this finding implies that methionine can be synthesized via the transsulfurylation
pathway (which is also demonstrated by the fact that the O-succinylhomoserine
sulfhydrylase mutant was able to grow, although ‘poorly’, with cysteine instead of
methionine), and that cysteine must be present as a substrate for MetB. Under conditions
in which MetB is overexpressed, transsulfurylation towards methionine would be more
effective, thus enhancing growth of the mutant, and cysteine would have to be provided
by serine sulfhydrylation. This is in contradiction with the finding that the Osuccinylhomoserine sulfhydrylase mutant was unable to grow with sulfate alone. The
authors favor the hypothesis that serine sulfhydrylation is inoperative, such as in yeast,
and that the E. coli MetB enzyme can use another sulfur donor than cysteine for the
sulfurylation of succinylhomoserine, thus bypassing cystathionine, as has been observed
previously in other species (Flavin and Slaughter, 1967; Richaud et al., 1993; Simon and
Hong, 1983). The fact that (Vermeij and Kertesz, 1999) measured significant amounts of
O-acetyl-L-serine sulfhydrylase activity in P. aeruginosa PAO1 cell extracts conflicts
with the assumption of the inexistence of serine sulfhydrylation, but this could be due to
variation between the P. aeruginosa PAO1 strains used in different laboratories. It has
been repeatedly observed that these strains can exhibit a striking degree of genetic
variability (personal communications, Pseudomonas meeting 2001).
In summary, in Pseudomonas species, the overall pathways for the biosynthesis of
methionine and cysteine resemble those found in E. coli. However these bacteria differ
from E. coli in their ability to utilize methionine as a sulfur source for growth, and by the
fact that direct sulfhydrylation of acylhomoserine can play an important role in their
sulfur assimilation pathways.
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1.1.2 Sulfate starvation
When starved for inorganic sulfate under otherwise not growth-limiting
conditions, many bacteria synthesize a set of proteins, which enables them to mobilize
last traces of sulfate and grow with alternative sulfur sources. A range of these proteins
was identified by N-terminal sequencing or peptide mass fingerprinting, in E. coli
(Quadroni et al., 1996), P. putida, Staphylococcus aureus (Kertesz, et al., 1993), P.
aeruginosa (Hummerjohann, et al., 1998; Quadroni et al., 1999), and Bacillus subtilis
(Coppée et al., 2001). Others were found by transposon mutagenesis (van der Ploeg et al.,
1996; van der Ploeg et al., 1999). Generally, these proteins are summarized as sulfate
starvation-induced (SSI) proteins. They are synthesized in the absence of preferred sulfur
sources, which may vary among species, but generally include sulfate, cysteine and
thiocyanate. Alternative sulfur sources, which have been found to induce the SSI
response in bacterial strains examined, are listed in Table 1. The SSI proteins can be
divided into several categories. First, they can contain low-sulfur copies of metabolically
important proteins, such as a second set of phycobilisomal proteins with low
cysteine/methionine contant that has been found in cyanobacteria (Mazel and Marliére,
1989). Second, several antioxidant proteins have been detected among the SSI proteins,
including alkylhydroxyperoxide reductase (Quadroni, et al., 1996), or the thiol-specific
antioxidant protein LsfA (Kertesz, unpublished). Finally, an important fraction of the SSI
proteins consists of transport systems and metabolic enzymes involved in the uptake and
degradation of alternative sulfur sources, in which the sulfur is bound organically. Such
alternative sulfur sources comprise sulfonates, in which the sulfur is carbon-bonded, and
sulfate esters, which contain a C-O-S linkage. Sulfonatases and sulfatases are the
enzymes which cleave the sulfur moiety out of sulfonates and sulfate esters, respectively.
Both groups of enzymes have received some attention in the past, mainly because of the
role they play in the biodegradation of detergents, but their importance in the context of
the sulfur cycle has only been discovered relatively recently.
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Table 1: Induction of the sulfate-starvation induced (SSI) response in different bacterial strains,
during growth with different sulfur sources. The presence (+) or absence (-) of SSI response
was determined by differential protein synthesis for P. aeruginosa (Hummerjohann, et al., 1998)
and Bacillus subtilis (Coppée, et al., 2001), or by marker enzyme activity for P. putida, E. coli,
and Staphylococcus aureus (Kertesz, et al., 1993). n.g.: no growth with the corresponding sulfur
source.

sulfate
cysteine
thiocyanate
methionine
cystine
hexylsulfate
p-nitrocatecholsulfate
ethanesulfonate
pentanesulfonate
cyclohexylsulfamate
SDS
glutathione
benzenesulfonate
taurine

P. putida
S-313
+

+
+

+
n.g.
+

P. aeruginosa

E. coli

S. aureus

B. subtilis

+
+
+
+
+
+
+
+

n.g.
+

+

-

n.g.
n.g.
+

+
+

n.g.
+
n.g.

+
n.g.

n.g.

+

(+)
+

1.1.3 The relevance of sulfate starvation in bacterial metabolism
It is not yet clear in which environments bacteria encounter sulfate starvation
conditions and synthesize the SSI proteins. Two of the species – Bacillus subtilis and
Pseudomonas putida -, in which the SSI response has been studied, are known as freeliving organisms and occur mainly in soil. P. aeruginosa and E. coli however,
additionally live inside eukaryotic hosts, and Staphylococcus aureus is mainly known as a
pathogen. The increased availability of genome sequences has brought to light that tauD
and ssuD orthologs, which are required for desulfonation in E. coli, are also found in
other members of the Enterobacteriaceae, such as Yersinia and Klebsiella, as well as in
the gram-positive pathogen Mycobacterium tuberculosis (Eichhorn, 2000). Sulfonates
and sulfate esters are known to be present inside higher organisms, e.g. as taurine (2amioethanesulfonic acid) (Huxtable, 1992), tyrosine sulfate (Huttner, 1988), carbohydrate
sulfates or as the products of phenol and catechol sulfation in urine and bile. In soil
environments, a large proportion of the sulfur is present as sulfonates and sulfate esters
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(Autry and Fitzgerald, 1990; Fitzgerald, 1978; Watwood et al., 1986). It therefore seems
likely that bacteria have been encountering sulfate-limited conditions in their natural
environments for a long time, and that the SSI response represents an adaptation to those
conditions. In chapter 4 of the present study, data are presented which point at an
involvement of the sulfate ester utilization ability of P. putida S-313 in soil fitness. A
range of sulfonates and ester sulfates is shown in Figure 4.
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Figure 4: Natural and synthetic sulfonates and sulfate esters

1.2 Sulfate ester hydrolases
Sulfatases catalyse the hydrolytic cleavage of the sulfate ester bond. According to
their substrate range they can be divided into two main groups, the alkylsulfatases, and
the arylsulfatases. Much more is known about the latter, members of which have been
isolated from bacteria (Beil et al., 1995; Dodgson et al., 1982; Murooka et al., 1990),
fungi (Marzluf, 1997), algae (Barbeyron et al., 1995; De Hostos et al., 1988; Hallmann
and Sumper, 1994), and higher organisms (Parenti et al., 1997). More recently, our
knowledge of bacterial aromatic sulfate ester cleavage has been widened by the discovery
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of sulfotransferases in enteric bacteria. This group of enzymes transfers the sulfate moiety
from one phenolic substrate to another, and seems to be widespread among prokaryotes
(Baek et al., 1998) (note that in the cited publication, only the data resulting from
Southern hybridization is reliable, since in the enzyme activity assays, no controls were
reported which would have enabled discrimination between sulfotransferase and
arylsulfatase activity). Bacterial sulfotransferases thus differ from mammalian
sulfotransferases,

which

catalyze

the

transfer

of

activated

sulfate

from

3'-phosphoadenosine-5'-phosphosulfate (PAPS) onto phenolic acceptor substrates
(Coughtrie et al., 1998). However, much less is known about bacterial sulfotransferases
than about sulfatases which release sulfate. In humans, a range of different sulfatases is
involved in the desulfation of glycosaminoglycans, and in other metabolically important
functions. Although the substrates of these human sulfatases partly are carbohydrate
sulfates, instead of aromatic sulfate esters, they are classified as arylsulfatases due to their
biochemical properties and evolutionary origin. Like all simple ester hydrolases,
arylsulfatases catalyze the scission of the O-S bond of the ester linkage. In contrast,
alkylsulfatases cleave the C-O bond, with one known exception (Lillis et al., 1983).
1.2.1 Alkylsulfatases
Alkylsulfatases cleave sulfate from aliphatic sulfate esters. Since the 1960s, they
have been the subject of considerable study, motivated by an awareness of the large-scale
release of synthetic aliphatic sulfate esters into the environment. Due to their amphiphilic
properties, long-chain aliphatic sulfate esters such as SDS are in common use as
surfactants and are released into wastewater. A range of bacterial strains has been isolated
from contaminated sites on the basis of their ability to grow in the presence of high
concentrations of aliphatic sulfate esters. Several different alkylsulfatase enzymes were
purified from those organisms, which exhibited different substrate specificities (reviewed
in (Dodgson, et al., 1982)). Many isolates tested were found to contain several different
alkylsulfatases. For instance, in Pseudomonas sp. C12B, as many as five different
sulfatases were present, desulfating either primary or secondary (branched) aliphatic
sulfate esters. The substrate specificity of the secondary ester sulfatases varied with
respect to the D- and L-forms and the position of the ester group on the hydrocarbon
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chain. Alkylsulfatases also differ in their cellular localization: whereas long-chain
alkylsulfatases are periplasmic enzymes (Fitzgerald and Laslie, 1974; Matcham et al.,
1977; Thomas et al., 1988), a short-chain (C3-C7) alkylsulfatase in a coryneform has been
found to be located in the cytoplasm (Thomas, et al., 1988). From a genetic point of view,
little is known about alkylsulfatases. A putative SDSase was cloned from a Pseudomonas
isolate, together with a LysR-type transcriptional regulator (Davison et al., 1992).
However, no enzyme activity could be measured when the gene was expressed in E. coli.
The conditions under which alkylsulfatases are expressed are mostly unknown.
Most alkylsulfatases characterized so far seem to be expressed as part of the carbon cycle,
since it has been reported that their expression is induced in late stationary phase in
complex media (Dodgson, et al., 1982), which indicates that they are subjected to
catabolite repression. However, the ability of many bacteria such as P. aeruginosa PAO1
and P. putida S-313 to grow with aliphatic sulfate esters such as SDS and hexylsulfate as
sulfur sources (Hummerjohann et al., 2000; Kertesz, et al., 1993) suggests the presence of
sulfur-regulated sulfatases in those strains. In P. aeruginosa, an ABC-type transport
system required for growth with both aliphatic and aromatic sulfate esters forms a cluster
with the arylsulfatase gene, but the aliphatic sulfatase remains unknown (Hummerjohann,
et al., 2000). A phenoxyethyl sulfatase with a broad substrate range has been identified in
Pseudomonas putida FLA, which allows the organism to grow with the herbicide CRAG
(2, 4, di-chlorophenoxyethylsulfate) as the sole sulfur source (Lillis, et al., 1983). The
chapters 3 and 5.2 of this study are dedicated to the first comprehensive characterization
of an alkylsulfatase on a genetic, enzymatic and structural basis. Surprisingly, this
enzyme catalyzed the oxygenolytic cleavage of sulfate esters and therefore differs from
the hydrolases described above.
1.2.2 Arylsulfatases
Arylsulfatases are an evolutionarily highly conserved enzyme family. Their
substrates range from glycosaminoglycans and glycolipids to sulfated hydroxysteroids
and amino acids. The metabolic importance of arylsulfatases in humans is illustrated by
the fact that at least seven different disorders are associated with the deficiency of a
specific sulfatase (Ballabio and Shapiro, 1995; Neufeld and Muenzer, 1995). Moreover, a
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deficiency of a posttranslational modification, which has so far only been found in
sulfatases, causes a severe human genetic disorder in which all sulfatases are affected.
Due to the lack of modification, in individuals suffering from this disorder named
multiple sulfatase deficiency (MSD) all sulfatases are inactive. Since the modification
mechanism, in which a cysteine residue is modified to 2-amino-3-oxo-propionic acid, is
conserved among human eukaryotic enzymes and bacterial ones (Dierks et al., 1998), the
latter have recently received increased attention. The best-investigated bacterial
arylsulfatase is AtsA from P. aeruginosa (Beil, et al., 1995). Like its counterparts in other
bacteria and higher organisms, it catalyses the cleavage of aromatic sulfate esters to the
corresponding phenols, by hydrolytically releasing sulfate. It forms part of the sulfate
starvation response in P. aeruginosa (Hummerjohann, et al., 1998). Another wellcharacterized bacterial arylsulfatase is AtsA from Klebsiella pneumoniae (Murooka, et
al., 1990), whose expression is also induced by sulfate starvation conditions, and
additionally derepressed by tyramine. The sequenced genomes of several other
prokaryotes contain sulfatase-related genes for which it remains to be established whether
they encode sulfatases. In E. coli, these include aslA (Genbank accession no AAC76804,
25% identical to AtsA from P. aeruginosa), f571 (Genbank accession no AAC74571,
23% identical to AtsA), and yidJ (Genbank accession no AAC76701, 23% identical to
AtsA).
While the biochemical properties and expression of AtsA from P. aeruginosa
have been studied in detail, chapter 5.1 of this study is dedicated to the structure of the
enzyme, as well as to its posttranslational modification mechanism.
1.2.3 Arylsulfotransferases
Mammalian sulfotransferases are detoxifying enzymes. They catalyze the transfer
of activated sulfate from 3'-phosphoadenosine-5'-phosphosulfate (PAPS) onto phenolic
acceptor substrates (Coughtrie, et al., 1998). A different type of sulfotransferase has been
found in enteric bacteria, which accepts phenyl sulfate esters instead of PAPS as donors
of the sulfate moiety (Baek et al., 1996; Chai and Lowe, 1992; Goldberg et al., 2000;
Kang et al., 2001; Kim et al., 1986; Kim et al., 1992; Kwon et al., 1999; Lee et al., 1995).
The sulfate is transferred onto an unknown phenolic acceptor. The role sulfotransferases
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play in bacterial metabolism is yet unknown, as are the conditions under which they are
expressed. This study describes the first bacterial sulfotransferase from a free-living
organism which is expressed as part of the bacterial sulfur cycle.
1.3 Sulfonatases
Like alkylsulfatases, sulfonatases initially received attention because of the
important role they play in the biodegradation of organic xenobiotics. The first
sulfonatases studied enabled their hosts to utilize sulfonates as carbon and energy source
(reviewed in (Cook et al., 1998)). More recently however, it has become clear that like
sulfatases, they play an important role in the sulfate starvation response. Thus, sulfatase
expression is upregulated when the cells grow with sulfonates (Hummerjohann, et al.,
2000; Kahnert et al., 2001), and during growth with sulfate esters, sulfonatases can be
synthesized (Kahnert et al., 2000). The set of sulfonatases discovered in the framework of
sulfur-cycle sulfonate utilization has been reviewed in (Kertesz, 1999).
Sulfonatases cleave the C-S bond of sulfonates. The sulfonate C-S bond is much
more stable than the sulfate ester bond, and its cleavage is initiated by an oxygenation in
most cases. Several mono-and dioxygenases have been identified, which enable their
bacterial hosts to utilize either alkanesulfonates or arylsulfonates as carbon sources
(Cook, et al., 1998; Reichenbecher and Murrel, 1999). When sulfonates serve as a sulfur
source however, different types of sulfonatases seem to catalyse the desulfonation
reaction, which are not related to the carbon-cycle enzymes. Two main types of
oxygenases have so far been described, which catalyze the conversion of aliphatic
sulfonates into sulfite and the corresponding aldehyde, during growth with sulfonates as
sulfur source. One group is represented by the a-ketoglutarate dependent dioxygenase
TauD, which catalyses sulfite release from taurine (Eichhorn et al., 1997). The second
group consists of monooxygenase systems, which comprise an NADPH-dependent FMNreductase in addition to the actual sulfonate monooxygenase (Eichhorn et al., 1999).
Whereas TauD specifically accepts taurine, the aliphatic sulfonate monooxygenase
(SsuD) desulfonates a wide range of aliphatic sulfonates. The ability to desulfonate
aromatic sulfonates, too, is widespread among microorganisms, and three isolates have
been reported to grow with sulfonated aromatics as sulfur sources (Dudley and Frost,
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1994; Kertesz et al., 1994b; Zürrer et al., 1987), one of which is Pseudomonas putida S313. This species contains the asfRABC gene cluster, which is specifically required for
aromatic desulfonation (Vermeij et al., 1999), which has been proposed to complement
the aliphatic sulfonate monooxygenase system (SsuED) in a way that allows it to
additionally accept the aromatic substrate counterparts.
1.4 Sulfonate and sulfate ester transporters
Analysis of sulfate-starvation proteins visualized by 2D-PAGE led to the
identification of several unknown periplasmic binding proteins (Hummerjohann, et al.,
1998; Hummerjohann, et al., 2000; Quadroni, et al., 1999), which suggested that bacteria
induce specific organosulfur-uptake systems during growth with such compounds as
sulfur sources. Indeed, subsequent identification of several gene clusters encoding
sulfate-starvation proteins demonstrated that all of them contained at least one component
of ABC-type transporters: the taurine-utilisation operon of E. coli encodes the taurine
uptake system TauABC (Eichhorn, et al., 1997), and the sulfonate transporter SsuABC
forms part of the cluster encoding the aliphatic sulfonatase in that species (Eichhorn, et
al., 1999). In P. aeruginosa, the arylsulfatase AtsA is clustered with the sulfate ester
transporter AtsRBC (Hummerjohann, et al., 2000), which is required for both aliphatic
and aromatic sulfate ester uptake in that species. Aromatic sulfonate utilization in P.
putida S-313 requires the periplasmic binding protein AsfC, which forms the asf operon
together with a reductase, a ferredoxin and a LysR-type regulator (Vermeij, et al., 1999).
At physiological pH, both sulfonates and sulfate esters are ionized and therefore,
the necessity of active transport across the inner membrane is not surprising.
1.5 Anaerobic organosulfur metabolism
Several isolates have been reported to assimilate sulfonate-sulfur under anaerobic
conditions. They include various Clostridium species, which were able to desulfonate
isethionate, taurine, or toluenesulfonate (Chien et al., 1995; Denger et al., 1996; Denger
and Cook, 1997). Desulfonation of taurine and isethionate required a taurine-pyruvate
aminotransferase in Clostridium pasteurianum C1. The mechanistics of anaerobic
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aromatic desulfonation remain unclear, but must be different from the aerobic
monooxygenation (Denger and Cook, 1997).
One of the Clostridium isolates was also able to grow with aromatic sulfate esters
as sulfur source (Denger and Cook, 1997). However, the corresponding phenol products
could not be detected, so there is yet no evidence as to an involvement of a putative
arylsulfatase under anaerobic conditions, since desulfation might have occurred after a
putative ring-cleavage.
1.6 Aims of this study
Several oxygenases catalyse sulfur-cycle utilization of sulfonates, including the
taurine dioxygenase TauD from E. coli (Eichhorn, et al., 1997), the methanesulfonate
sulfonatase from P. aeruginosa (Kertesz et al., 1999), and the alkanesulfonate
monooxygenase from E. coli (Eichhorn, et al., 1999). Aromatic sulfate esters are
desulfated by the arylsulfatase AtsA in P. aeruginosa (Hummerjohann, et al., 2000),
which forms an operon with an ABC-type transporter for the uptake of both aromatic and
aliphatic sulfate esters in that species. However, the enzyme releasing sulfur from
aliphatic sulfate esters was unknown. The main aim of this work was to identify and
characterize a sulfur-regulated alkylsulfatase. In addition, expression of the alkylsulfatase
was studied in P. putida S-313, and a regulator protein (SftR) was identified which was
required for growth with sulfate esters. A sulfotransferase was found to be part of the
SftR-regulon, and catalyses the first step in aromatic sulfate ester utilization in that
species. Finally, the genetic and regulatory links between sulfate ester and sulfonate
utilization were studied, in order to establish a more complete picture of bacterial
metabolism during growth with these sulfur sources.
Sulfonate and sulfate ester degradation have received considerable attention in the
past, mainly motivated by an awareness of the large-scale release of these compounds
into the environment. The investigation of the metabolic pathways by which they are
degraded paves the way to possible biotechnological decontamination techniques.
Furthermore, bacterial sulfate ester hydrolysis plays an important role in soil sulfur
cycling (Castellano and Dick, 1991; Fitzgerald, 1976; Scherer, 2001), and possibly
contributes to the mobilization of sulfur for plant growth in agricultural soils.
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Chapter 2: The ssu locus plays a key role in organosulfur metabolism in
Pseudomonas putida S-313

2.1 Abstract
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 S313 which were no longer able to desulfurize arylsulfonates were isolated, and found to
carry transposon insertions in the ssuEADCBF operon, which contained genes for an
ABC-type transporter (ssuABC), a two component reduced flavin mononucleotidedependent monooxygenase (ssuED) closely related to the E. 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 analysis revealed that the ssuF gene product was required for growth
with all the tested substrates except methionine, 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 arylsulfotransferase, and not by an arylsulfatase as in the
related species Pseudomonas aeruginosa.
2.2 Introduction
The sulfur content of aerobic soils is made up almost entirely of sulfonates and
sulfate esters of undefined structure. Inorganic sulfate, by contrast, is comparatively
poorly represented, and constitutes less than 5% of the sulfur in these environments
(Autry and Fitzgerald, 1990). In order to meet their sulfur requirements, soil bacteria
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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 (King and Quinn, 1997; Seitz et
al., 1993), although complete degradation of these compounds as carbon and energy
sources appears to be limited to a few species. The ability to hydrolyse 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
(Sarathchandra and Perrott, 1981). Alkyl sulfatase enzymes are also very common, and
were found in 15% of isolates obtained non-selectively from a non contaminated
environment (White et al., 1985).
In contrast to the naturally occurring alkanesulfonates and aliphatic and aromatic
sulfate esters, aromatic sulfonates are regarded as xenobiotic compounds (Kertesz et al.,
1994a), and are produced industrially 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 they will accept. Species that accept arylsulfonates as a sulfur source, by
contrast, tolerate a broad range of different substituents on the aromatic ring (Dudley and
Frost, 1994; Kertesz, et al., 1994b; Zürrer, et al., 1987). The best characterized such
isolate is Pseudomonas putida S-313 (Zürrer, et al., 1987). Desulfonation of
arylsulfonates in this strain is catalyzed by a putative monooxygenase system, which
converts the substrate quantitatively to the corresponding phenol (Kertesz, et al., 1994b;
Zürrer, et al., 1987). 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 thiocyanate (Beil, et al., 1996). The
arylsulfonatase, and/or an arylsulfonate transport system, are therefore members of a
substantial group of proteins whose synthesis is downregulated in the presence of sulfate
or cysteine, and de-repressed during growth with organosulfur sources, or during
starvation for sulfur (Hummerjohann, et al., 1998; Kertesz, et al., 1993; van der Ploeg, et
al., 1996).
In a previous study (Vermeij, et al., 1999), we isolated a number of classes of
transposon mutants of P. putida S-313 which had lost the ability to grow with aromatic
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sulfonates as the sulfur source. Mutants from two of these classes appeared to show a
pleiotropic phenotype, and were deficient not only in growth with arylsulfonates, but also
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 compounds in P. putida.
2.3 Materials and methods

2.3.1 Bacterial strains and growth conditions
Bacterial strains and plasmids used in this study are listed in Table 2. All P.
putida strains were grown aerobically at 30°C in a succinate-salts minimal medium
(Kertesz, et al., 1993). Sulfur sources were added as described in the text, to a final
concentration of 250-500 µM. Escherichia coli was grown aerobically in Luria-Bertani
medium (Sambrook et al., 1989) at 37°C. Growth was monitored as absorbance at 600 or
650 nm. Antibiotics were added at the following concentrations: for E. coli ampicillin at
100 µg/ml, tetracycline at 25 µg/ml, gentamicin at 15 µg/ml, kanamycin at 25 µg/ml; for
P. putida tetracycline at 25 µg/ml, gentamicin at 25 µg/ml, kanamycin at 25 µg/ml. When
required in sulfate-free medium, kanamycin chloride (25 µg/ml) was prepared and used
as previously described (van der Ploeg, et al., 1996). Sulfur-limited solid media were
prepared by addition of 1.5 % molecular biology grade agarose (Eurobio).

Table 2: Bacterial strains and plasmids used in chapter 2
Strain
Escherichia coli
DH5α
RK4353
VJS1778
BL21(DE3)

Relevant features

Reference or source

supE44 ∆ lacU169 (φ80 lacZ∆M15) hsdR17 recA1 endA1
gyrA96 thi-1 relA1
araD139 D(argF-lac)U169 deoC1 flhD5301 fruA25 gyrA219
non-9 relA1 rpsL150
RK4353 moaA-250::Tn10d(Tc)
F- ompT [lon] hsdSB (rB- mB-; B strain); λDE3 lysogen with
T7 RNA polymerase

laboratory collection
(Stewart and Macgregor,
1982)
V. Stewart
Novagen
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Strain
Pseudomonas putida
S-313
SN34
PW2

Relevant features

Reference or source

prototroph, arylsulfonate desulfonation
ssuE::miniTn5-Km
ssuB::miniTn5-Km

(Zürrer, et al., 1987)
(Vermeij, et al., 1999)
this study

PW7
PW10

ssuB::miniTn5-Km
ssuC::miniTn5-Km

this study
this study

Stratagene
(Kovach et al., 1995)
Novagen
(West et al., 1994)
T. Dierks
this study
this study
this study
this study

pME4426
pME4441
pME4431
pME4432
pME4433
pME4443

ApR, cloning vector
TcR, broad-host-range cloning vector
Overexpression vector
GmR, broad-host-range cloning vector
atsBA genes of K. pneumoniae in pBluescript
7.5 kb ClaI fragment from SN34, in pBluescript
ssuE gene of P. putida in pET-24b
1.4 kb KpnI-EcoRI fragment from pME4071 in pBluescript
5.2 kb XhoI-HindIII chromosomal DNA fragment from P.
putida S-313 in pBluescript
6.1-kb KpnI-HindIII fragment in pBluescript , lsfA
ssuEADCBF
5.0 kb XbaI fragment from pME4421 in pBBR1MCS-3,
ssuEADCBF parallel to lac promoter
5.0 kb XbaI fragment from pME4421 in pBBR1MCS-3,
ssuEADCBF antiparallel to lac promoter
atsA gene of P. aeruginosa in pBBR1MCS-3
atsBA genes of K. pneumoniae in pUCP24
pME4423, ∆ssuE
pME4423, ∆ssuA
pME4423, ∆ssuD
pME 4424 with 293 bp upstream of ssuE

pME4578

XhoI-MunI deletion of pME4423, ssuF in pBBR1MCS-3

this study

plasmids
pBluescript II KS
pBBR1MCS-3
pET-24b
pUCP24
pKLAS-25
pME4071
pME4368
pME4404
pME4420
pME4421
pME4423
pME4424

this study
this study
this study
this study
this study
this study
this study
this study
this study

2.3.2 Measurement of growth characteristics
Growth experiments were done at 30°C in microtiter plates with 150 µl culture
using a SPECTRAmax Plus microtiter plate reader with SOFTmax PRO software
(Molecular Devices), as previously described (Vermeij and Kertesz, 1999). The optical
density at 650 nm was measured every 5 min, and the plate was shaken for a period of 30
seconds before each measurement.
For growth under molybdenum starvation conditions, all buffers were
made up in plasticware instead of glassware, and the cells were precultured overnight in
molybdenum-free medium. All glassware used for this experiment was washed
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consecutively with 3 M HCl (three times), 0.4 M NaOH (three times) and double distilled
water (three times).
2.3.3 DNA manipulations
Plasmid isolation, restriction enzyme digestion and transformation of E. coli were
carried out using published procedures (Ausubel et al., 1987). P. putida was transformed
by electroporation in 0.1 cm cuvettes (12.5 kV/cm), using a GenePulser apparatus
(BioRad, Hercules, CA). Southern analysis was carried out by standard methods
(Ausubel, et al., 1987), using digoxigenin-labeled probes labeled by PCR.
2.3.4 Cloning of the ssuEADCBF genes
The interrupted genes in mutant strains SN34, PW2, PW7 and PW10 were
identified by transposon rescue techniques, as previously described (Hummerjohann, et
al., 1998). Suitably sized transposon-containing DNA fragments were identified by
Southern analysis using the digoxigenin-labeled kan gene as probe. For sequencing and
complementation studies, a 7.5 kb ClaI fragment from strain SN34 was cloned into
linearized, dephosphorylated pBluescript vector, to give plasmid pME4071. A 1.4 kb
KpnI-EcoRI fragment from pME4071 was cloned into pBluescript vector to give
pME4404, containing ssuE'. A 5.2 kb XhoI-HindIII 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 XhoI-BamHI, to give pME4421. The entire operon was recloned into pBBR1MCS-3
as an XbaI fragment to give plasmids pME4423 and pME4424, and deletion plasmids
were constructed from pME4423 by removal of the following fragments, and blunting
where required; pME4431 (∆ssuE), XhoI-SapI deletion; pME4432 (∆ssuA), BsrG1Bpn11021 deletion; pME4433 (∆ssuD) StuI-Eam1105I deletion; pME4578 (∆ssuEADCB)
XhoI-MunI deletion. pME4443 was constructed by inserting a 796-bp PCR fragment
generated with primers ssuprofor2 (5’-aagagctccccaaaggttatcgcg-3’) and ssuprorev1 (5’tcgtgcaagcgctcttcc-3’) into SacI-SapI-digested pME4424. For overexpression, the ssuE
gene was cloned into pET-24b (Novagen) as a 592-bp PCR-fragment generated with
primers

ssuEfor

(5’-aagcgctcatatgctggtcgtc-3’)

and

ssuErev

(5’-
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aaactcgaggatgctccagcgggcgc-3’) to yield plasmid pME4368. Overexpression was carried
out in E. coli BL21(DE3), at 25°C.
2.3.5 Enzyme assays
Flavin reductase activity was assayed as NAD(P)H-dependent FMN reduction at
430 nm as previously described (Kertesz, et al., 1999). Arylsulfatase activity was
measured as conversion of nitrocatechol sulfate to nitrocatechol (λ = 515 nm; ε = 13’000
M-1)

(Beil,

et

al.,

1995).

Arylsulfotransferase

assays

(500

µL)

contained

nitrocatecholsulfate (10 mM), 50 µl of cell lysate (prepared with washed, exponentialphase cells), acceptor (10 mM; see Table 4) in 70 mM Tris/HOAc 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 absorbance at 515 nm of a blank assay containing no
nitrocatecholsulfate.
2.3.6 DNA sequence analysis and accession number
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. (Nielsen, 1997). The nucleotide sequence reported in this study has been
deposited in the Genbank data base under accession number AF075709.
2.3.7 Other methods
Two-dimensional gel electrophoresis was carried out as previously described
(Hummerjohann, et al., 1998), and proteins were excised from the gel and concentrated
by standard methods (Dainese-Hatt et al., 1997). N-terminal amino acid sequences were
determined by Edman degradation using an Applied Biosystems 120A PTH Sequenator.
Protein was measured with the Bio-Rad protein reagent (Bradford, 1976), using bovine
serum albumin as the standard.

The ssu locus

47

2.4 Results

2.4.1 Mutants of P. putida S-313 with a pleiotropic defect in organosulfur
metabolism
P. putida S-313 is able to grow with a variety of different organosulfur
compounds as the sulfur 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 obtained for loss of the ability to grow either with
benzenesulfonate or with 5-bromo-3-chloro-indoxylsulfate (“X-sulfate”) as the sulfur
source. Growth of these strains was then further tested in a sulfur-free succinate-salts
medium with a variety of organosulfur compounds as the sole sulfur sources. Four of the
mutants identified, strains SN34, PW2, PW7, and PW10, were found to be not only
defective in desulfurization of benzenesulfonate or X-sulfate, but also to have lost the
ability to grow with a variety of other organosulfur compounds, including a range of
aromatic/aliphatic sulfonates or aromatic/aliphatic sulfate esters. Growth of strain SN34
was studied in more detail (Table 3), and was also found to be unable to grow with
methionine or methionine biosynthetic intermediates as the sulfur source, although the
other three mutants could desulfurize these compounds. All the mutant strains grew as
fast as the wild-type strain when sulfate, cysteine, or thiocyanate were supplied as the
sulfur source, demonstrating that the defects were not located in the sulfate assimilation
pathway. Interestingly, in the presence of taurine (2-aminoethanesulfonate) 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 cysteate are
desulfurized by a separate pathway from other alkanesulfonates in this species, as
previously reported in E. coli for taurine (van der Ploeg, et al., 1996), and that the sulfite
released by the taurine desulfonation reaction can be utilized normally by strain SN34.
Together, these results showed that the transposon 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 (Kredich, 1996).
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Table 3: Relative growth rates of P. putida strains S-313, SN34 and SN34 (pME4423) with different
sulfur sources (h-1)a

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
3.3
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
35.5
methionine
89.9
0.0
88.8
a) Growth rates were measured in a succinate-salts growth medium at 30°C in the
SPECTRAmax Plus microtiter plate reader, as described in Methods. Values are given
relative to the growth rate with sulfate (µ = 0.66 h-1).

2.4.2 Cloning and sequence analysis of the ssuEADCBF genes
In order to characterize the mutated loci in strains 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 (Figure 5) 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 100 bp from the start of
ssuC and PW2 and PW7 in ssuB (550 bp and 455 bp from the start of ssuB, respectively.
A further open reading frame, lsfA, was identified upstream of ssuE, reading in the same
direction as the ssu genes, but separated from them by 235 bp. All 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 ABC-type transport system. SsuA is a 200–
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amino acid protein showing highest similarity (57% amino acid identity) to the taurinebinding protein (van der Ploeg, et al., 1996). This assignment as a periplasmic protein
was confirmed by the presence of a putative signal peptide (amino acids 1-28). SsuB and
SsuC correspond respectively to the ATP-binding component (32-65% identity to the
ATP-binding components of known transporters) and permease component, (25-40%
identity to known permease components) of such systems. Hydrophobicity analysis of the
SsuC protein revealed the presence of six putative transmembrane helices, and SsuB was
found to contain the consensus motif expected for the ATP-binding component of a
transport system (Higgins, 1992).

PW10

SN34

ssuE

lsfA

K

C

Xb X

ssuA

S

Bs

ssuC

ssuD

Bp C

St K C C

Ea

PW7 PW2

ssuB

F

E

H

miniTn5Km

1 kb

pME4071
pME4404
pME4420
pME4421
pME4423
pME4424
Figure 5: Map of the ssu region of the P. putida chromosome. The position of the miniTn5Km insertions
in strains SN34, PW2, PW7 and PW10 are shown, as are selected restriction sites: C, ClaI; E,
EcoRI; H, HindIII; K, KpnI; X, XhoI; Xb, XbaI. Several plasmids described in the text are
shown, and the location of the lac promoter in the vector is indicated with a solid triangle.

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 encode a two-component desulfonative monooxygenase system. This consists
of the NADPH:FMN reductase SsuE and the FMNH2-dependent desulfonative oxygenase
SsuD, which catalyses the desulfonation of unsubstituted alkanesulfonates (Eichhorn, et
al., 1999). SsuD displays 22-30% identity to other FMNH2 dependent oxygenases,
including SnaA (pristinamycin synthase, A subunit, which catalyses the final step in
biosynthesis

of

the

antibiotic

pristinamycin

(Thibaut

et

al.,

1995)),

DszA
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(dibenzothiophene (DBT) dioxide monooxygenase, which cleaves DBT dioxide to the
corresponding hydoxybiphenylsulfinate (Gray et al., 1996)), and NtaA (nitrilotriacetate
monooxygenase (Knobel et al., 1996)). The P. putida ssuD and ssuE gene products are
very similar to the MsuE and MsuD proteins of P. aeruginosa (30% and 71% amino acid
identity, respectively) which are involved in methanesulfonate metabolism in this species
(Kertesz, et al., 1999). 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 40-43% identity to molybdopterin-binding proteins of Clostridium pasteurianum
(Hinton et al., 1987), and which is closely related to molybdopterin-binding proteins of
Azotobacter vinelandii (Luque et al., 1993) and Rhodobacter capsulatus (Vermeij, et al.,
1999).
The gene immediately upstream of the ssu genes, lsfA, encodes a 212-amino acid
protein which belongs to the thiol-specific antioxidant (ahpC/tsaA) family (Chae et al.,
1994), with 44-70% 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 Nterminal peptide sequence of LsfA was also 92.9 % identical to the N-terminal sequence
determined experimentally for protein PA11, one of the sulfate-starvation-induced
proteins of P. aeruginosa (Hummerjohann, et al., 1998; Quadroni, et al., 1999). Since
expression of protein PA11 is regulated by sulfur supply, it seems likely that lsfA of P.
putida is also regulated in the same manner. However, it is probably not co-transcribed
with the ssu operon, since sequence analysis revealed a strong terminator signal 40 bp
downstream of the lsfA stop codon (see below).
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2.4.3 Regulation of SsuF expression by sulfate
In an earlier study (Kertesz, et al., 1993) we reported that during growth in the
absence of sulfate, cysteine or thiocyanate, P. putida S-313 responds by synthesis 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 pI value of
approximately 6.8. This protein was now identified on preparative two-dimensional gels
(Figure 6), excised and concentrated by standard methods (Dainese-Hatt, et al., 1997) 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 only expressed in the
absence of sulfate, but also that under derepressing conditions the distal gene in this
operon is surprisingly strongly expressed.
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Figure 6: Two-dimensional electropherograms of total cell protein from Pseudomonas putida S-313.
Cells were grown in succinate minimal medium with sulfur for growth provided as (A) inorganic
sulfate, or (B) toluenesulfonate. Proteins that are up-regulated during growth in the absence of
sulfate are circled, and the SsuF protein is indicated.

2.4.4 SsuF is required for growth with sulfate esters and sulfonates, but not
with methionine
Strains PW2, PW7 and PW10 contained disruptions in the ssuB and ssuC genes
(Figure 5). 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 plasmid 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 hexyl sulfate or nitrocatechol sulfate was restored in
both mutants (Figure 7). 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 indicated that
the SsuF protein is required for growth with sulfonates and sulfate esters, but not with
methionine. It also provided indirect confirmation that the ssuEADCBF genes are co-
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expressed as an operon, since the sulfate-ester-negative phenotype of strain SN34 was
due to the polar effect on ssuF expression of an insertion in ssuE.
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Figure 7: 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 the SPECTRAmax
Plus microtiter plate reader, as described in Materials and Methods. Sulfur sources: n, sulfate;
¢, hexyl sulfate; l, nitrocatecholsulfate; ∆, pentanesulfonate; s, benzenesulfonate; *,
methionine; (-), S-free.

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 molybdenum-deficient medium with sulfate as
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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 lowmolybdate and high molybdate media, though it should be noted that complete
molybdenum starvation conditions may be difficult to attain (Gibson et al., 1994).
However, in a separate experiment we were able to show that an E. coli moaA mutant
(strain VJS 1778 (Stewart and Macgregor, 1982)) which was deficient 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.
2.4.5 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 vector pBBR1MCS-3, to give plasmids
pME4423 and pME4424. In pME4423 the ssuEADCBF genes were under the control of
the lac promotor of pBBR1MCS-3, while the operon was in the opposite orientation in
pME4424 (Figure 5). These constructs were introduced into strain SN34. Strain
SN34(pME4423) displayed the same growth rate as the wild-type with all the sulfur
sources tested (Table 3), confirming that the ssuEADCBF operon is sufficient to
complement all 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 promotor 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 (Figure 5, Figure 8). This construct was able to complement
the negative growth phenotypes of strain SN34. Sequence analysis revealed that the insert
in pME4424 terminated in the middle of a consensus σ70-type promoter about 40
basepairs upstream of the ssuE translation initiation site, but that this promoter was
restored in the longer construct, pME4443 (Figure 8). The presence of a putative rhoindependent terminator sequence distal to the lsfA gene also suggests that the lsfA and
ssuE genes are transcribed separately.
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pME4443

GCAGCGCTTCCCCAAAGGTTATCGCGCTGTGAAACCGTATCTGCGGCT
lsfA stop codon

GACCCCGCAACTTAACCGTTAACGCATTCTTCGTTGCATTGTTCTTAG
CCATAGCAGGGATTTTCGGGCCGTTTCGACGGCCCTTTTTTATGCCTG
CACGCTTTAGTCCGCAGCCGGTGGAAGAGGCCGGCTTTTACGTGAGGC
-35

GTGCTATCTGTCGATAAAAGCAAAATGGAATAAACAAATGAAAAAATA
pME4424

-10

TGATTTCTAGATATATAACCGGGCTGGTAATGTCACCCCAACAAAACA
ssuE start codon

CAAGGAAGCGCTCCAATGCTGGTCGTCTCAATCGGTGGTAGCCCCAGT
ACCCGTTCACGCTCCGGCGTGCTGCTCGAGCGCTCGCGCCAGTGGCTG
Figure 8: Nucleotide sequence of the intergenic region between the P. putida lsfA and ssuE genes. The
stop and start codons of lsfA and ssuE, respectively, are shown, the ribosome binding site of
ssuE is underlined, and a putative rho-independent terminator structure downstream of lsfA is
indicated with arrows. The –10 and –35 sequences of a putative σ70-dependent promoter are
boxed. Plasmids pME4424 and pME4443 begin at the points indicated.

Deletions were now constructed in the ssuE, ssuA and ssuD genes on pME4423 as
described in Materials and Methods, and the resultant plasmids were tested for their
ability to complement 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
chromosome. The FMN reductase encoded by ssuE was not required for growth with
aliphatic sulfonates, or with sulfate esters (Figure 9B). This agrees with the fact that no
decrease in FMN reductase activity was observed in strain SN34, compared with the
wildtype strain, and is presumably due to the presence of other FMN reductases in the
cell. Surprisingly, growth with aromatic sulfonates required SsuE, and in this more
complex enzyme system (Vermeij, et al., 1999) the SsuE protein may be directly
involved in a larger enzyme complex. To confirm that the SsuE protein indeed catalysed
FMN reduction, as expected by comparison to E. coli SsuE and P. aeruginosa MsuE, it
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was overexpressed in E. coli BL21(DE3) using plasmid pME4368, and FMN reductase
activities were measured in cell extracts. SsuE revealed NADPH-dependent FMN
reductase activity, and lower levels of FAD reductase activity (32% of the value with
FMN). No activity was observed with NADH.
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Figure 9: Growth of derivatives of P. putida SN34 in succinate minimal medium with different sulfur
sources. Growth curves were measured in the SPECTRAmax Plus microtiter plate reader, as
described in Materials and Methods. (A). SN34(pME4423); (B). SN34(pME4431); (C).
SN34(pME4433). Sulfur sources: n, sulfate; ¢, hexyl sulfate; l, nitrocatecholsulfate; ∆,
pentanesulfonate; s, benzenesulfonate; *, methionine; (-), S-free.
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No growth was seen with pentanesulfonate or benzenesulfonate in the absence of
SsuD (Figure 9C). With sulfate esters as the sulfur source, growth was subject to an
extremely long lag phase, though the final growth yield was not reduced. We conclude
that the SsuD protein is the mono-oxygenase responsible for cleavage both of
alkanesulfonates (as in E. coli (Eichhorn, et al., 1999) – P. putida ssuD restored growth
with alkanesulfonates to an in-frame ssuD deletion mutant of E. coli (C. Wietek,
unpublished)) and of arylsulfonates. Growth with methionine or homocysteine was also
not observed in the absence of ssuD. P. putida lacks the reverse transsulfuration pathway
from methionine to cysteine that is present in P. aeruginosa, and methionine-sulfur is
therefore cleaved to methanethiol by methionine lyase, and probably converted to
cysteine via oxidation to methanesulfonate and oxygenolytic cleavage to sulfite (Vermeij
and Kertesz, 1999). 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.
2.4.6 Hydrolysis of arylsulfate esters in P. putida by an arylsulfotransferase
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
desulfurization 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 only expressed in the absence of sulfate or
thiocyanate, i.e. during growth with organosulfur compounds as the sulfur source (Beil, et
al., 1996; Kertesz, et al., 1993; Vermeij and Kertesz, 1999). 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 explained in any of the mutants. In the related organism P. aeruginosa,
arylsulfate utilization is dependent on the arylsulfatase protein, an enzyme which requires
a post-translational modification of an active site formylglycine residue from a cysteine
residue (Dierks, et al., 1998). 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
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modification process, we transformed strains S-313 and SN34 with the P. aeruginosa
arylsulfatase gene (atsA) from P. aeruginosa and with the related atsBA genes from
Klebsiella pneumoniae (Szameit et al., 1999). However, no significant difference was
seen in sulfatase activities between wildtype and 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 probe gave no signal, even under
reduced stringency conditions (data not shown). This was a surprising result, since
arylsulfatase activity has been previously reported in this isolate (Kertesz, et al., 1993),
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
nitrocatechol 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 incorporated into the sulfate assimilation pathway. A range of possible sulfate
acceptors were tested for their ability to stimulate arylsulfotransferase activity (Table 4).

Table 4: Arylsulfotransferase activity in P. putida S-313. Sulfotransferase activity was measured as
nitrocatechol release from nitrocatecholsulfate, as described in Methods. The results are the
average of three independent experiments.

Acceptor compound (10 mM)
phenol
tyrosine
dopamine
tyramine
catechol
3,4-dihydroxybenzoate
4-hydroxybenzoate
ATP
Ala-Tyr-Ala
Tyr-Ala
serine
p-nitrophenol
p-chlorophenol
none

Sulfotransferase activity (nmol/min/mg
protein)
13.7
0.2
12.9
0.85
18.0
1.5
0.3
0.1
0.7
0.4
0.0
1.5
9.2
0.1
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Using NCS as a donor substrate, catechol was the best acceptor, followed by
phenol, dopamine and p-chlorophenol in decreasing order. Tyrosine and tyramine were
poor acceptors, and serine did not act as an acceptor as 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 tyrosine-containing protein is the natural acceptor in P.
putida. Furthermore, it is noteworthy that with phenol, tyramine or 4-hydroxybenzoate as
acceptors, the presence of a second hydroxyl group in ortho position significantly
enhanced activity. p-Chlorophenol was a better acceptor than p-nitrophenol, possibly
because p-chlorophenol is expected to be mainly present in the protonated form under the
assay conditions, while p-nitrophenol is not.
2.5 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
(Zürrer, et al., 1987), releasing the sulfur moiety as sulfite (Vermeij, et al., 1999). 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 which are required for
growth of P. putida S-313 with aromatic sulfonates as the sulfur source (Vermeij, et al.,
1999). The first of these loci, the asf gene cluster, comprised genes for a transcriptional
regulator, an electron transport system and a putative sulfonate binding protein, but not
for the desulfonating monooxygenase itself (Vermeij, et al., 1999). In this report we show
that the second of these three loci consisted of the ssuEADCBF genes, containing the
FMNH2-dependent monooxygenase gene ssuD, which has previously been associated
with alkanesulfonate metabolism in E. coli and B. subtilis (Eichhorn, et al., 1999; van der
Ploeg, et al., 1999). In P. putida S-313, we have shown that the ssu operon is required not
only 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 intermediates such as
homocysteine. The ssuF gene product was found to be involved in the utilization of
aromatic and aliphatic sulfate esters as well as aromatic and aliphatic sulfonates.
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ATP-binding proteins
Permeases

Figure 10: Genetic organization of related ssu and msu operons. The enzymes encoded in each gene
cluster are putative oxygenases (black), NADH-dependent FMN reductases (horizontal lines),
and the components of ABC-type transporters: periplasmic solute-binding proteins (dotted),
ATP-binding proteins (waves) and permease proteins (diagonal lines). No definite function is
known for the products of the ssuF and msuC genes ((Kertesz, et al., 1999), this paper). The
genes are from: E. coli (van der Ploeg, et al., 1996; van der Ploeg, et al., 1999), B. subtilis (van
der Ploeg et al., 1998), P. putida ((Vermeij, et al., 1999), this paper), P. aeruginosa ((Kertesz, et
al., 1999); Pseudomonas Genome Project (PseudomonasGenomeProject, 1998)), and from the
unfinished chromosomes of Yersinia pestis and Klebsiella pneumoniae (Yersinia pestis
Sequencing Group, Sanger Centre [ftp://ftp.Sanger.ac.uk/pub/pathogen/yp/]; Klebsiella
pneumoniae Sequencing Group, University of Washington Sequencing Centre
[http://genome.wustl.edu/gsc/Projects/bacterial/klebsiella/klebsiella.shtml]).
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The ssu operon has been identified in several bacterial species, including both
Gram-negative

and

Gram-positive

species,

and

enteric

and

soil

bacteria

(PseudomonasGenomeProject, 1998; van der Ploeg, et al., 1998; van der Ploeg, et al.,
1999) (Figure 10). The exact ordering of the genes within the operon varies between
species, but the oxygenase gene ssuD is always present, together 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 sulfonates as sulfur
sources, and in B. subtilis, P. putida and E. coli mutation of the ssu operon leads to loss
of this ability ((van der Ploeg, et al., 1998; van der Ploeg, et al., 1999), this report).
However, of the species studied, only P. putida S-313 is able to utilize aromatic
sulfonates as the sulfur source. We hypothesized that slight differences 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 benzenesulfonate,
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
reductase, a ferredoxin, and a periplasmic binding protein), and the atsRBC genes
(encoding an ABC-type transport system which is also present in P. aeruginosa (acc. no.
Z48540)) (Vermeij, et al., 1999). Transformation of the asf operon into P. aeruginosa
allowed this organism to grow with benzenesulfonate as the sulfur source (Vermeij, et al.,
1999). Deletion studies ((Vermeij, et al., 1999) 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 biochemistry observed between
the aromatic and aliphatic desulfonation processes is not surprising. Desulfonation of
aliphatic sulfonates involves oxygenation at the α-position to the sulfonate group to
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generate a hydroxy sulfonate which spontaneously decomposes to the corresponding
aldehyde and sulfite (Eichhorn, et al., 1999; Thysse and Wanders, 1974). 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 additional enzyme components required for aromatic
desulfonation include a reductase/ferredoxin couple, and we speculate that this complex,
perhaps in connection with the FMN reductase SsuE, provide reducing equivalents at the
correct potential. Interestingly, in several of the FMNH2-dependent monooxygenases
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 monooxygenases. The enzymes of this family studied include
the nitrilotriacetate (NTA) and EDTA monooxygenase enzyme systems (Uetz et al.,
1992; Witschel et al., 1997), the dibenzothiophene monooxygenase DszC (Gray, et al.,
1996) and the methanesulfonate desulfonatase from P. aeruginosa, MsuED (Kertesz, et
al., 1999). 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
desulfonation in P. putida occurred in the absence of SsuE (Figure 9), 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 may therefore be
required not only to supply diffusible FMNH2 but may also play a structural role in the
enzyme complex catalysing aromatic (but not aliphatic) desulfonation, though there is no
direct evidence for this yet.
The family of bacterial FMNH2-dependent monooxygenases that use FMNH2 as a
co-substrate rather than as a prosthetic group is relatively small, and includes the
sulfonate oxygenases SsuD and MsuD, the NTA, EDTA and dibenzothiophene
oxygenases mentioned above, an oxygenase involved in synthesis of the antibiotic
pristinamycin IIB (Thibaut, et al., 1995), and bacterial luciferase (Meighen, 1994).
Whereas the NTA system is quite substrate-specific (NTA was the only substrate found
for the NTA oxygenase (Uetz, et al., 1992)), the EDTA monooxygenase accepts a broad
range of aminopolycarboxylate substrates, and mutant analysis showed that the SsuD
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protein is also involved in metabolism of a variety of sulfonates. Interestingly, SsuD is
not required for desulfurization of the natural sulfonates taurine or cysteate (Table 3), an
effect which may be mediated by charge and lipophilicity differences between xenobiotic
substrates and “natural” sulfonates. 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 aminocarboxylate metallophores (Knobel, et al.,
1996), whereas for SsuD we anticipate 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 lsfA. The N-terminal sequence of the encoded protein
is >90% identical to that of the sulfate-repressed protein PA11 from P. aeruginosa
(Hummerjohann, et al., 1998). The pa11 gene was identified in the preliminary release of
the P. aeruginosa genome (PseudomonasGenomeProject, 1998), and the PA11 and LsfA
proteins found to be 88% identical, confirming that lsfA encodes the P. putida homologue
of PA11. 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
peroxides (Chae, et al., 1994; Netto et al., 1996), and the P. aeruginosa LsfA protein
indeed showed the expected thiol-specific antioxidant activity (our unpublished results).
The upregulation of antioxidant proteins (LsfA in P. putida, LsfA and the
alkylhydroperoxide reductase AhpC in P. aeruginosa (Quadroni, et al., 1999), and AhpC
in E. coli (Quadroni, et al., 1996)) under sulfate limitation conditions may be a response
to increased levels of desulfonative FMNH2-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 FMNH2 in the
cell, and if suitable substrates (e.g. sulfonates) are not present to use up these reducing
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 (Storz and Imlay, 1999), including genes encoding “protector” proteins of
the TSA/AhpC family (Chae, et al., 1994). It will be useful to see whether expression of
the lsfA gene (which is separate from that of ssu (Figure 8)) is also under the control of
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these oxidative stress regulators, and if the cells perceive sulfate starvation stress
primarily as an oxidative challenge 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 (Figure 9). This was unexpected, since sulfatases are hydrolytic enzymes,
and desulfonative oxygenation of these compounds has only previously been
demonstrated for monomethylsulfate (Higgins et al., 1996b). Closer examination revealed
that P. putida S-313 does not in fact synthesize an arylsulfatase enzyme. Instead, during
growth with nitrocatecholsulfate the sulfate moiety is transferred onto an unidentified
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
phenolic acceptor substrates (Coughtrie, et al., 1998). A different type of sulfotransferase
is found in bacteria, which accepts phenyl sulfate esters instead of PAPS as donors of the
sulfate moiety (Baek, et al., 1996; Chai and Lowe, 1992; Lee, et al., 1995), and is
probably involved in sulfation of peptidyl tyrosine residues (Kobashi and Kim, 1986).
The arylsulfotransferase of P. putida S-313 may catalyze the reverse reaction to that seen
in eukaryotes, thereby generating 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 monooxygenase to yield sulfite. The details of this
reaction are currently under investigation in our laboratory.
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Chapter 3: Characterization of a sulfur-regulated oxygenative alkylsulfatase from
Pseudomonas putida S-313

3.1 Abstract
The atsK gene of Pseudomonas putida S-313 was required for growth with
alkylsulfate esters as sulfur source. The AtsK protein was overexpressed in E. coli and
purified to homogeneity. Sequence analysis revealed that AtsK was closely related to E.
coli taurine dioxygenase (38% amino acid identity). The AtsK protein catalysed the αketoglutarate dependent cleavage of a range of alkylsulfate esters, with chain lengths
ranging from C4 to C12, required oxygen and Fe2+ for activity, and released succinate,
sulfate and the corresponding aldehyde as products. Enzyme activity was optimal at pH 7,
and was strongly stimulated by ascorbate. Unlike most other characterised αketoglutarate-dependent dioxygenases, AtsK accepted a range of α-ketoacids as cosubstrates, including α-ketoglutarate (Km 140 µM), α-ketoadipate, α-ketovalerate and αketooctanoate. The measured Km values for hexylsulfate and SDS were 40 and 34 µM,
respectively. The apparent Mr of the purified enzyme of 121,000 was consistent with a
homotetrameric structure, which is unusual for this enzyme superfamily, members of
which are usually monomeric or dimeric. The properties and amino acid sequence of the
AtsK enzyme thus define it as an unusual oxygenolytic alkylsulfatase, and a novel
member of the α-ketoglutarate-dependent dioxygenase family.
3.2 Introduction
Bacterial enzymes that cleave aliphatic sulfate esters to release the sulfate moiety
have been the subject of considerable study, motivated originally by an awareness of the
large-scale release of synthetic alkylsulfate esters into the environment. Due to their
amphiphilic properties, long-chain aliphatic sulfate esters such as sodium dodecyl sulfate
(SDS) are in common use as components of surfactant formulations and are consequently
discharged into wastewater. A range of bacterial strains able to degrade aliphatic sulfate
esters has been isolated from contaminated sources such as sewage sludge, on the basis of

Chapter 3

70

their ability to utilize aliphatic sulfate esters as carbon sources for growth (for a review,
see (Dodgson, et al., 1982)). In most cases, degradation of alkyl sulfate esters was found
to be initiated by alkylsulfatase enzymes that catalyze the hydrolytic cleavage of the ester
bond to liberate inorganic sulfate. The resulting parent alcohol is further degraded
(Dodgson, et al., 1982) or incorporated into cellular lipids (Thomas and White, 1989).
Cleavage of the sulfate moiety has been studied in some detail, and several alkylsulfatase
enzymes have been purified from cell extracts (Bateman et al., 1986; Cloves et al., 1980;
Lillis, et al., 1983; Matcham, et al., 1977; Matts et al., 1994).
The finding that many isolates from environmental sites that had not been
contaminated by detergents also exhibit alkylsulfatase activity (White, et al., 1985)
suggests that such enzymes may play a role in natural environments as well. Naturally
occurring alkyl sulfates include methyl, ethyl and propyl sulfate in avian eggs (Yagi,
1966), and the long-chain alkylsulfates which have been found in membrane structures
from unicellular algae (Haines, 1973) and seaweed (Liem and Laur, 1976). In aerobic
soils, 40-50% of the total sulfur is present as sulfate esters bound to the soil organic
matter (Autry and Fitzgerald, 1990; Watwood, et al., 1986), though the molecular
structure of these compounds has not yet been determined in detail. It therefore seems
likely that soil bacteria may be able to mobilize organically bound sulfur for growth, and
recent studies (Kertesz, 1999) have provided evidence that bacterial sulfatases indeed
play a role in sulfur scavenging. From a genetic point of view, the best characterized
sulfur-regulated sulfatases are the arylsulfatases, and much less is known about
alkylsulfatases. A sulfur-regulated gene cluster encoding a general sulfate ester uptake
system together with an arylsulfatase has been identified in Pseudomonas aeruginosa
PAO1 (Hummerjohann, et al., 2000), but the degradation pathway for aliphatic sulfate
esters remains unknown in that species.
Here we report the identification and characterization of an α-ketoglutaratedependent oxygenase which catalyses the liberation of sulfate from alkyl sulfate esters in
the sewage isolate Pseudomonas putida S-313. The enzyme is one of a set of proteins that
is expressed under sulfate-starvation conditions, and it enables its host to grow with
aliphatic sulfate esters as sulfur source. To our knowledge, this is the first purified
enzyme catalyzing an oxygenative alkyl sulfate ester cleavage reaction.
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3.3 Experimental procedures

3.3.1 Materials
Restriction endonucleases, T4 DNA ligase, T4 DNA polymerase and
polynucleotide kinase were obtained from MBI Fermentas. Amplification of DNA
fragments was performed with the Expand High Fidelity PCR System (Boehringer
Mannheim). Horse liver alcohol dehydrogenase was obtained from Fluka. NADH and
DNAse I came from Boehringer Mannheim, and RNAse I was purchased from Sigma.
Hexylsulfate and methylsulfate were obtained from Aldrich, whereas the other linear
alkylsulfate esters came from Lancaster. Sodium 2-ethyl-hexylsulfate was obtained from
Fluka. DNA sequencing and oligonucleotide synthesis were done by Microsynth
(Balgach, Switzerland).
3.3.2 Bacterial strains and growth conditions
All P. putida strains were grown aerobically at 30ºC in succinate-salts minimal
medium (Kertesz, et al., 1993). Sulfur sources were added to a final concentration of 250
µM. Escherichia coli DH5α (supE44 ∆lacU169 (φ80 lacZ∆M15) hsdR recA1 endA1
gyrA96 thi-1 relA1) and E. coli BL21(DE3) (hsdS gal (λcIts857 ind1 Sam7 nin5 lacUV5T7 gene 1)) were grown aerobically in Luria-Bertani medium (Sambrook, et al., 1989) at
30 or 37°C. Kanamycin was added at 25 µg/ml, tetracycline at 25 µg/ml and ampicillin at
100 µg/ml. Gentamicin was added at 15 µg/ml to E. coli growth media and at 25 µg/ml to
P. putida growth media. When required in sulfate-free medium, kanamycin and
gentamicin chloride were prepared from the corresponding sulfate salts as previously
described (van der Ploeg, et al., 1996). All solid media were prepared by addition of
1.5 % (w/v) molecular biology grade agarose.
3.3.3 Measurement of growth characteristics
Growth experiments were done in 100 ml Erlenmeyer flasks containing 10 ml
succinate-salts minimal medium. The flasks were inoculated (1% v/v) with an overnight
culture that had been grown in minimal medium with sulfate as sulfur source, and the
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cells then washed twice in sulfate-free medium. Growth was measured as absorbance at
600 nm after 24 hours.
3.3.4 DNA manipulations
Plasmid isolation, restriction enzyme digestion and transformation of E. coli
DH5α were carried out using published procedures (Ausubel, et al., 1987). E. coli
BL21(DE3) and P. putida were transformed by electroporation in 0.1 cm cuvettes (12.5
kV/cm), using a GenePulser apparatus (Bio-Rad).
3.3.5 Construction of atsR and atsK expression plasmids for growth
experiments
To construct the atsR expression plasmid pME4562, the atsR gene was placed
under the control of the lac promoter in the broad-host range vector pBBR1MCS-3
(Kovach, et al., 1995). A 2.1 kb KpnI fragment from plasmid pME4429 was ligated with
KpnI-digested pBBR1MCS-3 to give pME4562 (pME4429 contained a 7.6 kb genomic
fragment of the ats cluster of P. putida S-313). pME4562 carried the atsR gene in parallel
orientation to the lac promoter of the vector, and an additional 768 bp upstream of the
atsR start codon, as well as 304 bp downstream of the stop codon. The atsK gene was
cloned into the broad-host range cloning vector pUCP24 (West, et al., 1994) by digesting
pME4573, which contained an appropriate part of the ats gene cluster, with ClaI,
blunting, and redigesting with NsiI. The resulting 1.7 kb fragment was ligated with SmaIPstI digested pUCP24 to give pME4596. Thus, the insert of pME4596 contained the atsK
gene in parallel orientation to the lac promoter, together with 505 bp upstream and 314
bp downstream of atsK.
3.3.6 Construction of an atsK overexpression plasmid for enzyme purification
The atsK gene was placed under the control of the T7 RNA polymerase promoter
of the vector pET24b(+) (Novagen). In a first step, it was amplified with the primers
atsKfor

(5’-

CCCTGCATATGAGCAACGCTG-3’)

and

atsKrev

(5’-

GAATTGGCAAGCTTGCTCCC-3’) using pME4429 as a template (NdeI and HindIII
sites underlined). The amplified 992bp DNA fragment was treated with T4 DNA
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polymerase and polynucleotide kinase (20 min, 25 ºC) and ligated with SmaI-digested
pBluescript SK to give pME4576. The 976bp NdeI-HindIII fragment of pME4576
containing atsK was cloned into pET24b(+), to give pME4577.
3.3.7 Purification of AtsK
E. coli BL21(DE3)(pME4577) cells were grown at 30 ºC in 5l Erlenmeyer flasks
containing 800ml of LB medium. atsK expression was induced at an OD600 of 0.5-0.8 by
the addition of isopropyl-γ-thiogalactopyranoside to a final concentration of 168 µM. 2 ½
hours later the cells were harvested by centrifugation at 5200 x g for 10 min at 4 ºC. Cells
were washed once with 50 mM Tris/HCl, pH 7.5 and resuspended in 8 ml of the same
buffer containing lysozyme, DNAse I and RNAse I (each 10 µg/ml). The suspension was
incubated on ice for 30 min. Disruption of the cells was performed using a French
Pressure cell. Cell-free crude extracts were obtained by centrifugation of the lysate at 100
000 x g for 1 h at 4 ºC. Crude extracts were desalted into 20 mM Tris/HCl, pH 7.5 using
PD-10 columns (Amersham Pharmacia).
The desalted lysate was chromatographed at room temperature on a 1 ml
Resource-Q anion-exchange column (Amersham Pharmacia) with a BioCAD SPRINT
apparatus (Perseptive Biosystems) at a flow rate of 5 ml/min. Proteins were eluted with
an NaCl gradient: in a first step, NaCl concentration was increased from 0 to 200 mM in
6 column volumes, and in a second step, from 200 mM to 1 M in 5 column volumes.
Protein samples were stored on ice after elution. Gel filtration was carried out at room
temperature using a Superdex 200 column (Pharmacia Biotech). 20 mM Tris/HCl, pH
7.5/ 0.1 M NaCl was used as running buffer, at a flow rate of 1 ml/min. Protein fractions
containing AtsK were collected and desalted into 20 mM Tris/HCl, pH 7.5 using PD-10
columns. When the gel filtration step was omitted, the fractions collected after ionexchange chromatography were desalted in the same way. Glycerol was added (15%
(v/v) final concentration) and the samples were snap-frozen and stored at –20 ºC in 0.5 ml
aliquots until further use.
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3.3.8 Enzyme activity assay
Unless explicitly indicated in the text, the following standard assay conditions
were used for all measurements of AtsK activity. The standard assay mixture (1 ml
volume) contained 10 mM hexylsulfate, 1 mM α-ketoglutarate, 200 µM ascorbate, 100
µM of freshly dissolved FeCl2, and 100-200 µg/ml enzyme in 10 mM Tris/acetate buffer
(pH 7.0). With the exception of NADH in the alcohol dehydrogenase coupled assay (see
below), all reaction products were quantified by endpoint measurements. Assays were
incubated at 30 ºC for 5 min. Reactions were started by the addition of enzyme to the
reaction mixture and were stopped by denaturing the protein in a boiling water bath for 2
minutes, and centrifugation in an Eppendorf centrifuge (13 000 rpm, 10 min) at room
temperature.
For determination of Km values, the substrate concentrations used ranged from 25
µM to 1 mM for alkyl sulphate esters, and from 25 µM to 10 mM for α-ketoglutarate.
The concentrations of all the other substrates were constant and corresponded to standard
assay concentrations.
3.3.9 Analysis of enzyme reaction products
Sulfate, succinate and α-ketoglutarate were measured using a Dionex AS14 ion
exchange column (4mm x 250mm) with an AG14 guard column on an Alliance HPLC
(Waters) supplied with a conductivity detector and a self-regenerating suppressor
(Dionex), using Millenium software (Waters). Isocratic runs were performed using 3mM
NaHCO3/1.2 mM Na2CO3 as running buffer. Sulfate present in aqueous solutions of the
sulfate esters used was measured before use, and when sulfate was detected, the
percentage hydrolysis was calculated and the enzyme activity values corrected
accordingly. Qualitative detection of hexanal was done by gas chromatography using a
Perkin Elmer GC 8700 supplied with a Poropack P Teflon/steel column (180x0.2 mm)
and a flame ionization detector. In addition, production of hexanal was detected by
coupling the AtsK reaction to horse liver alcohol dehydrogenase and following the
oxidation of NADH by measuring the absorbance at 340 nm over 20 min. Coupled assay
mixtures contained 10 mM hexylsulfate, 1 mM α-ketoglutarate, 200 µM ascorbate, 100
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µM of freshly dissolved FeCl2, 175 µM NADH, 33 nmol/min protein of alcohol
dehydrogenase and 5-20 nmol/min protein of AtsK in 30 mM sodium phosphate buffer
(pH 6.9). Control assay mixtures containing either no alcohol dehydrogenase or no AtsK
were included in the measurements, and used to calculate the amount of NADH
consumed in the conversion of hexanal to hexanol.
3.3.10 Other methods
SDS-polyacrylamide gel electrophoresis (12% (w/v) polyacrylamide) was
performed using a Mini-PROTEAN II system (Bio-Rad). Protein concentrations were
measured using the Bradford method (Bradford, 1976) with Bio-Rad reagent dye
concentrate, following the manufacturers instructions.
3.4 Results

3.4.1 Identification of genes required for alkylsulfate ester utilization
A miniTn5 mutagenesis experiment described in a previous study (Kahnert, et al.,
2000) led to the identification of various mutants of P. putida S-313 which were no
longer able to grow with aliphatic or aromatic sulfate esters as sulfur sources. Application
of transposon rescue techniques revealed that some of those mutants carried transposon
insertions in a gene cluster displaying a high level of sequence identity to the the ats gene
cluster of P. aeruginosa, which is required for the utilization of organic sulfate esters in
that species (Hummerjohann, et al., 2000). Like its P. aeruginosa homologue, the P.
putida ats cluster1 contains the atsRBC genes, which presumably encode an ABC-type
transport system (P. putida AtsB was 40-50% identical to known bacterial permeases,
and AtsC was 45-55% identical to ATP binding proteins of ABC-transporters). In one of
the P. putida mutants, strain PH3, the transposon was inserted 100 bp upstream of the
translational stop codon of the atsR gene, which encoded a putative periplasmic sulfate
ester binding protein (59% identical to the P. aeruginosa sulfate ester binding protein
AtsR). PH3 was not able to desulfurize p-nitrocatecholsulfate (NCS; a representative of
1

The nucleotide sequence for the complete sulfate ester utilisation gene cluster of Pseudomonas putida S313 has been deposited in the GenBank database under GenBank Accession Number AF126201.
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the aromatic sulfate esters), nor did it grow with the aliphatic sulfate esters hexylsulfate
(HS) and sodium-dodecylsulfate (SDS) as the sulfur source. Growth with all other sulfur
sources tested (including cysteine, methionine, and aliphatic or aromatic sulfonates) was
not affected in strain PH3. The atsR gene was introduced into strain PH3 on the mediumcopy plasmid pME4562, where it was expressed from a lac promoter. PH3(pME4562)
was found to be able to grow with NCS, but not with HS or SDS as sulfur sources,
suggesting that the loss of alkylsulfate utilization was not directly caused by the mutation
in atsR, but might be due to a polar effect of the transposon insertion on downstream
genes. Indeed, 39 bp downstream of atsR we located another open reading frame (903
bp), which we named atsK. It was preceded by a good consensus ribosome binding site
and its predicted gene product shows similarity to members of the α-ketoglutarate
dependent dioxygenase superfamily. The most similar characterized protein to AtsK
(38% protein identity) is the α-ketoglutarate dependent taurine dioxygenase (TauD)
which was first purified from Escherichia coli (Eichhorn, et al., 1997). Taurine
dioxygenase catalyzes the desulfonation of 2-aminoethanesulfonate (taurine) to
aminoacetaldehyde and sulfite, which is then channeled into the sulfate assimilation
pathway, enabling E. coli to grow with taurine as a sulfur source. P. putida S-313 is also
able to utilize taurine as a sulfur source, but this ability was not affected in strain PH3.
When PH3(pME4562) was additionally provided with the atsK gene on pME4596,
growth with both HS and SDS was restored, though this was not case for
PH3(pME4596), which still lacks a functional atsR gene. We concluded that the AtsR
protein was required for growth with all sulfate esters as sulfur sources, and that the AtsK
protein was specifically required for the utilization of aliphatic sulfate esters, but not
aromatic sulfate esters. We proceeded to overexpress and characterize the AtsK enzyme
further.
3.4.2 Enzyme purification and measurement of sulfate release from
hexylsulfate
The AtsK enzyme was overexpressed in E. coli BL21(DE3)(pME4577) as
described in Experimental Procedures. SDS-PAGE of cell extracts after induction
revealed an intense protein band with an apparent molecular mass of approximately 32
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kDa (Figure 11, Lane C), which corresponded well to the predicted mass for the AtsK
monomer (33.2 kDa). Initial measurements of sulfate release from hexylsulfate in cell
free crude extracts of E. coli BL21(DE3)(pME4577) were carried out under nonoptimized conditions and incubated for 30 min at 30 ºC. Sulfate release was indeed
detected, although a very low specific enzyme activity was observed (3.3 nmol/min*mg
protein). No sulfate release was detected in the absence of hexylsulfate or αketoglutarate, or in assays prepared with either AtsK-containing crude extracts which had
previously been heated to 100 ºC for 2 min, or crude extracts of E. coli BL21(DE3)
devoid of the atsK expression plasmid pME4577.
AtsK was purified to homogeneity from E. coli BL21(DE3)(pME4577) crude
extracts in a two-step purification procedure with a total recovery of 12% of enzyme
activity. Using the standard assay conditions described in Experimental Procedures, the
specific enzyme activity measured in crude extract was 22 nmol/min*mg protein. The
protein eluted from the ResourceQ anion exchange column at a NaCl concentration of
50mM as a single peak (Figure 11, Lane D). The specific activity of the partially purified
enzyme after anion exchange chromatography was determined to be 39 nmol/min*mg
protein, and the yield was 59%. In a next step, gel filtration chromatography was carried
out using a Superdex 200 column. This yielded pure enzyme (Figure 11, Lane E), but the
pure enzyme exhibited a lower specific enzyme activity (32 nmol/min*mg) than the
partially purified enzyme. We concluded that this loss in specific activity was due to
partial inactivation during the gel filtration procedure, and we chose to use the partially
purified enzyme for further assays, since it was estimated to be >95 % pure by SDS
PAGE (Figure 11). Using gel filtration chromatography, the Mr of native AtsK was
estimated to be 121,000 kDa. The calculated molecular mass of the atsK gene product
was 33.5 kDa, and we conclude that AtsK is present as a tetramer. The high molecular
mass of the native AtsK protein was somewhat surprising, since most α-ketoglutarate
dependent dioxygenases investigated so far are monomers or homodimers (De Carolis
and De Luca, 1994).
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Figure 11: SDS polyacrylamide gel of protein samples obtained during purification of the AtsK
enzyme. A: Marker (kDa); B: cell-extract of E. coli BL21(DE3)(pME4577) before induction of
expression of the atsK gene; C: cell-extract of E. coli BL21(DE3)(pME4577) harvested after 2 ½
hours of induction of AtsK expression; D: pooled fractions containing AtsK after ResourceQ
chromatography; E: purified AtsK enzyme after Superdex200 gel filtration chromatography.

3.4.3 Optimisation of assay conditions
In analogy to other reactions catalyzed by α-ketoglutarate dependent
dioxygenases, we propose the reaction scheme shown in Figure 12 for the oxygenative
hexylsulfate ester cleavage catalyzed by AtsK.
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Figure 12: Oxygenative alkylsulfate ester cleavage reaction catalysed by the α-ketoglutarate
dependent dioxygenase AtsK from P. putida S-313.

The carbon atom forming the hexylsulfate ester bond is hydroxylated by one atom
of

oxygen

derived

from

molecular

oxygen,

to

give

1-hydroxy-hexylsulfate.

Simultaneously, the cosubstrate α-ketoglutarate is oxidatively decarboxylated to
succinate and carbon dioxide, with incorporation of the second atom of molecular oxygen
into CO2. 1-Hydroxy-hexylsulfate spontaneously decomposes to hexanal and sulfate. The
oxygenation reaction is dependent on ferrous iron.
The effect of pH on enzyme activity was examined using various buffer systems
over a pH range of 4.6-10.0. Enzyme activity displayed an optimum between pH 6.5-7.5,
depending on the buffer system tested. Highest activity was obtained with a Tris/acetate
buffer at pH 7 (not shown). The dependence of iron concentration on enzyme activity was
determined over a range of FeCl2 concentrations between 0 and 150 µM. Iron was
required for the reaction, and maximal specific enzyme activity was observed at a
concentration of 100 µM Fe2+. No enzyme activity was measured when FeCl2 was
replaced by chloride salts of other divalent metals at a final concentration of 100 µM.
Metals tested included Ni2+, Co2+, Mn2+, Cu2+, Zn2+, Mg2+ and Ca2+. The addition of 100
µM EDTA to the standard assay mixture abolished enzyme activity. When ascorbate (200
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µM) was added to the reaction mixture, enzyme activity increased threefold. Ascorbate
has previously been shown to enhance α-ketoglutarate dependent dioxygenase reactions,
although its requirement is not strict since the reactions do not require an external
reducing agent for turnover. It has been proposed that it may play a part in reducing
inactive Fe(III) and additionally protecting the enzymes from oxidative self-inactivation
(Que and Ho, 1996).
3.4.4 Products and stoichiometry of the oxygenative sulfatase reaction
Sulfate and succinate were quantified by ion chromatography, as was αketoglutarate disappearance. The disappearance of hexylsulfate in the assay was
monitored qualitatively, since the conductimetric response of hexylsulfate was too small
to allow precise quantification. The amount of sulfate released was plotted against the
amount of consumed α-ketoglutarate obtained in a series of assays using the substrates
hexylsulfate, heptylsulfate, octylsulfate, nonylsulfate, decylsulfate and SDS at various
concentrations between 10 µM and 10 mM. The data obtained with heptylsulfate are
shown in Figure 13 A. Linear regression analysis of the data in Figure 13 A revealed that
the ratio of sulfate produced to α-ketoglutarate consumed was 0.92. When the same ratio
was calculated for the assays in which other substrates were used (data not shown), an
average value of 0.98 was obtained for the different substrates. We conclude that one
molecule of sulfate is produced per molecule of α-ketoglutarate consumed in the
oxygenative alkylsulfatase reaction.
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Figure 13: Appearance of sulfate (A) and of succinate (B) plotted against disappearance of αketoglutarate in the oxygenative alkylsulfate ester cleavage reaction. The sulfate/αketoglutarate data (A) were obtained using different amounts of the substrate heptylsulfate (10
µM - 10 mM) under otherwise standard assay conditions, as described in Experimental
Procedures. The succinate/α-ketoglutarate data (B) were obtained with different hexylsulfate
concentrations (50 - 500 µM). All concentrations were measured by ion chromatography.

It has been reported earlier that the α-ketoglutarate dependent dioxygenases prolyl
4-hydroxylase and lysyl hydroxylase are able to catalyse the uncoupled oxygenolytic
decarboxylation of 2-oxoglutarate in the absence of the peptide substrates, by
consumption of ascorbate (Myllylä et al., 1984). If the oxygenative alkylsulfatase AtsK
were able to catalyze such uncoupled reactions, a significant decrease of α-ketoglutarate
in the absence of the alkylsulfate ester substrates should have been observed, which was
not the case (data not shown). When the amount of succinate produced in the reaction
was plotted against consumed α-ketoglutarate (Figure 13 B), linear regression yielded a
ratio of 1.2. We conclude that one molecule of succinate is produced per molecule of αketoglutarate. Hexanal, which is formed by spontaneous decomposition of the
hydroxylated product of the reaction, 1-hydroxy-hexylsulfate, was detected qualitatively
by gas chromatography in the standard assay. It was not present when no AtsK protein
was added to the standard assay mixture. In addition, hexanal was detected indirectly by
coupling the oxygenative alkylsulfatase reaction to alcohol dehydrogenase, catalyzing
reduction of hexanal to hexanol, which was followed by the consumption of NADH
(Figure 14). A continuous decrease in NADH concentration was observed in the complete
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coupled assay mixture over a time period of 20 min, showing that hexanal was formed in
the reaction catalysed by AtsK. Since it was possible that the low specific activity of
AtsK observed under standard assay conditions was due to oxidative damage to the
enzyme caused by the aldehyde, we tested whether the activity could be increased by
continuous removal of hexanal in the coupled assay. However, the specific sulfate ester
cleavage activity observed in the coupled assay was no higher than in the absence of
alcohol dehydrogenase (the concentration of alcohol dehydrogenase had been
experimentally optimised to rule out the possibility that it formed a kinetic bottleneck in
the coupled assay). The coupled assay was then used to examine whether sulfate inhibited
the oxygenative sulfatase reaction, by adding sodium sulfate to the reaction mixture at
various concentrations between 50 µM and 10 mM. No reduction in enzyme activity was
observed for sulfate concentrations up to 10 mM.
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Figure 14: Detection of hexanal produced in the oxygenative alkylsulfatase reaction by enzymatic
reduction to hexanol. The reaction catalysed by AtsK was coupled to horse liver alcohol
dehydrogenase. NADH oxidation was followed continuously by measuring the absorbance at
340 nm. Measurements include control assays without the AtsK enzyme, hexylsulfate or αketoglutarate.

3.4.5 Substrate range and Km values
In order to investigate the substrate specificity of the AtsK enzyme, we measured
sulfate release using different aliphatic sulfate esters as substrates in the standard assay.
The substrates tested included linear primary alkylsulfate esters with carbon chain lengths
of C1, C4 to C10, and C12. In addition, we tested 2-ethyl-hexylsulfate as a representative of
branched alkylsulfate esters. Of all the substrates tested, only methylsulfate yielded a
specific enzyme activity significantly lower than the one obtained with hexylsulfate (the
specific enzyme activity for methyl sulfate was 1.1 nmol/min*mg protein). Kinetic
studies were therefore done with all sulfate esters except methylsulfate, using αketoglutarate as cosubstrate. The enzyme activity showed a Michaelis-Menten-type
saturation curve in response to increasing substrate concentrations when substrates were
added at concentrations below 1 mM. At substrate concentrations between 1mM and
10mM, nonylsulfate and SDS inhibited the enzyme, though this effect was not observed
with any of the other substrates tested. In order to collect kinetic data that would allow a
relative comparison of substrate affinities at lower, more physiologically relevant alkyl
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sulfate ester concentrations, we determined Km values according to Michaelis-Menten
using alkyl sulfate ester concentrations between 50 µM and 1 mM. The Km values
measured for hexyl-, heptyl-, octyl-, nonyl- and decylsulfate and for SDS and 2-ethylhexylsulfate are shown in Table 5. No Km values could be obtained for butyl- and
pentylsulfate, because the commercially available substrates contained high sulfate levels
(butylsulfate was 5% hydrolysed and pentylsulfate 7 % hydrolysed) which prevented
sufficiently accurate measurements at low substrate concentrations. However, when
added to the standard assay at a concentration of 10 mM, the specific enzyme activity
obtained with butylsulfate was 20 nmol/min*mg protein, and 19 nmol/min*mg with
pentylsulfate, indicating that these compounds are desulfated by the AtsK enzyme.
Table 5: Km values of the oxygenative alkylsulfatase AtsK for different aliphatic sulfate ester
substrates. Km values were determined using an assay mixture containing 100 µM FeCl2, 200 µM
ascorbate, 1 mM α-ketoglutarate, 0.17-0.25 mg/ml enzyme and 50 –1000 µM of the corresponding
substrate in 10 mM Tris/acetate buffer (pH 7.0).

Alkylsulfate ester substrate

Km [µM]

hexylsulfate

40

heptylsulfate

271

octylsulfate

437

nonylsulfate

60

decylsulfate

97

SDS

34

2-ethyl-hexylsulfate

66

The Km for α-ketoglutarate was 140 µM. The abilities of alternative 2-oxo-acids
to act as cosubstrates in the oxygenative alkylsulfatase reaction were tested by measuring
sulfate release from hexylsulfate. α-Ketoacids were added at a concentration of 2 mM; all
other assay conditions corresponded to the standard assay. 2-Ketoacids tested supported
desulfation at the following rates, relative to the rate obtained with α-ketoglutarate: 2-
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oxo-valerate 87%, 2-oxo-adipate 81%, 2-oxo-octanoate 31%, 3-methyl-2-oxo-butyrate
25%, oxaloacetate 15%, and no desulfation was obtained with pyruvate.
Since the AtsK enzyme was 38% identical to the taurine dioxygenase TauD, we
tested its ability to catalyse the taurine dioxygenase reaction by using previously
published methods (Eichhorn, et al., 1997). No sulfite release was measured from taurine.
When taurine was added as a substrate to the AtsK-alcohol dehydrogenase coupled assay
no NADH consumption was observed, indicating that no aldehyde was produced. Thus
the AtsK enzyme is not involved in the utilisation of taurine as a sulfur source in P.
putida S-313, confirming the taurine-positive growth phenotype of mutant PH3.
3.5 Discussion
Investigations

of

microbial

biodegradation

of

alkylsulfate

esters

have

concentrated on the cleavage of the aliphatic sulfate ester bond in a hydrolysis reaction
(Barrett et al., 1980; Bartholomew et al., 1977; Bateman, et al., 1986; Cloves, et al., 1980;
Lillis, et al., 1983; Matcham, et al., 1977; Matts, et al., 1994). A new aspect was added to
the understanding of alkylsulfate ester cleavage with the unexpected discovery that
desulfation of methyl sulfate in the methylotrophic strains Agrobacterium sp. M3C and
Hyphomicrobium MS223 is dependent on oxygen availability (Davies et al., 1990;
Higgins et al., 1993). Methyl sulfate can also serve as a substrate for a multicomponent
NADH-dependent methanesulfonic acid monooxygenase isolated from another
methylotrophic strain (Higgins et al., 1996a). In this paper we report the identification,
purification and characterization of an α-ketoglutarate dependent dioxygenase which
catalyzes desulfation of a broad range of aliphatic sulfate esters in P. putida S-313. In
addition to the sulfated ester, the desulfation reaction requires molecular oxygen and αketoglutarate, and the products formed in the reaction are sulfate, CO2, succinate and an
aliphatic aldehyde. To our knowledge, the present study describes the first oxygenolytic
enzyme cleaving aliphatic sulfate esters other than methyl sulfate, and the first enzyme of
this type whose synthesis is regulated by the sulfur supply to the cell.
The biochemical properties of the oxygenative alkylsulfatase AtsK and sequence
analysis of the atsK gene demonstrate that it belongs to the α-ketoglutarate dependent
dioxygenase superfamily of enzymes (De Carolis and De Luca, 1994; Prescott, 1993;
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Que and Ho, 1996). These enzymes catalyze a variety of significant metabolic reactions
including hydroxylations, desaturations and epoxidations, and require an α-ketoacid
cosubstrate. One oxygen atom from molecular oxygen is incorporated into the αketoacid, which subsequently decomposes to give succinate and CO2. Activation of O2
hence occurs via a mechanism that is distinct from the one catalyzed by oxygenases using
a porphyrin ring or a second metal ion, since the driving force necessary for dioxygen
cleavage is probably provided by the energy released in the decarboxylation of the 2oxoacid (Hegg et al., 1999a).
The degree of protein sequence similarity between α-ketoglutarate dependent
dioxygenases is low, indicating that the members of this superfamily of enzymes arise
from different evolutionary origins (Prescott, 1993). The only common sequence motif is
a 2-His-1-carboxylate facial triad, which has been shown to anchor the Fe(II) ion in the
binding site of several crystallographically characterized α-ketoglutarate dioxygenases,
including

deacetoxycephalosporin

C

synthase

(Valegard

et

al.,

1998),

4-

hydroxyphenylpyruvate dioxygenase (Serre et al., 1999), and 2,4-dichlorophenoxyacetate
dioxygenase (TfdA) from Ralstonia eutropha (Hegg et al., 1999b). Of these enzymes,
only TfdA is significantly related to the oxygenative alkylsulfatase AtsK (29% protein
sequence identity). Figure 15 shows a partial amino acid sequence alignment of the P.
putida S-313 oxygenative alkylsulfatase AtsK with its P. aeruginosa homologue, TfdA
and taurine dioxygenase from E. coli. The iron binding motif His-X-Asp-X51-57-His is
provided by histidine 108, aspartate 110 and histidine 162 in AtsK, and these residues
might therefore also constitute the iron binding site in the oxygenative alkylsulfatase.
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AtsK.S-313
AtsK.PAO
TauD
TfdA

:
:
:
:

RHKVIFFRGQTHLDDQSQEGFAKLLG--EPVAHPTVPVVDGTRYLLQLDG
RHKVIFFRDQSHLDDQTQEAFAHLLG--EPVAHPTVPSREGTRFLLELDG
RHQVVFLRDQA-ITPQQQRALAQRFG--ELHIHPVYPHAEGVDEIIVLDT
EKSVLVFRGQP-LSQDQQIAFARNFGPLEGGFIKVNQRPSRFKYAELADI

:
:
:
:
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97
87
87
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:
:
:
:

* *
AQGQ-----------------RANSWHTDVTFVEAYPKASILRSVVAPAS
AEGR-----------------RANSWHTDVTFVEAYPKASILRSVVAPES
HNDNPP---------------DNDNWHTDVTFIETPPAGAILAAKELPST
SNVSLDGKVAQRDAREVVGNFANQLWHSDSSFQQPAARYSMLSAVVVPPS

:
:
:
:

131
130
122
137

AtsK.S-313
AtsK.PAO
TauD
TfdA

:
:
:
:

*
GGDTVWANTAAAYQELPEPLRELADKLWAVHSNEYDYASLKPDIDPAKLE
GGDTVWANTASAYADLPAELRELADRLWAVHSNEYDYAGVKPSASVEQLE
GGDTLWTSGIAAYEALSVPFRQLLSGLRAEHDFRKSFPEYKYRKTEEEHQ
GGDTEFCDMRAAYDALPRDLQSELEGLRAEH---YALNSRFLLGDTDYSE

:
:
:
:

181
180
172
184

Figure 15: Partial protein sequence alignment of the AtsK protein with other α-ketoglutarate
dependent oxygenases. The proteins shown are AtsK from Pseudomonas putida S-313 (301
amino acids), AtsK from Pseudomonas aeruginosa PAO1(300 amino acids), taurine
dioxygenase (TauD) from Escherichia coli (283 amino acids) and 2,4- dichlorophenoxyacetate
dioxygenase (TfdA) from Ralstonia eutropha (287 amino acids). The conserved iron binding
motif His-X-Asp-X51-His is marked with asterisks.

Previous studies on hydrolytic alkylsulfatases revealed that substrate binding
affinities depend on the length of the aliphatic chain of the sulfate esters (Bateman, et al.,
1986; Cloves, et al., 1980; Matts, et al., 1994), and led to the conclusion that hydrophobic
interactions play a major part in substrate binding in these enzymes. No regular
dependence of Km values on substrate carbon chain length is observed in the case of AtsK
(Table 5), suggesting that substrate binding is based instead on recognition of the
aliphatic sulfate ester group. However, the presence of the aliphatic chain also plays a
role, since of all the substrates tested, methyl sulfate reacted most slowly.
An intriguing aspect of alkylsulfatase investigations to date has been the question
of what enzymic properties allow alkylsulfatases to tolerate high concentrations of their
detergent substrates. Activity of AtsK was not inhibited when the aliphatic sulfate esters
were added at concentrations up to 10 mM, with the exception of nonyl sulfate and SDS,
where an inhibitory effect was observed above 1 mM. Although it cannot be ruled out
that a denaturing effect of the detergents is the cause of this inhibition, it is also possible
that micelle formation under the specific buffer conditions used may have led to reduced
substrate availability. Micelle formation has been observed earlier in a study on an SDS-
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degrading enzyme (Cloves, et al., 1980) and resulted in a similar type of MichaelisMenten plot as we obtained for AtsK activity when nonyl sulfate and SDS were added at
concentrations up to 10 mM.
AtsK exhibits greatest efficiency with α-ketoglutarate as a cosubstrate, but
significant activities were obtained with other mono- and dicarboxylic 2-oxoacids, when
added at concentrations exceeding the Km for α-ketoglutarate by tenfold. 2-Ketoadipate
has previously been reported to act as a cosubstrate for other α-ketoglutarate-dependent
dioxygenases such as 2,4-dichlorophenoxyacetate dioxygenase (kcat/Km was 7% of the
value observed with α-ketoglutarate) (Fukumori and Hausinger, 1993), and taurine
dioxygenase (4-10% of the desulfonation rate observed with α-ketoglutarate) (Eichhorn,
et al., 1997). These findings led to the conclusion that the presence of a second carboxyl
group significantly increases the binding affinity. In the case of AtsK, most alternative 2oxoacids tested supported the reaction at unexpectedly high levels, and it was especially
surprising to find that 2-ketovalerate was even a better substrate than 2-ketoadipate. The
other monocarboxylic acids tested, 2-ketooctanoate and 3-methyl-2-ketobutyrate, also
supported significant reaction rates, which together suggests that cosubstrate recognition
by AtsK is less restricted to dicarboxylic acids than in other characterized αketoglutarate-dependent dioxygenases.
Hydrolytic alkylsulfatases acting on long-chain aliphatic substrates are located in
the periplasm (Fitzgerald and Laslie, 1974; Matcham, et al., 1977; Thomas, et al., 1988).
The discovery of a cytoplasmic short-chain (C3-C7) alkylsulfatase in a coryneform led to
the proposal that the different locations of the sulfatases might be related to the relative
potential toxicity of their substrates (Thomas, et al., 1988). Thus, the long chain aliphatic
sulfate esters, which are more efficient surfactants, would be degraded outside the cell to
ensure protection of the cell from membrane and protein damage, while the synthesis of
an exocytoplasmic enzyme would be wasteful for cleaving the relatively harmless shortchain sulfate esters. The lack of a typical signal sequence in the atsK gene strongly
suggests that AtsK is a cytoplasmic protein. However, AtsK was found to act on sulfate
esters with carbon chain lengths ranging from C4 to C12. Together with the finding that
strain PH3(pME4562), in which the atsK gene is not expressed, is not able to utilize
hexyl sulfate or SDS as a sulfur source for growth, this suggests that under the sulfate-
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limited conditions used, no second, periplasmic long-chain sulfatase is expressed in P.
putida S-313. In P. aeruginosa PAO1, the situation is somewhat different, since the
sulfur-regulated ABC-type transporter AtsRBC was required for growth with hexyl and
octyl sulfate, but not for growth with SDS (Hummerjohann, et al., 2000). In the latter
species it appears that medium- and short-chain-specific alkylsulfatases are present in the
cytoplasm, whereas an SDS sulfatase is localized in the periplasm. Since P. aeruginosa
expresses an AtsK homologue under sulfate-starvation conditions (protein PA4,
(Quadroni, et al., 1999)), we speculate that in this species the oxygenative alkylsulfatase
is required for desulfation of medium-and short-chain sulfate esters, but that an additional
periplasmic SDSase is present which does not exist in P. putida S-313. A good candidate
for this SDSase is the uncharacterized product of the sdsA gene (Davison, et al., 1992).
sdsA encodes a periplasmic SDSase found in Pseudomonas sp. ATCC19151, whose
expression is regulated in that strain by a LysR-type transcriptional regulator, SdsB,
which is encoded adjacent to sdsA. Homologues of sdsA can be found in the genome
sequences of P. aeruginosa PAO1 (www.pseudomonas.com) and P. putida KT2440
(www.tigr.org), though it is not yet known how their expression is regulated in these
species, and whether the SDSase is synthesized in response to sulfate limitation, or as
part of the carbon cycle. It will therefore be interesting to compare the substrate
specificities of the AtsK proteins from each of these pseudomonads with that of the
products of the sdsA genes. Further investigations in this direction are continuing in our
laboratory.
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Chapter 4: The LysR-type regulator SftR is involved in soil survival and sulfate
ester metabolism in Pseudomonas putida

4.1 Abstract
Sulfate esters make up a large proportion of the available sulfur in agricultural
soils, and many pseudomonads can desulfurize a range of aryl- and alkylsulfate esters to
provide sulfur for growth. After miniTn5 transposon mutagenesis of Pseudomonas putida
S-313 we isolated 19 mutants that were defective in cleavage of the chromogenic sulfate
ester X-sulfate. Analysis of these strains revealed that they carried independent insertions
in a gene cluster that comprised genes for a sulfate ester/sulfonate transporter (atsRBC) a
LysR-type regulator (sftR), an oxygenolytic alkylsulfatase (atsK), an arylsulfotransferase
(astA), and a putative TonB-dependent receptor (sftP). The SftP protein was localized in
the outer membrane, and the arylsulfotransferase identified as an intracellular enzyme.
Expression of sftR was repressed in the presence of inorganic sulfate, and an intact sftR
gene was required for expression of all the other genes identified. An sftR mutant was
unable to grow with aryl-or alkylsulfate esters in laboratory media and showed
significantly reduced survival compared to the parent strain during incubation in Danish
agricultural and grassland soils. This effect demonstrates that sulfate esters are an
important sulfur source for microbes in aerobic soils, and highlights the importance of the
microbial population in the soil sulfur cycle.
4.2 Introduction
Due to their surfactant properties, aliphatic sulfate esters such as sodiumdodecylsulfate (SDS) form part of a variety of synthetic formulations and are discharged
into wastewater in considerable quantities. The metabolic pathways by which aliphatic
sulfate esters are degraded have consequently been subject of considerable study. The
first step in their biodegradation is catalysed by alkylsulfatases, which liberate sulfate in a
hydrolytic reaction to yield the corresponding alcohol (for a review, see (Dodgson, et al.,
1982)). A variety of bacterial isolates from sewage sludge and contaminated soils have
been found to contain alkylsulfatase enzymes, which suggests that the widespread ability
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to degrade aliphatic sulfate esters might primarily represent an evolutionary answer to the
challenge of large-scale anthropogenic release of such compounds.
However, alkylsulfatases have also been found to occur in a range of isolates from
uncontaminated sites (White, et al., 1985), and these enzymes probably catalyse
desulfurization of naturally occurring sulfate esters. Compounds of this type may derive
from plant and animal debris (e.g. polysaccharide sulfates, glycosaminoglycans), or by
microbially-catalysed incorporation of inorganic sulfate into humic material (Scherer,
2001). Studies on sulfur speciation in aerobic forest and agricultural soils show that a
major fraction of the sulfur is present as organically bound sulfur, including a high
proportion of sulfate esters (Autry and Fitzgerald, 1990; Fitzgerald, 1976; Scherer, 2001).
This soil sulfate ester pool is a labile one (McLaren et al., 1985). Although sulfate esters
cannot be directly used as sulfur sources by plants (Castellano and Dick, 1991), they are
hydrolysed by microbial sulfatases to provide a source of plant-available sulfur which is
almost as accessible for plants as adsorbed inorganic sulfate (Shan et al., 1997). The
sulfatases concerned have been found to be partly associated with microbial biomass, and
partly exist free in the soil, the latter population probably representing extracellular
microbial sulfatases (Klose and Tabatabai, 1999). Expression of sulfatases in agricultural
soil is dependent on plant growth and on the cropping cycle (Klose et al., 1999), and
hence appears to be regulated in part by interactions between the microbe and the plant.
In vitro, expression of most sulfatases is repressed in the presence of inorganic sulfate,
and these enzymes therefore form part of a broader sulfate starvation-induced stimulon
(Kertesz, 1999).
In this study we report the identification of a gene cluster encoding sulfate ester
degradation enzymes as well as sulfonate and sulfate ester uptake in Pseudomonas putida
S-313, a representative of the broad group of soil pseudomonads that play a crucial role
as plant growth promoting bacteria in the rhizosphere. Expression of these sulfate ester
utilization genes is regulated by the LysR-type transcriptional activator SftR, which is
synthesized when the cells grow with sulfate esters, sulfonates or methionine as the sulfur
source. We demonstrate that survival of an SftR mutant is impaired in different soils and
in rhizosphere, implying that utilization of sulfate esters plays a part in determining
bacterial soil competence.
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4.3 Results

4.3.1 Mutants of P. putida that are unable to use arylsulfate esters as a sulfur
source
Bacterial desulfation of aromatic sulfate esters is usually catalysed by
arylsulfatases. P. putida S-313 was able to grow with aromatic sulfate esters as sulfur
sources (Beil, et al., 1996), but no arylsulfatase activity could be measured in cell extracts
of the latter strain grown under these conditions. In addition, Southern analysis of the P.
putida S-313 chromosome did not give a hybridization signal with the P. aeruginosa
arylsulfatase gene (atsA) as a probe. In order to investigate the assimilatory pathway for
aromatic sulfate esters in P. putida, we mutagenized P. putida S-313 with the
miniTn5Km transposon, and screened 5000 mutant colonies for loss of the ability to
desulfurize the chromogenic aromatic sulfate ester 5-bromo-4-chloro-3-indoxylsulfate
(X-sulfate). Mutants were plated out on minimal medium containing 20 µM cysteine and
100 µM X-sulfate, and 19 white and pale blue colonies were selected for further study,
(Kahnert, et al., 2000). The mutants were classified into different types according to the
range of sulfur sources they were able to utilise during growth in a succinate-salts
medium with a variety of organosulfur compounds as the sole sulfur source. Table 6
shows the five classes of mutants obtained.

Table 6: Growth phenotypes of P. putida S-313 miniTn5 mutants affected in desulfation of 5-bromo4-chloro-3-indoxylsulfate (X-sulfate). NCS: p-nitrocatecholsulfate, HS: sodium hexylsulfate, BS:
benzenesulfonate; PS: pentanesulfonate.

Class I+IIIa
Class II
Class IV
Class V
a.

NCS
-

sulfur source
HS
BS
+
+
+

mutant strains
PS
+
+
+

PW2, PW6, PW7, PW10, PW14
PW1
PH3, PH4, PH18
PH5, PH7, PH11

Classes I and III differ in their ability to use methionine as a sulfur source for growth.

All classes of mutants displayed similar growth to the wild-type when cultivated
with sulfate or cysteine, but were unable to grow in liquid culture with aromatic sulfate
esters as sulfur source. Classes I and III were deficient in growth with all sulfonates and
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sulfate esters tested, and contain transposon insertions in the ssu gene cluster, which
encodes a two-component sulfonatase and an uptake system for sulfonates (Kahnert, et
al., 2000). Classes II, V and IV grew normally with aliphatic sulfonates as sulfur source.
Class V mutants were deficient in growth with 4-nitrocatecholsulfate (NCS), class IV
mutants were unable to utilize n-hexyl sulfate or NCS, and class II mutants could not
grow with either type of sulfate ester, nor with toluenesulfonate. The DNA regions
flanking each transposon insertion were cloned by transposon rescue techniques, and
sequence analysis revealed that miniTn5Km insertions in type II, IV and V mutants had
taken place in the ats-sft gene cluster (Figure 16, Table 8 on p.115) (GenBank accession
no. AF126201). This cluster contained seven open reading frames preceded by good
ribosome binding sites, and the overall GC content was 65%. Sequence analysis indicated
that the insertions had occurred in putative open reading frames encoding a
sulfotransferase (astA), a putative TonB-dependent receptor (sftP), an ABC-type
transporter (atsRBC), and a regulator protein (sftR). The sftR mutant, strain PH18, was
unable to grow with aliphatic and aromatic esters, and the protein encoded by sftR was
very similar to LysR-type regulators which are known to be involved in the
desulfurization of aromatic sulfonates (44% identity to AsfR (Vermeij, et al., 1999)) or
sulfated surfactants (39% identity to SdsB from Pseudomonas sp. ATCC 19151
(Davison, et al., 1992)). These findings suggested that the ats-sft cluster might be mainly
involved in sulfate ester utilisation, and that SftR might control a specific sulfate-ester
utilisation regulon. We therefore carried out initial studies to investigate possible
ecological functions for such a regulon.
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1 kb

PH11

PH5

PH7

PH18

Km

Km

Km

Km

astA

sftP

pME4581

sftR

PH3PH4 PW1 SN57
Km Km

atsK

Km

atsR

Km

atsB

atsC

pME4619
pME4596
pME4562

Figure 16: Map of the P. putida S-313 ats-sft gene cluster, with insertion sites of miniTn5Km in
strains PW1, PH3, PH4, PH5, PH7, PH11 and PH18, obtained by screening for the
inability to release sulfate from ester 5-bromo-4-chloro-3-indoxylsulfate (X-sulfate), and
strain SN57, which was obtained in a previous study (Vermeij, et al., 1999). Several
plasmids described in the text are shown, and the location of the lac promoter in the vector is
indicated by a solid triangle.

4.3.2 SftR is important for survival in soil environments
P. putida is an important inhabitant of aerated soils and rhizosphere, where sulfate
esters make up a large proportion of the sulfur content (Autry and Fitzgerald, 1990;
Fitzgerald, 1976; Scherer, 2001). We tested whether the sftR mutant strain PH18
displayed reduced rhizosphere or soil competence compared to the parent strain. The
mutant and wildtype strains were each inoculated into microcosms constructed with
washed forest, grassland or agricultural soils from central Denmark, differing in their
content of sulfur and organic matter. The forest and agricultural soils were also used to
test survival of the cells in the rhizosphere of A. thaliana (the washed grassland soil was
not used, since it gave unsatisfactory plant growth). Figure 17 shows the changes in the
bacterial population in the three soils and in the rhizosphere of A. thaliana cultivated in
these soils.
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Figure 17: Soil competence of P. putida strains in soils and rhizosphere. Survival of P. putida S-313r
(? ) and the sftR mutant strain PH18 (∆) was measured in (A) agricultural soil, (B) grassland
soil, (C) forest soil, (D) rhizosphere of A. thaliana grown in agricultural soil (E) rhizosphere of
A. thaliana grown in forest soil. All soils were obtained from a small region in central Denmark,
and were washed and sieved before use, as described in Experimental Methods.

In all conditions tested, the bacterial density increased from 106 CFU.g-1 up to
108-109 CFU.g-1 of dry soil 5 days after inoculation. The initial density of strain PH18
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was higher (2 x 106 CFU.g-1 dry soil) than for the wild-type (8 x 105 CFU.g-1 dry soil)
and this difference was maintained until the second sampling-date. Both wild-type and
mutant populations then decreased in all conditions until the end of the experiment (30
days). Regression analysis (Table 7) clearly showed that in agricultural and grassland
soils, the decrease of the mutant density was significantly more pronounced than that of
the wild-type. The mutation affecting the SftR regulator in strain PH18 therefore appears
to have an effect in lowering its survival compared to the wild-type strain.

Table 7: Linear regression analysis conducted upon the decrease of wild type S-313 and mutant
PH18 population densities in three different soils and in the rhizosphere of Arabidopsis
thaliana cultivated in these soils (values flanked with a different letter are significantly
different). Values shown are log CFU/(g soil * days).

S-313r

PH18

-0.073† ± 0.021‡ (b)

-0.112 ± 0.022 (cd)

Forest bulk soil

-0.074 ± 0.024 (b)

-0.078 ± 0.020 (b)

Grassland bulk soil

-0.073 ± 0.015 (b)

-0.139 ± 0.027 (d)

Agricultural rhizosphere soil

-0.029 ± 0.017 (a)

-0.089 ± 0.018 (bc)

Forest rhizosphere soil
†
mean value of the slope.

-0.065 ± 0.022 (b)

-0.041 ± 0.019 (ab)

Agricultural bulk soil

‡

95% confidence interval of the slope

Regression analysis also revealed that the survival of the mutant strain was more
impaired in the grassland soil than in the agricultural or forest soils. By comparison, the
soil type did not affect the survival of the wild-type strain S313R. The bacterial densities
were significantly higher in the rhizosphere after 22 and 30 days of incubation than in
bulk soil, and the decrease in bacterial population was also less pronounced in the
rhizosphere than in the bulk soil, both for mutant and wild-type strains.
4.3.3 Expression of sftR and identification of SftR-controlled genes
In order to test whether expression of sftR was regulated in response to growth
with organosulfur sources, an sftR::xylE chromosomal transcriptional reporter gene
fusion was constructed in P. putida S-313, and catechol-2,3-dioxygenase (C23O) activity
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was measured during growth with sulfate, hexylsulfate, NCS, pentanesulfonate,
benzenesulfonate and methionine as sulfur sources. Almost no activity was present when
the cells were grown with sulfate, but strong upregulation of C23O activity was observed

C230 sp. act.
(nmol/(min*mg protein))

when the cells grew with sulfate esters, methionine and sulfonates (Figure 18).
80
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Figure 18: Expression of sftR::xylE fusion in P. putida strain WTX-R, grown in minimal medium
with different sulfur sources (S, sulfate; HS, hexylsulfate; NCS, p-nitrocatecholsulfate; PS,
pentanesulfonate; BS, benzenesulfonate; M, methionine).

Additionally, chromosomal atsK::xylE, astA::xylE and atsB::xylE transcriptional
fusions were constructed in both the wild-type strain and the SftR mutant PH18. These
were used to test expression of the other ats-sft cluster genes during growth with different
sulfur sources, and to measure the effect of the mutation of the sftR gene. The results are
shown in Figure 19. Expression of the alkylsulfatase gene atsK, the sulfotransferase gene
astA and the membrane component of the transporter (atsB) were upregulated during
growth with hexylsulfate, NCS, benzenesulfonate and pentanesulfonate, whereas
methionine enhanced transcription to a lesser extent than in the case of sftR. Upregulation
of atsK, astA and atsB expression was dependent on the presence of SftR during growth
with pentanesulfonate, whereas with aromatic sulfonates, another regulatory mechanism
seems to contribute to expression of the ats-sft genes. These results suggest that SftR is a
positive transcriptional regulator required specifically for the utilisation of sulfate esters
as sulfur sources in P. putida S-313.
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Figure 19: Expression of (A) astA::xylE, (B), atsB::xylE, and (C) atsB::xylE fusions in the P. putida
wild-type-derived strains WTX-A, WTX-K, and WTX-B, as well as in the corresponding
PH18-derived strains 18X-A, 18X-K and 18X-B. All strains were grown in minimal medium
with different sulfur sources (S, sulfate; HS, hexylsulfate; NCS, p-nitrocatecholsulfate; PS,
pentanesulfonate; BS, benzenesulfonate; M, methionine).

The closely related strain P. aeruginosa also contains an sftR homologue, which is
located 5 kb downstream of atsR and is closely associated with an atsK homologue, as
observed in P. putida. The encoded protein (protein PA0191, acc no. D83621) is 65%
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identical to SftR in P. putida S-313. In P. aeruginosa aromatic sulfates are cleaved by the
arylsulfatase protein AtsA (Beil, et al., 1995). To test whether SftR is also involved in
sulfate ester metabolism in P. aeruginosa, we constructed a mutant (strain PA191) that
was deficient in expression of gene PA0191, as described in Experimental Procedures.
Strain PA191 was still able to utilise NCS, but was unable to grow with hexylsulfate as a
sulfur source and displayed reduced growth with sodium dodecyl sulfate (SDS).
Interestingly, strain PA191 could also no longer utilise the aliphatic N-sulfated ester Ncyclohexylsulfamic acid (cyclamate), suggesting that desulfurization of sulfamates and
aliphatic sulfate esters is co-regulated in this species.
4.3.4 The atsRBC genes are required for uptake of sulfate esters
In order to characterize the enzyme systems controlled by SftR, we analysed the
ats-sft genes further. Class II mutants were found to carry transposon insertions in a gene
encoding a putative permease component of an ABC-type transport system (atsB), which
displayed up to 36% identity to known permeases. These mutants were also unable to
grow with aromatic sulfonates, suggesting that AtsB constitutes the permease component
of a general sulfonate/sulfate ester transporter. The atsC gene downstream of atsB
presumably encodes the ATP-binding component of this transport system, since AtsC
displayed up to 47% sequence identity to known ATP-binding components.
Hydrophobicity analysis of the AtsB protein suggested the presence of eleven
transmembrane domains, and AtsC was found to contain the ATP/GTP-binding site motif
expected for ATP-binding cassettes of ABC-type transporters (Higgins, 1992). The AtsR
protein encoded adjacent to AtsB is up to 27% identical to known periplasmic solutebinding proteins. Class IV mutants PH3 and PH4 carried transposon insertions in atsR,
and were deficient for growth with NCS and hexylsulfate, but not with benzenesulfonate.
This indicated that although AtsR-AtsB-AtsC acts as a sulfate ester transporter, a
different periplasmic binding protein specific for aromatic sulfonates interacts with
AtsBC for sulfonate uptake. When the P. putida atsR mutants PH3 and PH4 were
transformed with the atsR gene on plasmid pME4562, growth on NCS was restored.
However, growth with aliphatic sulfate esters was recovered only by double
complementation with both the atsR gene (pME4562) and the downstream atsK gene on
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plasmid pME4596. atsK encodes an α-ketoglutarate dependent dioxygenase catalysing
sulfate release from aliphatic sulfate esters such as hexylsulfate and SDS (Kahnert and
Kertesz, 2000). Thus, AtsR is a periplasmic binding protein for uptake of aromatic and
aliphatic sulfate esters.
4.3.5 Arylsulfate metabolism in P. putida S-313 requires the
arylsulfotransferase AstA
Class V mutants were defective in growth with aromatic sulfate esters but grew
normally with other sulfur sources tested. These strains carried transposon insertions in
sftP (PH7) and astA (PH5 and PH11). Complementation of PH5, PH7 and PH11 with the
astA gene on plasmid pME4581 restored growth with NCS in all cases. astA encodes a
protein displaying 43-44% identity to sulfotransferases from enteric bacteria (Baek, et al.,
1996; Kwon, et al., 1999), which catalyze the transfer of the sulfate moiety from phenolic
sulfate esters to an unknown acceptor. As reported previously, cell extracts of P. putida
S-313 grown with sulfate esters catalyse desulfation of NCS when phenol is added as an
acceptor (Kahnert, et al., 2000). No sulfotransferase activity was measured in PH7, PH5,
and PH11, when the cells were grown with hexylsulfate as a sulfur source. The pH
optimum for the sulfotransferase assay was determined using phenol as an acceptor, and
most activity was observed at pH 9. The AstA protein was partially purified from P.
putida S-313(pME4581) grown with NCS as a sulfur source, using anion exchange
chromatography and gel filtration chromatography, as described in Experimental
Procedures. The sulfotransferase enzyme was estimated to be 80% pure after gel filtration
chromatography. The 10 N-terminal amino acids were determined as N-A-K-T-E-T-P-AL-P, which corresponded to the predicted protein encoded by the astA gene after cleavage
of the formylmethionine residue. This finding confirmed the conclusion from sequence
analysis that AstA lacks a signal peptide. Unlike other bacterial sulfotransferases (Baek,
et al., 1996; Kwon, et al., 1999), the P. putida S-313 AstA enzyme is therefore located in
the cytoplasm.
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4.3.6 SftP - a putative TonB-dependent receptor
The sftP gene encodes a protein displaying sequence identity to various outer
membrane receptors that are involved in translocation of siderophores across the outer
membrane (25% identity to IrgA from Vibrio cholerae (Goldberg et al., 1992) and 22%
identity to FhuA from Escherichia coli (Coulton et al., 1983)). These receptors contain a
TonB box motif which is also present in SftP (PROSITE accession number PS01156),
suggesting that SftP is involved in the translocation of large compounds across the outer
membrane in a TonB dependent manner. Strain PH7 was unable to grow with NCS as a
sulfur source but this phenotype could be complemented by transformation with the astA
gene, demonstrating that sftP and astA are cotranscribed and that SftP is not strictly
required for growth with aromatic sulfate esters. SftP was predicted to carry a signal
sequence for export from the cell, and the mature protein has a predicted molecular mass
of 81.0 kDa. In order to investigate whether SftP is a sulfur-regulated outer membrane
protein, outer membrane proteins were isolated by sucrose density gradient centrifugation
from P. putida S-313 grown with either hexylsulfate or sulfate, and separated by SDSPAGE. Three proteins exhibiting molecular masses of 85-90 kDa were found in the
hexylsulfate-grown sample but were not present in sulfate-grown cells (Figure 20). The
proteins were excised from the SDS-gels and subjected to LC-QTOF mass spectrometry.
The protein marked with an arrow in Figure 20 was conclusively identified as the sftP
gene product by analysis of peptide sequence data from three separate tryptic peptides
obtained from this protein. This confirmed that SftP is an outer membrane protein whose
synthesis is upregulated during growth with hexylsulfate.
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Figure 20: SDS-PAGE of outer membrane proteins of (A) P. putida strain PH7 (sftP::miniTn5Km)
grown with hexylsulfate as the sulfur source, (B) P. putida S-313 grown with hexylsulfate,
and (C) P. putida S-313 grown with sulfate. The gel contained 8% polyacrylamide, and LPS
were removed as described in Experimental Procedures prior to loading the samples. The SftP
protein is marked.

4.4 Discussion
In this study we report the identification of the ats-sft gene cluster encoding
sulfate ester utilisation enzymes in P. putida S-313. Expression of the ats-sft genes was
controlled by the SftR regulator protein, which was synthesized during growth with
sulfate esters, sulfonates and methionine as sulfur sources, but not when the cells grew
with inorganic sulfate. In addition to SftR, enzymes encoded in the ats-sft cluster
comprise an unusual α-ketoglutarate-dependent dioxygenase that catalyses release of
sulfate from aliphatic sulfate esters (AtsK) (Kahnert and Kertesz, 2000), an ABC-type
transport system (AtsRBC), an outer membrane protein (SftP) and a sulfotransferase
which transfers the sulfate moiety from aromatic sulfate esters onto an unknown acceptor
(AstA). A mutant in SftR was deficient in expression of all the other genes of the ats-sft
cluster, and showed significantly reduced survival in soil environments.
Desulfurization of sulfonates and sulfate esters occurs by quite different
mechanisms in P. putida S-313. Both aromatic and aliphatic sulfonates are cleaved by the
FMNH2-dependent monooxygenase SsuD, whereas sulfate esters are desulfurized either
by an α-ketoglutarate dependent dioxygenase (AtsK) or via an arylsulfotransferase
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(AstA). Despite this biochemical diversity, sulfonate and sulfate ester utilization as sulfur
sources for growth are closely linked. Growth with both arylsulfonates and sulfate esters
requires the ats transporter described above, and also the ssuF gene product, a small
protein with sequence similarity to clostridial molybdopterin binding proteins (Kahnert,
et al., 2000). This latter protein is encoded in the ssu operon, together with the ABC-type
transporter

responsible

for

alkanesulfonate

transport

and

the

desulfonating

monooxygenase. Arylsulfonate and sulfate ester utilization are regulated by two closely
related members of the LysR-type transcriptional activator family. AsfR, which plays a
role in arylsulfonate degradation (Vermeij, et al., 1999) shares 48% amino acid identity
with SftR, the sulfate ester utilization regulator identified in this study. Both are also
quite similar to SdsB, the regulator of the long chain sulfatase SdsA in Pseudomonas sp.
ATCC 19051 (Davison, et al., 1992) (31% and 39% identity, respectively). These
enzymes clearly form a small subfamily within the LysR-group.
However, there are significant differences in the ways in which AsfR and SftR
expression is regulated, and how they control their target genes. SftR is not expressed
during growth with sulfate as sulfur source, and the gene is switched on only under
sulfate starvation conditions, in the presence of a variety of organosulfur sources (Figure
18). This is not the case for AsfR, which is also synthesized during growth with sulfate
(Vermeij, et al., 1999). In the presence of toluenesulfonate AsfR mediates the expression
of the asfABC genes, and it seems likely that under these conditions AsfR is also
probably responsible for the residual expression of the ats-sft genes that is observed in the
SftR mutant during growth with benzenesulfonate (Figure 19). However, the possibility
of crosstalk between AsfR and the ats-sft promoters has not yet been examined in detail.
The periplasmic sulfonate binding protein AsfC is only synthesized in the presence of
aromatic sulfonates, but has been shown to facilitate uptake of both aromatic sulfonates
and sulfate esters in P. aeruginosa (Vermeij, et al., 1999). Its presence allows the atsR
mutants PH3 and PH4 to grow with arylsulfonates, though no growth is seen with
aromatic sulfates because asfC is only expressed in the presence of the sulfonate
substrates.
The observation of upregulation of SftR during growth with methionine
represents a further link to sulfonate metabolism in P. putida S-313, since in this strain
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the sulfonatase-encoding gene ssuD is required for utilisation of methionine as a sulfur
source. A mechanism has been proposed in which methionine-sulfur is released as
methanethiol, oxidized to methanesulfonate and subsequently cleaved by SsuD to release
sulfite, which can be directly re-incorporated into cysteine (Vermeij and Kertesz, 1999).
SftR may be involved in regulating expression of the ssu operon during growth with
methionine or aliphatic sulfonates, but it cannot be strictly required since strain PH18 is
still able to grow with these sulfur sources. An additional regulatory mechanism must be
present which prevents the SftR-mediated upregulation of the other ats-sft genes when
the cells grow with methionine, but this mechanism remains to be elucidated.
On a higher regulatory level, it seems likely that the expression of sulfonate and
sulfate ester utilisation systems is mediated by CysB. This well-characterised
transcriptional activator protein (Kredich, 1996) is essential for cysteine biosynthesis in
enteric bacteria, but is also required for utilization of organosulfur compounds in
Pseudomonas strains - expression of the ats genes was dependent on CysB in P.
aeruginosa (Hummerjohann, et al., 2000), as was the heterologous expression of the P.
putida S-313 asfRABC genes in P. aeruginosa (Vermeij, et al., 1999). Preliminary data
from the P. putida KT2440 sequencing project indicate that CysB in P. putida is 91%
identical to the homologous protein in P. aeruginosa. A repeated feature of organosulfur
metabolism is the involvement of two regulator proteins in gene expression. Thus,
expression of the asfABC operon involves both CysB and AsfR, and expression of the
taurine and alkanesulfonate desulfurization genes in E. coli (tauABCD and ssuEADCB,
respectively) involve CysB and the closely related Cbl protein (van der Ploeg et al., 1997;
van der Ploeg, et al., 1999). It seems likely that the ats-sft gene cluster represents a
further extension of the cys regulon, though it is interesting that in P. aeruginosa
expression of the ats genes (including the arylsulfatase gene) were not controlled by SftR
(this paper), but only by CysB.
The finding of a sulfotransferase instead of an arylsulfatase in P. putida S-313
was surprising, since in the closely related P. aeruginosa cleavage of sulfate from
aromatic sulfate esters is catalysed by a member of the widespread arylsulfatase family of
enzymes. Bacterial arylsulfotransferases have so far exclusively been characterized from
mammalian intestinal bacteria (Kang, et al., 2001; Kim, et al., 1986; Kim, et al., 1992;
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Lee, et al., 1995), where they catalyse the transfer of sulfate from phenolic sulfate ester
donors onto yet unidentified acceptors. Their physiological function remains unclear.
With the exception of one enzyme exhibiting relatively low (26%) identity to AstA
(Goldberg, et al., 2000), all characterized prokaryotic arylsulfotransferases are
periplasmic enzymes, and it has been speculated that they play a role in the detoxification
of xenobiotic phenolic compounds in the mammalian gut (Baek, et al., 1996). No
evidence has yet been given on regulation of their expression as part of the bacterial
sulfur cycle. AstA from P. putida S-313 is 43-44% identical to these enzymes and
therefore clearly belongs to the same family, but its role in sulfur assimilation together
with its cytoplasmic localisation add new aspects to the understanding of bacterial
arylsulfotransferases. One can speculate that their occurrence in soil bacteria has been
widely underestimated, and that routine measurements of arylsulfatase activity in soils
largely represent sulfotransferase activity, because of the presence of acceptor substrates
in soil organic matter.
The role of the putative TonB-dependent receptor protein in the context of sulfate
ester utilisation also remains to be clarified. Despite the lack of an observable growth
phenotype in SftP mutants, its clustering and coexpression with the ats-sft genes suggest
an involvement in either the uptake or the biodegradation of sulfate esters. TonBdependent receptors have been shown to be involved in the translocation of ironsiderophores and vitamin B12 across the outer membrane (for a review, see
(Folschweiller et al., 2000)). The dioxygenase AtsK, which catalyses release of sulfate
from alkylsulfate esters, requires iron as a cofactor (Kahnert and Kertesz, 2000), and it is
therefore possible that SftP contributes to iron acquisition under conditions in which
AtsK is expressed. This assumption is underlined by the fact that on the P. aeruginosa
genome, SftP (protein PA0192; 63% identical to SftP from P. putida S-313) is encoded
adjacent to AtsK (protein PA0193) (Stover et al., 2000). However, LC-QTOF MS of
outer membrane proteins from sulfate- and hexylsulfate-grown cells revealed that not
only SftP, but also at least one other putative TonB-dependent receptor was synthesized
in the absence of sulfate, and it will be interesting to investigate further a possible link
between sulfate starvation and iron metabolism. It cannot be excluded that SftP has a
different function from the one observed for TonB-dependent receptors so far, e.g. the
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translocation of sulfated substrates across the outer membrane. Indeed, it has been
observed previously that SDS could diffuse through the related E. coli FhuA receptor
when the latter was transformed into a channel upon phage binding (Bonhivers et al.,
1996).
It has been suggested that microbial hydrolysis of sulfate esters is an important
source of inorganic sulfate for plants (Castellano and Dick, 1991; Scherer, 2001). We
propose that the connected sulfonate- and sulfate ester-utilisation response evolved as an
adaptation to sulfate starvation conditions in aerobic soils, where the majority of the
sulfur is present in organically bound forms. This is reflected by the reduced survival of
the sftR mutant in grassland and agricultural soils, which gives an indication of how
important the ability to utilise sulfate ester is to microbial fitness in the environment. In
forest soils with higher organic matter content the effect was reduced, possibly caused by
the lower pH of the forest soil and a resultant higher concentration of adsorbed inorganic
sulfate (Kparmwang et al., 1997; Martini and Mutters, 1984). We assume that the
microbial switch between sulfate-starvation and assimilation of inorganic sulfate might
play a role in regulating fluxes in the soil sulfur reservoir for plant nutrition. Previous
studies have shown that a considerable fraction of plant-available sulfur is derived from
ester sulfate in soil organic matter (Freney et al., 1975; Nguyen and Goh, 1994), but the
experiments did not allow any conclusions concerning the relative importance of
enzymatic mobilisation, as opposed to chemical sulfate ester hydrolysis. To date, more
efforts are clearly required to elucidate the importance and the role of microbial
organosulfur assimilation, and investigations are currently being undertaken in our
laboratory to quantify expression of the ats-sft and other sulfur-regulated genes in
different soils.
4.5 Experimental procedures

4.5.1 Chemicals
All chemicals used as sulfur source were of the highest quality available and were
obtained from Fluka (Buchs, Switzerland) or from Aldrich (Buchs, Switzerland), with the

Chapter 4

110

exception of hexylsulfate, which was obtained from Lancaster (UK). Oligonucleotides
were obtained from Microsynth (Balgach, Switzerland) or from Genosys (UK).
4.5.2 Bacterial strains and growth conditions
Bacterial strains, plasmids and phages used in this study are listed in Table 8. P.
putida S-313r was a spontaneous rifampicin-resistant mutant of strain S-313, that was
indistinguishable from the parent strain in growth on a range of different sulfur sources.
All P. putida strains were grown aerobically at 30ºC in succinate minimal medium
(Kertesz, et al., 1993). Sulfur sources were added to a final concentration of 250 µM.
Escherichia coli strains were grown aerobically in Luria-Bertani medium at 30 or 37°C.
Antibiotics used were: kanamycin (25 µg/ml), ampicillin (100 µg/ml), tetracycline (25
µg/ml), chloramphenicol (20 µg/mL) and cycloheximide (100 µg/ml). Gentamicin was
added at 15 µg/ml to E. coli growth media and at 25 µg/ml to P. putida growth media.
When required in sulfate-free medium, kanamycin and gentamicin chloride were
prepared from the corresponding sulfate salts as previously described (van der Ploeg, et
al., 1996). All solid media were prepared by addition of 1.5 % (w/v) molecular biology
grade agarose.
4.5.3 Enzyme assays
Catechol-2,3,-dioxygenase activity was measured in extracts prepared from cells
in the mid-exponential growth phase, (Karkhoff-Schweizer and Schweizer, 1994).
Arylsulfotransferase assays (500 µl) contained 10 mM p-nitrocatecholsulfate, 10 mM
phenol (pH 9), 50 µl of cell extract and 100 mM Tris/acetate, pH 9. The assay mixture
was incubated at 30 °C, and 4-nitrocatechol was quantified spectrophotometrically at 515
nm (Kahnert, et al., 2000).
4.5.4 DNA manipulations
For plasmid isolation, restriction enzyme digestion and transformation, published
procedures were used (Ausubel, et al., 1987). PCR was carried out in a Biometra DNA
thermal cycler. Reaction mixtures consisted of 100 pmol of primers, 50 nmol of dNTP, 2
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U of Taq DNA Polymerase and 1 ng of template in a final volume of 100 µl. P. putida
was transformed by electroporation in 0.1 cm cuvettes (12.5 kV/cm), using a Gene Pulser
apparatus (BioRad, California). Southern analysis was carried out by standard methods
(Ausubel, et al., 1987), using digoxigenin-labeled probes.
4.5.5 Transposon mutagenesis and sequencing
Transposon mutagenesis of P. putida S-313 was done by patch-mating equal cell
numbers of overnight cultures of E. coli S17-1λpir (pUT miniTn5-Km) and P. putida S313 on LB agar at 30 °C for 8 hours. The cells were resuspended in 0.9% NaCl and
plated out on succinate-salts medium agar plates containing chloramphenicol and
kanamycin chloride, with 20 µM cysteine and 250 µM X-sulfate as sulfur sources. White
and pale blue colonies were selected for further study. Insertion sites of transposons were
identified by transposon rescue techniques, and the transposon-flanking regions were
sequenced with a transposon -specific primer, π (GCATTAACAATCTAGCGAGG).
Transposon insertion sites in strains PH3 and PH4 were verified by PCR.
4.5.6 Cloning of the ats-sft genes and construction of xylE fusions
pME4429 was constructed by cloning a 6.5 kb NotI-MunI chromosomal DNA
fragment from strain SN57 in pBluescriptKS. A 2.1 kb KpnI fragment from pME4429
was cloned into the KpnI site of pBBR1MCS-3, to give pME4562. pME4581 was
constructed by inserting a 900 bp PstI-SacII fragment from pME4568 and a 1.5 kb PvuIIPstI fragment from pME4566 into SacII/SmaI-cut pBBR1MCS-3. A 1.4 kb XhoI
fragment was cloned into pBBR1MCS-3, to give pME4619. pME4596 was cloned by
inserting the 1725 kb fragment resulting from a ClaI-digest, blunting, and subsequent
NsiI-digest of pME4573 into the SmaI-PstI site of pUCP24.
Chromosomal xylE reporter gene fusions were constructed as follows. A fragment
with the translational start site of the gene of interest was cloned upstream of the xylE
gene in the suicide plasmid pME4599, and recombined onto the chromosomes of P.
putida S-313 and PH18, respectively. The delivery vector used, pME4599, was based on
pKNOCK-Tc, and was constructed by cloning the lacIq gene and the trc promoter (1.5 kb
PaeI-KpnI fragment from pTrc99a) in the NotI site, and a xylE::Gmr cassette (2.4 kb
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blunted EcoRI fragment from pX1918GT) into the blunted KpnI site. The trc promoter
was included to prevent polar effects of the insertion in the merodiploid strain. For
construction of the atsB::xylE fusion, a 1.1 kb fragment containing the ats promoter
region was amplified by PCR and cloned into SmaI digested pME4599 to give pME4620.
pME4620 was integrated into the chromosome of P. putida S-313 and PH18 to give
WTX-B and 18X-B, respectively, using E. coli S17-1 λpir(pME4620) as the plasmid
delivery strain for conjugational transfer. All other fusion strains were constructed in a
similar procedure, using the constructs listed in Table 8.
4.5.7 Construction of strain PA191
P. aeruginosa PA191 is a co-integrate of pME4626 in P. aeruginosa PAO1.
pME4626 was constructed by cloning a 600 bp internal fragment of the gene encoding
protein PA0191 (resulting from a SmaI-digest of a fragment amplified with primers
191for (TTACTTCATCGCCCTCGCC) and 191rev (TCCAGTTCCACCAGCGTC),
using chromosomal DNA of P. aeruginosa as a template) into the SmaI-site of pME4625.
pME4625 was derived from pKnock-Tc, and contained a transcriptional terminator
originating from pTrc99a upstream of the MCS, and a xylE::Gmr cassette downstream of
it. P. aeruginosa was transformed with pME4626 by conjugational transfer from E. coli
S17-1λpir (pME4626).
4.5.8 Purification of arylsulfotransferase
P. putida S-313(pME4581) was grown at 30 ºC in 5l Erlenmeyer flasks
containing 800ml of succinate-salts minimal medium, with NCS as the sole sulfur source.
The cells were harvested at mid-exponential growth phase by centrifugation at 5200 x g
for 10 min at 4º C, washed once with 50 mM Tris/HCl, pH 7.5 and resuspended in 8 ml
of the same buffer containing lysozyme, DNAse I and RNAse I (each 10 µg/ml). The
suspension was incubated on ice for 30 min. Cell-free extracts were obtained by two
passes through a French Pressure cell at 4ºC and centrifugation of the lysate at 100 000 x
g for 1 h at 4 ºC. Cell extracts were desalted into 20 mM Tris/HCl, pH 7.5 using PD-10
columns (Amersham Pharmacia). The desalted lysate was chromatographed at room
temperature on a 1 ml Resource-Q anion-exchange column (Amersham Pharmacia) with
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an FPLC system (Amersham Pharmacia) at a flow rate of 5 ml/min. Proteins were eluted
with an NaCl gradient, and the arylsulfotransferase eluted at a concentration of 140 mM
NaCl. Active fractions were further purified by gel filtration chromatography using a
Superdex 200 column (Pharmacia Biotech). 50 mM Tris/HCl, pH 7.5/ 0.15 M NaCl was
used as running buffer, at a flow rate of 1 ml/min.
4.5.9 Isolation of outer membrane proteins
Outer membrane proteins were isolated by sucrose density gradient centrifugation
(Nikaido, 1994), using a discontinuous gradient. Cytoplasmic membranes appeared in a
35% (w/w) sucrose top layer and outer membranes were recovered as a distinct white
band in the lower layer of 50% sucrose. LPS were removed before SDS-PAGE by phenol
extraction, as previously described (Hancock and Nikaido, 1978).
4.5.10 Mass spectrometric fingerprinting methods
In-gel digestion with trypsin was performed according to published methods (Jeno
et al., 1995; Shevchenko et al., 1996; Wilm et al., 1996) modified for use with a robotic
digestion system (Kahnert, et al., 2001) (Investigator ProGest, Genomic Solutions,
Huntington, UK). Cysteine residues were reduced with DTT and derivatized with
iodoacetamide prior to digestion with trypsin (Promega, Madison, WI; 10 µL at 6.5
ng/µL in 25 mM ammonium hydrogen carbonate, 8 hours at 37°C). Products were
recovered by sequential extractions with 25 mM ammonium hydrogen carbonate, 5%
formic acid, and acetonitrile, and then lyophilized.
Tandem electrospray mass spectra were recorded using a Q-Tof hybrid
quadrupole/orthogonal acceleration time of flight spectrometer (Micromass, Manchester,
UK) interfaced to a Micromass CapLC capillary chromatograph. Samples were desalted
on a 300 µm x 15 mm Pepmap C18 column (LC Packings, Amsterdam, NL) and eluted
into the mass spectrometer with a 0.1% formic acid/acetonitrile gradient (5% to 70 %
acetonitrile over 20 minutes: 1 µL/min). Proteins were identified by correlation of
uninterpreted tandem mass spectra to entries in SwissProt/TREMBL using ProteinLynx
Global Server (Version 1, Micromass), or by searching deduced amino acid sequences
against the NCBI's non-redundant database using BLAST (Altschul et al., 1997).
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4.5.11 Soil and rhizosphere methods
The experiments were performed in agricultural (AS), forest (FS) and grassland
(GS) soils collected at Karup (Denmark), differing in their sulfur content (AS: 176 mg.kg1

; FS: 177 mg.kg-1; GS: 82 mg.kg-1) and carbon content (AS: 1.48 %C; FS: 3.00 %C; GS:

2.60 %C). The soils were washed with distilled water in order to elute inorganic sulfate,
air-dried and sieved (< 4 mm). Population dynamics of P. putida S-313r and of the
mutant strain PH18 were compared in bulk soil and in the rhizosphere of A. thaliana
grown in either soil.
The microcosms used for this experiment were 10 ml syringes filled with 15 g of
soil and suspended in test-tubes. A gauze wick was used to absorb water provided in the
bottom of the glass tube. A. thaliana (Landsberg erecta) seeds were sterilized in a 1.25 %
(v/v) solution of NaOCl for 20 min, washed 3 times with sterile distilled water, placed on
agar plates and germinated for 5 days in a growth chamber on a cycle of 16 h light (25°C)
and 8 h dark (22°C). Ten seedlings were transferred to each microcosm used for
rhizosphere analysis. For the preparation of bacterial inocula, the respective strains were
grown for 24 h on LB/cycloheximide plates containing rifampicin (strain S-313r) or
kanamycin (strain PH18). Bacterial colonies were suspended in water, washed twice
(6000 g; 5 min) and percolated into the surface of the microcosm to obtain a bacterial
density of 106 colony forming units (CFU) per gram of dry soil. The cultivated and
uncultivated microcosms were then placed in the growth chamber.
At time intervals (0, 5, 15, 22 and 30 days), 5 samples of bulk soil were collected
from independent uncultivated microcosms and 5 samples of rhizosphere soil were
collected, after a gentle brushing of root systems, from independent cultivated
microcosms. Each soil sample was suspended in 5 ml sterile dilution buffer (0.1% NaPP,
1% peptone) (Trevors and Cook, 1992) and mixed for 60 s with a Vortex shaker. The soil
suspensions were diluted in the dilution buffer and plated on LB containing the
appropriate antibiotics. After enumeration of colonies, bacterial densities were expressed
as CFU per gram of dry soil. Since populations of bacteria approximate a log normal
distribution (Loper et al., 1984), values were log-transformed before analysis. The
kinetics of survival was approximated by linear regression of the log-transformed values
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against time. Linear regression analysis was performed according to Gardner and Altman
(Gardner and Altman, 1989), using a 95% confidence interval.
4.5.12 Sequence analysis and nucleotide sequence accession number
DNA sequencing was carried out by Microsynth (Balgach, Switzerland). The P.
putida S-313 sft-ats cluster sequence has been deposited in the Genbank database with
accession no. AF126201.

Table 8: Strains and plasmids used in chapter 4.
Strain
Escherichia coli
DH5α
S17-1λpir

Relevant features

Reference or source

supE44 ∆ lacU169 (φ80 lacZ∆M15) hsdR17 recA1
endA1 gyrA96 thi-1 relA1
hsdR thi pro recA; RP4 integrated into the chromosome
(kan::Tn7 ter::Mu) λpir

laboratory collection
(de Lorenzo and Timmis,
1994)
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Strain
Pseudomonas putida
S-313
S-313r
SN57
PH3

Relevant features

Reference or source

prototroph
rifampicin-resistant mutant of strain S-313
atsB::miniTn5Km
atsR::miniTn5Km

(Zürrer, et al., 1987)
This study
(Vermeij, et al., 1999)
This study

PH4

atsR::miniTn5Km

This study

PH5

astA::miniTn5Km

This study

PH7

sftP::miniTn5Km

This study

PH11

astA::miniTn5Km

This study

PH18

sftR::miniTn5Km

This study

WTX-B

S-313 atsB::xylE Gm Tc

This study

18X-B

PH18 atsB::xylE Gm Tc

This study

WTX-K

S-313 atsK::xylE Gm Tc

This study

18X-K

PH18 atsK::xylE Gm Tc

This study

WTX-R

S-313 sftR::xylE Gm Tc

This study

WTX-A

S-313 astA::xylE Gm Tc

This study

18X-A

PH18 astA::xylE Gm Tc

This study

Pseudomonas
aeruginosa
PAO1

prototroph

(Holloway, 1955)

co-integrate of pME4626 in PAO1 (sftR homologue
PAO191 disrupted)

This study

plasmids
pBluescriptKS/SK
pBBR1MCS-3

cloning vectors, Apr
broad host-range cloning vector, Tcr

Stratagene
(Kovach, et al., 1995)

pUCP24

broad host-range cloning vector, Gmr

(West, et al., 1994)

pUT miniTn5-Km

delivery plasmid for miniTn5-Km

(de Lorenzo and Timmis,

PA191

1994)
pX1918GT

Ampr, xylE, Gmr

(Schweizer and Hoang,
1995)

pKNOCK-Tc

mobilizable suicide vector, Ampr, Tcr

(Alexeyev, 1999)

The LysR-type regulator SftR

117

Strain
pTrc99a

Relevant features
expression vector, Ampr,

Reference or source
Amersham Pharmacia

pUC18Not

cloning vector, Ampr

(Herrero et al., 1990)

pME4429

6.5 kb NotI-MunI chromosomal DNA fragment (Kmr)
from SN57 in pBluescriptKS
atsR+; 2.1 kb KpnI fragment from pME4429 in
pBBR1MCS-3
~13kb ClaI chromosomal DNA fragment (Kmr) from
PH5 in pBluescriptKS
~5 kb ClaI-SacII chromosomal DNA fragment (Kmr)
from PH7 in pBluescriptSK
~10 kb SacII chromosomal DNA fragment (Kmr) from
PH11 in pBluescriptSK
~3.5 kb NotI deletion of pME4564

This study

pME4562
pME4564
pME4565
pME4566
pME4568

This study
This study
This study
This study
This study

pME4620

~4 kb ClaI chromosomal DNA fragment (Kmr) from
PH18 pBluescriptKS
astA+; 900 bp PstI-SacII fragment from pME4568 and
1.5 kb PvuII-PstI fragment from pME4566 in SmaI-SacII
digested pBBR1MCS-3
mobilizable suicide vector with xylE reporter gene - 2.4
kb EcoRI fragment from pX1918GT in KpnI-cut
pKNOCK-Tc
atsK+; 1725 bp ClaI-NsiI fragment from pME4573 in
SmaI-PstI-cut pUCP24
mobilizable suicide vector with xylE reporter gene and
downstream trc promoter - 1.5 kb PaeI/KpnI fragment
from pTrc99a in NotI site of pME4593
sftR+;1.4 kb XhoI fragment from pME4429 in
pBBR1MCS-3
atsB::xylE in pME4599

This study

pME4621

atsR::xylE in pME4599

This study

pME4622

sftR::xylE in pME4599

This study

pME4623

astA::xylE in pME4599

This study

pME4624

472 bp HindIII-PagI-fragment from pTrc99a in SmaIsite of pUC18Not
mobilizable suicide vector with xylE reporter gene and
downstream transcriptional terminator- 600 bp NotIfragment from pME4624 in pME4593
600 bp SmaI fragment of P. aeruginosa PAO191 gene in
pME4625

This study

pME4573
pME4581

pME4593

pME4596
pME4599

pME4619

pME4625

pME4626

This study
This study

This study

This study
This study

This study

This study

This study

Chapter 5

Sulfatase structures and modification

Sulfatase structures and modification

121

Chapter 5: Sulfatase structures and modification
By cleaving sulfate ester bonds, sulfatases are known to play a variety of
different, metabolically important roles in both pro- and eukaryotes. The reactions they
catalyse range from the activation of sulfated steroids or degradation of
mucopolysaccharides in humans to the biodegradation of sulfated hydrocarbons in soils
and wastewaters. In recent years, the increasing availability of genetic, biochemical and
crystallographic techniques has provided exciting insights into the biochemistry of
sulfatases. In particular, two very different bacterial sulfatases which form part of the
sulfate starvation response have proved to be suitable tools for the investigation of
sulfatase enzymes and the variety of mechanisms of sulfate ester cleavage. This chapter
summarizes the achievements and efforts currently made in the resolution of the
structures of the oxygenolytic alkylsulfatase AtsK from P. putida S-313 and the
arylsulfatase AtsA from P. aeruginosa, as well as investigations into the posttranslational
modification mechanism of the latter.
5.1 The arylsulfatase from Pseudomonas aeruginosa

5.1.1 Structure
Sulfatases constitute a family of enzymes that is highly conserved among
prokaryotes and eukaryotes, including humans. As part of this doctoral project, the crystal
structure of the arylsulfatase from P. aeruginosa PAO was resolved in collaboration with
the group of Isabel Usón at the Institut für Anorganische Chemie in Göttingen, Germany
(Boltes et al., 2001) (Figure 21).
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Figure 21: Active-site structure of the arylsulfatase (AtsA) of P. aeruginosa. The reaction centre
contains a formylglycine residue (FGly51) stabilizing a sulfate ion, which is postulated to be
positioned in the same way as the substrate ester sulfate.

The results obtained confirmed that the fold and the active site region of the P.
aeruginosa arylsulfatase are strikingly similar to those of the known human sulfatases
ASA (Lukatela et al., 1998) and ASB (Bond et al., 1997). However, the very high
resolution of 1.3 Å obtained for the bacterial enzyme structure allowed some general
conclusions to be drawn concerning the catalytic mechanism of sulfate ester cleavage in
the sulfatase family. The active sites of all sulfatases studied contain a Ca-formylglycine
residue that is generated by post-translational modification of a cysteine or serine (Dierks
et al., 1997; Schmidt et al., 1995; Selmer et al., 1996) (chapter 5.1.2 ). The X-ray
structure of AtsA unambiguously showed that the resting state of the formylglycine
residue was its hydrated form, the aldehyde hydrate. The data established the catalytic
mechanism, in which one of the hydroxyl groups of the hydrated aldehyde initiates the
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reaction by a nucleophilic attack onto the substrate sulfur. The substrate alcohol is then
eliminated from the pentacoordinated sulfur intermediate, leaving the sulfate bound in the
active site. In a second step, deprotonation of the second aldehyde hydroxyl group
releases the sulfate and regenerates the aldehyde, which is again hydrated (Figure 22).
Finally, it was shown that the metal cation involved in stabilizing the charge and
anchoring the substrate in the active site was calcium.

H

HO

O

OH
H

Formylglycine

H2O

O

SO3H

SO42HO

O
H

SO3H

Figure 22: Arylsulfate ester cleavage reaction mechanism (Boltes, et al., 2001).

5.1.2 Post-translational modification
As mentioned above, a prerequisite for the formation of active arylsulfatase is the
posttranslational formation of the key catalytic residue formylglycine (2-amino-3-oxopropionic acid), in different human sulfatases (Dierks, et al., 1997; Schmidt, et al., 1995;
Selmer, et al., 1996), as well as in the prokaryotic arylsulfatases from P. aeruginosa and
Klebsiella pneumoniae (Dierks, et al., 1998). While formylglycine is generated from a
serine residue in the preprotein in Klebsiella, the Pseudomonas and the human sulfatase
sequences encode a cysteine residue at the modified site. In both cases the modified
residue forms part of the same conserved amino acid sequence (C/SXPXRXXXLTG).
Using an in-vitro translation system and different truncated versions of the preprotein, it
has been shown for the human arylsulfatase A that the region around the cysteine residue
was necessary and sufficient to direct modification to formylglycine (Dierks, et al.,
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1997). Furthermore, it was established that the modification occurs at a late stage or after
protein translocation into the endoplasmic reticulum, thus ruling out the possibility of a
cotranslational modification process. These results prompted the hypothesis that at least
one other protein is required for the cysteine or serine modification, and that the
conserved sequence around those residues acts as a recognition site for the modifying
system. It is assumed that the deficiency of the unknown modification system is the cause
for a rare genetic disorder in humans, in which all known sulfatases are inactive (Kolodny
and Fluharty, 1995). It has been shown that in individuals suffering from this disorder
named multiple sulfatase deficiency (MSD), sulfatases contain the cysteine residue
instead of formylglycine (Schmidt, et al., 1995), but the structural genes for the sulfatases
are not affected (Ballabio et al., 1985; Chang and Davison, 1980; Fedde and Horwtz,
1984; Horwitz, 1979). The elucidation of this novel protein modification is therefore of
general interest, since it might point the way to new therapeutic approaches for the
treatment of MSD patients.
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Figure 23: Posttranslational generation of formylglycine in the arylsulfatases from Klebsiella
pneumoniae and Pseudomonas aeruginosa.

While the protein(s) involved in modification of cysteine-type sulfatases remain
unknown, it has been shown that the iron-sulfur protein AtsB is required for posttranslational modification of the serine residue in the arylsulfatase of Klebsiella
pneumoniae (Szameit, et al., 1999) (Figure 23). AtsB displays sequence identity to ironsulfur cluster proteins, most of which are involved in redox reactions and function as
electron transfer proteins (Beinert et al., 1997). However, the modification mechanism of
serine-type sulfatases seems to be different from the one of cysteine-type sulfatases, since
in Escherichia coli, both types of sulfatases are modified, but co-expression of AtsB is
only required for modification of the serine-type sulfatase from Klebsiella. The cysteinetype arylsulfatase from P. aeruginosa is fully modified when E. coli is transformed with
the structural gene (atsA) only, even when the enzyme is strongly overexpressed (Dierks,
et al., 1998). E. coli itself carries two genes encoding putative serine-type sulfatases
termed aslA and f571 (GenBank accession numbers M87949 and U00096), and one gene
encoding a putative cysteine-type sulfatase (yidJ, Genbank accession number
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AAC76701). It is striking that both serine-type sulfatases are encoded adjacent to
homologues of the atsB gene of K. aerogenes. Thus, aslA is encoded adjacent to aslB,
and f571 is encoded next to f390 (Genbank accession no U00096). The predicted
translational products of aslB and f390 are ~40% identical to AtsB and contain 12
conserved cysteine residues, which suggests the presence of an iron-sulfur [Fe-S] center.
It has been proposed that, like AtsB in Klebsiella, they take part in the modification of the
serine of the adjacent sulfatases (Schirmer and Kolter, 1998). However, no endogenous
sulfatase activity has yet been measured in E. coli, and it is possible that a lack of
expression of the sulfatase-encoding genes and their putative modifying oxidoreductases
account for the strict requirement of coexpression of the Klebsiella AtsB for modification
of AtsA, despite the presence of aslB and f390. On the genome of P. aeruginosa, no
proteins similar to AtsB are encoded in the vicinity of the cysteine-type sulfatase gene
atsA. A further difference between known serine- and cysteine-type sulfatases is reflected
by the fact that the Klebsiella arylsulfatase is located in the periplasm, whereas the P.
aeruginosa arylsulfatase is a cytoplasmic enzyme. Sequence analysis of the genes which
are predicted to encode further sulfatases in bacteria suggests that serine-type sulfatases
are generally exported into the cytoplasm, since in all cases they contain putative leader
peptides, which cannot be found in the cysteine-type enzymes. However, the
modification of the Klebsiella sulfatase seems to take place before or concomitant with its
export, since AtsB is a cytosolic enzyme. When a mutant of the P. aeruginosa sulfatase
carrying a serine instead of the critical cysteine residue is expressed in an arylsulfatase
deletion mutant of this strain, no activity is obtained, suggesting that P. aeruginosa is not
modifying the serine-type sulfatase (Dierks, et al., 1998). This could be due to a
deficiency in the serine-modification system, or to the fact that maybe translocation into
the periplasm is generally a prerequisite for modification of serine-type sulfatases.
Finally, at least in E. coli, the cysteine-modification mechanism seems to be much more
efficient than the serine-modification mechanism, since even when the gene is strongly
overexpressed, the P. aeruginosa arylsulfatase is modified to 100%, whereas only 60% of
the Klebsiella enzyme carries the formylglycine residue (when AtsB is coexpressed with
the arylsulfatase) (Miech et al., 1998; Szameit, et al., 1999). Taken together, these results
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indicate that serine- and cysteine-type sulfatases are modified by different systems, and
the cysteine modification system is endogenously present in E. coli.
Several unsuccessful attempts were made in our laboratory, as well as in others
(personal communication from A. Schirmer), in order to identify both modification
systems by generating E. coli transposon mutants and screening them for decreased
arylsulfatase activity after transformation with either sulfatase gene on a plasmid (the
plasmid encoding the Klebsiella sulfatase contained the atsB gene as well). No E. coli
mutants exhibiting reduced activity of the P. aeruginosa arylsulfatase were obtained,
whereas some mutants showed reduced activity of the Klebsiella sulfatase. However,
further analysis showed that the phenotypes of these mutants were either not stable, or not
due to their transposon insertions. Concerning the cysteine-type modification system, it
was concluded that it is either redundantly encoded on the chromosome of E. coli, or that
it is additionally required for another, vital function by the cell. This chapter describes
two attempts that were made with the objectives of characterizing (5.1.2.1) and
identifying (5.1.2.2) the bacterial cysteine-type sulfatase modification system, using
different E. coli strains which expressed the P. aeruginosa arylsulfatase from a plasmid.

5.1.2.1 Expression of arylsulfatase under anaerobic conditions
In this part of the present work a biochemical approach was used to investigate
the posttranslational modification of cysteine(51) to formylglycine of P. aeruginosa
arylsulfatase in E. coli. It is not clear whether the aldehyde oxygen in formylglycine is
derived from water in a hydrolytic process, or whether it arises from an oxygenolytic
process, e.g. via oxidation of cysteine to cysteate and subsequent desulfonation. The
enzyme was overexpressed in E. coli BL21(DE3)(pME4322) under anaerobic conditions,
with the objective of blocking the modification process if the modification machinery
used molecular oxygen. Enzyme activity assays were performed in cell extracts to
determine the amount of active, and therefore necessarily modified arylsulfatase. Initial
experiments showed significantly reduced but non-zero specific activity in cell extracts
grown under anaerobic conditions, when compared to the activity obtained from
aerobically grown extracts (data not shown). This prompted us to hypothesize that the
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anaerobically expressed arylsulfatase was unmodified, and that the residual activity
observed was due to ‘delayed’ modification occurring during preparation of the extract
for the enzyme assay (initially performed under aerobic conditions). However, when the
whole procedure of cell lysis, ultracentrifugation, desalting and the activity assay was
performed under anaerobic conditions, activity was observed (due to technical limitations
this activity could not be quantified). A specific activity of 0.99 µmol/min*mg protein
was obtained from the anaerobically prepared extract, immediately after exposing it to
air. This specific activity remained constant for at least two hours, when the extract was
exposed to air at room temperature. In an additional control experiment a cell extract was
prepared under anaerobic conditions, and split in two parts, one of which was exposed to
air. Specific arylsulfatase activities were measured both anaerobically and aerobically,
and the activity measured in the anaerobic assay was 97% of the one in the aerobic assay.
We interpreted this difference in specific activity as insignificant, and concluded
that the arylsulfatase was at least partially modified when extracts were prepared under
anaerobic conditions. The significantly lower enzyme activity of the extract prepared
under anaerobic conditions (0.99 µmol/min*mg as opposed to 4.6 µmol/min*mg in
extract prepared aerobically) could also be due to a lower level of expression of the
enzyme in the anaerobic metabolism instead of incomplete modification of the critical
cysteine residue. Since no difference in increase in the amount of active protein occurred
in the cell extract after lysis when the extract was exposed to either air or to anaerobic
conditions, we concluded that modification mechanism did not occur after cell lysis in the
extract. Taken together, these results point to a hydrolytic mechanism for the
modification of the cysteine-type arylsulfatase from P. aeruginosa in E. coli which does
not require molecular oxygen. It seems plausible, that in a first step, the cysteine-carbon
is oxidized, for instance by an oxidoreductase, in a similar way as the one postulated for
oxidation of serine-carbon by AtsB in Klebsiella. It has been suggested that the
translational products of the yidFGH genes clustered with the putative cysteine-type
sulfatase gene yidJ in E. coli, are involved in modification of the latter (Schirmer and
Kolter, 1998). YidF is similar to the C-terminus of the putative serine-type specific
sulfatase-modifying enzyme AslA, and YidG and YidH show similarities to
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oxidoreductases. However, no indications as to the expression of these enzymes exist so
far.
5.1.2.2 Crosslinking and purification of overexpressed arylsulfatase
It is likely that another protein interacts with the P. aeruginosa arylsulfatase
(AtsA) during the modification process either catalyzing the modification itself or
possibly regulating folding of the nascent peptide in order to expose the recognition site
to the modifying system. The following experiments were carried out in order to identify
any protein interacting with AtsA during its synthesis. Both the wildtype and a mutant
protein carrying an alanine residue instead of the critical cysteine (Cys51A) were
overexpressed in the expression strain E. coli BL21(DE3) with N-terminal hexa-histidinetag fusions. Proteins were crosslinked by the addition of DSP (dithiobissuccinimidylpropionate) (Pierce or Sigma), which is membrane-permeable and acts
mainly by crosslinking e-amines of proximal lysine residues. Proteins obtained after
purification by affinity chromatography are shown in Figure 24.
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Figure 24: Fractions eluting from the Ni-NTA column after purification of His-tagged wildtype (WT)
and Cys51A mutant proteins of the arylsulfatase of P. aeruginosa. Control purifications were
carried out without addition of the crosslinker DSP (-DSP). AtsA: arylsulfatase. The protein
band which was excised and further analysed is marked with *.

The SDS gel shown in Figure 24 shows a distinct band of approximately 55 kDa,
which corresponds to the arylsulfatase enzyme, as well as numerous additional bands of
smaller molecular masses, which presumably are degradation products (these were
expected in higher quantities than in the usual purification procedure, due to the exposure
of the cell suspension to room temperature during the crosslinking). An additional band
of about 66 kDa (marked with *) is observed in the sample containing cross-linked AtsA,
which is absent in the control without DSP as well as in the C51A mutant protein. When
the protein solution was exposed to reduction in ME-containing Laemmli SDS-PAGE
buffer in order to cleave the linkage, this band disappeared (data not shown). No
additional band could be identified by SDS-PAGE after cleavage. The 66kDa band was
subjected to MALDI-MS, and the data obtained showed the presence of the AtsA protein,
but the protein cross-linked to it could not be identified. The band was further analyzed
by LC Q-TOF mass spectrometry. Fourteen tryptic peptide sequences out of 34 were
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obtained, which corresponded to the arylsulfatase protein, but no additional sequence was
identified.
Although it cannot be ruled out that a small additional protein (for instance a
ferredoxin) was present in the protein band exhibiting a higher molecular mass than the
His-tagged arylsulfatase itself, we concluded that it contained no other protein, but most
likely degradation products of AtsA, crosslinked to itself. It is not clear why this specific
band reproducibly reappeared in the experiment, or why it was not present in the Cys51A
mutant. The arylsulfatase protein is present as a monomer under native conditions (Beil,
et al., 1995), which rules out that the critical protein band in Figure 24 resulted from the
crosslinking of a multimer complex. It is possible that the arylsulfatase itself catalyses the
modification, either by an intramolecular reaction, or by a process in which one correctly
folded molecule is required for the modification of a second nascent peptide. The latter
model could be a possible explanation for the critical protein band, which could result
from such an interaction.
However, protein crosslinking with subsequent purification is commonly used as
a method to identify proteins forming defined complexes (e.g. enzyme subunits), with
much more stable interactions than those expected for proteins that react only transiently
with each other, or those between chaperones and their targets. Even though we reasoned
that the strong expression levels obtained in the system used could have allowed
identification of small quantities of crosslinked proteins, it is possible that the method
might be unsuitable for identifying a putative modification system of the arylsulfatase.
It remains unclear how the cysteine(51) in the P. aeruginosa arylsulfatase is
modified to formylglycine; whether additional proteins are required in the modification
process, and whether the process is similar to the modification of sulfatases in humans.
Possible further experimental approaches include an alanine-mutagenesis scan throughout
AtsA with purification of the mutant proteins and assessment of cysteine modification
(this can be done by derivatization of the aldehyde with NaB[3H]H4 and analysis of the
crucial tryptic peptides by RP-HPLC) in order to determine putative additional residues
required for the modification in the bacterial modification system. Or, as a further genetic
approach, ts (temperature sensitive) mutants could be generated and screened for a
deficiency in modification of arylsulfatase, assuming that previous mutagenesis
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experiments failed because the modifying system has another vital function in the cell.
Finally, in order to test the hypothesis that an interaction of one folded molecule of AtsA
was interacting with the nascent peptide to give the additional 66 kDa band observed in
Figure 24, truncated His-tagged versions of AtsA could be expressed together with
wildtype AtsA, and the experiment could be repeated, in order to see whether the same
protein band would be obtained.
5.2 Structure of the oxygenative alkylsulfatase from Pseudomonas putida
The alkylsulfatase AtsK from P. putida S-313 represents the first characterized
sulfatase which cleaves sulfate esters in an oxygenolytic manner, instead of
hydrolytically. Its biochemical properties and sequence analysis of the atsK gene
demonstrate that it belongs to the a-ketoglutarate dependent dioxygenase superfamily of
enzymes. The degree of sequence similarity between the members of this superfamily is
low, indicating that they derive from different evolutionary origins (Prescott, 1993).
Several a-ketoglutarate dependent dioxygenases have been structurally characterized,
including

deacetoxycephalosporin

hydroxyphenylpyruvate

C

dioxygenase

synthase
(Serre,

(Valegard,

et

et

1999),

al.,

al.,

1998),
and

42,4-

dichlorophenoxyacetate dioxygenase from Ralstonia eutropha (Hegg, et al., 1999b).
Among these, only 2,4-dichlorophenoxyacetate dioxygenase is significantly related to
AtsK (29% protein identity).
The enzymic properties of AtsK have been described in chapter 3. A striking
feature of AtsK is its broad acceptance of cosubstrates; it has been found to be exhibit
significant activity with other 2-oxo mono-and dicarboxylic acids than a-ketoglutarate,
which is unusual for a-ketoglutarate dependent dioxygenases. This finding leads to
questions concerning the cosubstrate binding site of AtsK and its similarity to cosubstrate
binding sites in related enzymes.
As part of this work, large quantities of AtsK were purified in order to determine
its structure in collaboration with Ilka Müller and Isabel Usón at the Institut für
Anorganische Chemie in Göttingen, Germany. Crystals were generated in Göttingen, and
the structure was obtained by heavy metal derivatisation. The asymmetric unit contained
four molecules, and a preliminary model of one of these molecules is shown in Figure 25.
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Figure 25: Structure of an AtsK monomer (kindly provided by I. Müller).

5.3 Experimental procedures

5.3.1 Purification of enzymes for crystallization
The arylsulfatase from P. aeruginosa was overexpressed in E. coli BL21(DE3)
pME4322 and purified as described previously (Dierks, et al., 1998). The purification
procedure comprises an anion exchange chromatography step and subsequent HIC
chromatography. These two steps were carried out using a BIOCAD SPRINT apparatus
(Amersham Pharmacia), and the ResourceQ and ResourceISO columns, respectively
(Amersham Parmacia).
The aliphatic sulfate ester dioxygenase AtsK from P. putida S-313 was
overexpressed in E. coli BL21(DE3) pME4577 and purified in a one step-procedure, by

Chapter 5

134

anion-exchange chromatography (Kahnert and Kertesz, 2000), with a ResourceQ column
on a BIOCAD SPRINT apparatus (Amersham Pharmacia), yielding ~ 50 mg.
5.3.2 Anaerobic expression of the arylsulfatase from P. aeruginosa
For anaerobic expression of arylsulfatase, E. coli DH5a(pME4055) or E. coli
B21(DE3)(pME4322) were grown anaerobically in flasks containing LB complex
medium additionally supplied with 0.2% of glucose. The media, as well as any additives
such as antibiotics or IPTG were equilibrated with nitrogen prior to use. Resazurin was
added to the growth media as an indicator for anaerobiosis. Chloramphenicol was added
(20 µg/ml), and kanamycin had to be added to 200µM, which is a eight-times higher
concentration than the one used in aerobic growth, in order to allow selection for
pME4322. A higher resistance of anaerobically-grown E. coli cells to other
aminoglycoside antibiotics has been observed before (Tresse et al., 1997), and this effect
was assigned to a lower uptake of these substances under anaerobic conditions, as this
uptake is dependent on a high membrane potential and the activity of the quinone cycle.
IPTG was added to induce enzyme expression at 168 µM. Cells were harvested by
centrifugation 3 hours after IPTG addition and lysed by sonication. Extracts were
desalted using PD10 columns (Amersham Pharmacia). Activity assays were performed
according to Beil, et al. (1995). Anaerobic procedures were performed in an anaerobic
chamber.
5.3.3 Crosslinking of His-tagged arylsulfatase
Both the wildtype and the Cys51A mutant atsA genes were cloned into the vector
pET28b (Novagen), allowing its expression with an N-terminal hexa-histidine-tag. The
expression plasmid pME4640 contained the wildtype atsA gene and was constructed by
inserting an NdeI-XhoI fragment from pME4322 into the pET28b vector, which was
obtained by NdeI-XhoI digestion of pME4345 (Claudia Wietek, ETH Diss no. 14201).
pME4640 contained the Cys51A mutant atsA gene and was constructed in the same way
as pME4641, except that the NdeI-XhoI fragment ligated with pET28b was obtained by
digestion of pME4547, which is derived from pPAS-A3 (Dierks, et al., 1998). The cells
were grown in LB-medium, and enzyme expression was induced by the addition of 168
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µM of IPTG (isopropyl-ß-D-thiogalactoside) at an OD600 of about 0.5. The cells were
harvested 45 min. after induction of enzyme expression, resuspended in 20 mM NaPi and
DSP (dithiobis-succinylpropionate) was added to a final concentration of 0.2 mM. The
crosslinking reaction was carried out at room temperature for 30 min, after which it was
quenched by the addition of Tris-buffer to a final concentration of 50 mM. After 15
further min. at room temperature, the cells were spun down and resuspended in lysis
buffer containing 8 M Urea; for His-tag purification under denaturing conditions (the
QiaExpressionist, Qiagen). After lysis using a French Press and centrifugation at 20 000 g
for 60 min, the lysate was purified using a Ni-NTA superflow column (Qiagen) according
to the manual (the QiaExpressionist, Qiagen). The proteins were subjected to SDS-PAGE
(Sambrook, et al., 1989). When required, protein samples were prepared in Laemmli
sample buffer devoid of mercaptoethanol, and boiled for 20 s instead of 3 min, for
conservation of the disulfide bridge of the crosslinker.

5.3.4 Identification of proteins
For MS-MALDI analysis, protein bands were excised from SDS gels, and in-gel
tryptic digestion was carried out according to Pandey et al. (2000). Trypsin was
purchased from Promega (UK). Peptides were desalted using C18 ZipTips (Millipore,
UK). MALDI-TOF was performed in a VG TofSpecE spectrometer, using a-cyano-4hydroxy-cinnamic acid as a matrix. LC-QTOF mass spectrometry was performed in
collaboration with R. Wait, Imperial College of London.
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Chapter 6: General Discussion
The topic of this study are metabolic pathways that enable Pseudomonads to
assimilate sulfate ester and sulfonate sulfur under sulfate starvation conditions. Chapter 2
describes the identification of the ssu gene cluster of P. putida S-313, containing a twocomponent FMNH2-dependent monooxygenase required for the utilization of sulfonates
and methionine as sulfur sources, an ABC-type transport system for the uptake of
aliphatic sulfonates, and a protein of unknown function (SsuF), which was required for
the utilization of sulfonates and sulfate esters. A second set of genes, encoded in the atssft cluster, was found to encode further proteins required for sulfate ester and aromatic
sulfonate metabolism in the same organism (chapter 4). These include an ABCtransporter for the uptake of sulfate esters and aromatic sulfonates, a LysR-type regulator
specifically required for growth with sulfate esters (SftR), and the two enzymes
catalyzing sulfate release from aliphatic sulfate esters (AtsK) and the first step in
desulfation of aromatic sulfate esters (AstA). AtsK belongs to the a-ketoglutarate
dependent dioxygenase family of enzymes, and represents the first oxygenolytic sulfatase
identified. Its enzymatic characterization is reported in chapter 3, and chapter 5 describes
ongoing studies on the three-dimensional structure of the protein. The elucidation of
oxygenolytic sulfate ester cleavage complements the knowledge on hydrolytic
desulfation, which has been significantly extended by the resolution of the structure of
the arylsulfatase from P. aeruginosa (AtsA). The latter work not only established the
general reaction mechanism for hydrolytic aromatic sulfate ester cleavage, but also
pinpointed the position of a formylglycine posttranslationally generated from cysteine in
the active site of the bacterial enzyme. Several attempts to characterize the unknown
modification mechanism, which is known to play a crucial role in activating mammalian
sulfatases are described in chapter 5, together with results emerging from the elucidation
of the structure of AtsA.
Whereas immediate observations emerging from the results obtained are
discussed in the individual chapters, the following section highlights additional points
and represents an attempt to integrate the findings in the general picture on organosulfur
utilization, which resulted from the studies carried out in our laboratory and others.
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6.1 Piecing together organosulfur metabolism in Pseudomonas putida S-313
A general understanding of the metabolic pathways by which organosulfur
compounds are assimilated by bacteria provides the basis for studies on the expression of
the sulfate starvation stimulon as well as its role in the environment. A major part of this
study is dedicated to sulfate ester and sulfonate assimilation pathways in the sewage
isolate P. putida S-313. Two new enzymes were identified, which were involved in
aromatic and aliphatic sulfate ester desulfurization, and complemented the picture which
had arisen from previous investigations of ester sulfate degradation in the closely related
P. aeruginosa. Sulfate ester metabolism is closely linked to sulfonate and methionine
utilization in P. putida S-313, and the ssu gene cluster was characterized which is
required for growth with all these compounds. Together with the previously characterized
asf gene cluster, which is specifically required for growth with arylsulfonates (Vermeij, et
al., 1999), the ssu and the sulfate ester utilization (ats-sft) genes encode proteins which
together constitute an important fraction of the sulfate starvation regulon in P. putida S313.
6.1.1 Sulfate ester utilization pathways
The ability of bacteria isolated from sewage sludge or soil and rivers to degrade
aliphatic sulfate esters has been recognized long ago (Bateman, et al., 1986; Cloves, et
al., 1980; Fitzgerald et al., 1975; Matcham, et al., 1977), but until recently, no
alkylsulfatase enzyme had been genetically identified. This work contains the first
comprehensive study of an aliphatic ester sulfatase (AtsK), which belongs to the αketoglutarate dependent dioxygenase superfamily of enzymes. Two new aspects of the
understanding of bacterial aliphatic sulfate ester cleavage arose from the characterization
of AtsK. First, it was clearly shown that sulfate esters can be cleaved by oxygenases, in
addition to hydrolases (reviewed by Dodgson, et al. (1982)). It had been shown
previously that the desulfation of methyl sulfate was dependent on the presence of
oxygen in two methylotrophic strains (Davies, et al., 1990; Higgins, et al., 1993), but the
enzymes catalyzing those reactions were not identified. Second, in contrast to known
alkylsulfatases, which enable growth with sulfate esters as carbon sources, AtsK
expression is regulated in response to sulfate starvation conditions. It was found to be
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expressed when the cells grew with aromatic and aliphatic sulfonates and sulfate esters,
or methionine, instead of sulfate as sulfur source. Together with the previous discovery
that the AtsK homologue in P. aeruginosa PAO is expressed under sulfate-starvation
conditions (protein PA4, (Quadroni, et al., 1999)), and the identification of a sulfurregulated taurine dioxygenase (TauD) from E. coli (Eichhorn, et al., 1997), these findings
suggest a significant role for a-ketoglutarate dioxygenases in organosulfur metabolism.
While TauD releases sulfite from taurine, which can then be assimilated, the
desulfation of aliphatic sulfate esters by AtsK yields sulfate for growth. The assimilation
pathway for aromatic sulfate esters in P. putida S-313 is less well understood than the
one for aliphatic sulfate esters, since the sulfotransferase AstA catalyzing the desulfation
of NCS requires an unknown acceptor of the sulfate moiety. It cannot be ruled out that
another protein participates in the transfer of the released sulfate into the sulfate
assimilation pathway in vivo. A 7.6 kDa peptide (SsuF) showing similarity to
molybdopterin-binding (Mop) proteins from Clostridium pasteurianum and other species
was shown to be required for sulfate ester utilization in P. putida S-313, since a mutant
deficient in expression of SsuF was unable to grow with aliphatic and aromatic sulfate
esters (Kahnert, et al., 2000). It is possible that SsuF plays a role in binding or storage of
sulfate released by the sulfotransferase AstA, in order to allow more efficient
incorporation into the sulfate assimilation pathway. The sulfate and molybdate oxyanions
resemble each other in structure and H-binding properties (Fraústo da Silva and Williams,
1991), which is reflected by the fact that molybdate can be taken up by bacterial sulfate
transporters (for a review, see (Grunden and Shanmugam, 1997)). Data resulting from Xray absorption studies on molybdenum binding proteins related to SsuF have shown that
these proteins bind tetrahedral molybdate by hydrogen bonds (Duhme et al., 1999;
Wagner et al., 2000), and while the Mop proteins in C. pasteurianum have been shown to
contain molybdopterin (Hinton and Mortenson, 1985b; Hinton and Freyer, 1986), no
evidence was found for the presence of the pterin substituent in the case of the Mop
protein from Sporomusa ovata (Wagner, et al., 2000). However, since the SsuF mutant
was also deficient in growth with aliphatic sulfate esters, as well as both aromatic and
aliphatic sulfonates, it is more likely that the protein plays a role in a step common to the
degradation pathways of all those substrates, such as the uptake of sulfonates and sulfate
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esters, or the export of the carbon backbone of the desulfated compound (this is further
discussed in chapter 6.1.4 ).
Synthesis of the two desulfating enzymes encoded in the ats-sft cluster, the
sulfotransferase AstA and the dioxygenase AtsK, was positively controlled by the LysRtype regulator SftR. SftR also activated transcription of the ABC-type transporter
encoded within the same gene cluster. While the periplasmic binding protein AtsR was
only strictly required for sulfate ester utilization, mutants deficient in the production the
membrane and the ATPase component were additionally unable to grow with aromatic
sulfonates. It is likely that the periplasmic binding protein AsfC, which is specifically
synthesized during arylsulfonate utilization (Vermeij, et al., 1999), can phenotypically
complement the atsR mutation and interact with AtsBC during growth with these sulfur
sources. The ats-sft gene cluster further contained an outer membrane protein displaying
sequence identity to TonB-dependent receptors, the function of which remains to be
elucidated. A model summarizing the interactions between the ats-sft encoded genes is
shown in Figure 26.
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Figure 26: Concerted action of the proteins encoded by the ats-sft gene cluster in P. putida S-313.
Sulfate esters and arylsulfonates are taken up by AtsBC, which can interact with both
periplasmic binding proteins: AtsR, which is specific for sulfate esters, and AsfC, which is
required for arylsulfonates. In the cytoplasm, the oxygenative alkylsulfatase AtsK releases
sulfate from aliphatic sulfate esters, and the sulfotransferase AstA transfers the sulfate moiety to
an unknown receptor. The function of the putative TonB-dependent receptor SftP remains
unclear. CM: cytoplasmic membrane; OM: outer membrane.

6.1.2 Sulfonate utilization
P. putida S-313 shows a remarkable versatility with respect to the utilization of
organically bound sulfur. It was isolated on the basis of its ability to liberate sulfur for
growth from aromatic sulfonates, which are very stable compounds widely used in
industrial products due to their amphiphilic properties. As a consequence of the largescale release of these chemicals into the environment, the metabolic pathways by which
arylsulfonates are degraded represent a challenging target for investigation. The ability to
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assimilate arylsulfonates is widespread among bacteria isolated both from contaminated
and pristine sites (Sialm and Kertesz, unpublished data). However, P. putida S-313 has so
far been the major tool used to elucidate sulfur-cyle dependent aerobic aryl desulfonation.
Extensive genetic studies have shown that aromatic desulfonation requires the proteins
encoded by the asf gene cluster (Vermeij, et al., 1999), together with the ssu gene
products identified in this study. Whereas the biochemistry of the reactions catalysed by
the Asf proteins is not yet fully understood, studies on the Ssu enzymes in E. coli have
shown that SsuED form a broad-substrate-range two-component reduced flavin
mononucleotide dependent monooxygenase system (Eichhorn, et al., 1999), which
catalyses the release of sulfite from aliphatic sulfonates. Like its counterpart in E. coli,
the P. putida SsuED proteins are encoded together with an ABC-type transporter required
for the uptake of aliphatic sulfonates (Eichhorn et al., 2000). However, the P. putida S313 ssu locus differs from the E. coli ssu operon by the presence of an additional gene,
which we named ssuF. As discussed above, the SsuF protein is related to clostridial
molybdopterin-binding proteins and is involved in an unknown way in sulfate ester and
sulfonate utilization, but not required for growth with methionine. Furthermore, the
involvement of P. putida SsuED in growth with arylsulfonates together with the asf genes
suggests that SsuED in P. putida exhibit different properties than the corresponding E.
coli enzymes. Although the concerted actions of the asf and ssu gene products is not yet
fully understood, one can speculate that SsuED requires electrons at a lower potential for
the aromatic desulfonation than for the reaction with aliphatic sulfonates, and that these
electrons are delivered by the reductase AsfA and the ferredoxin AsfB (Vermeij, et al.,
1999). AsfA and AsfB could constitute a flavoprotein/iron sulfur cluster electron
transport chain, similar to the fumarate reductase subunits FrdA (26% identical to AsfA)
and FrdB. In addition to the reductase AsfA and the ferredoxin AsfB, the asf gene cluster
only contains a periplasmic binding protein (AsfC), and a LysR-type regulator (AsfR).
The lack of an oxygenase prompted the hypothesis that the asf genes represent a ‘toolkit’,
which upgrades the desulfonative oxygenase SsuD for use in aromatic desulfurization.
This was reinforced by the finding that upon transformation of P. aeruginosa, which
contains the ssu genes, with the P. putida asf genes, the strain gained the ability to grow
with arysulfonates as a sulfur source.

Kinetic measurements showed that
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toluenesulfonate acts as a competitive inhibitor when P. putida SsuD activity was assayed
with pentanesulfonate as substrate (Wietek, 2001). It should be noted that when P. putida
S-313 grows with arylsulfonates as a sulfur source, the carbon backbone of these
compounds is excreted into the growth medium as the corresponding phenol, thus ruling
out a possible role for SsuD in oxygenolytic ring cleavage (Beil, et al., 1996; Zürrer, et
al., 1987). However, the interactions between the numerous proteins involved in the
aromatic desulfonation reaction remains to be elucidated, and efforts are currently
continuing to measure aryldesulfonation in vitro in the laboratory.
In P. aeruginosa, an FMNH2-dependent two-component monooxygenase system
similar to SsuED has been characterized (Kertesz, et al., 1999) (MsuED). MsuED
catalyses desulfonation of aliphatic sulfonates, with a high affinity for methanesulfonate.
MsuED are encoded together with a protein of unknown function, MsuC, which displays
sequence similarity to acylCoA dehydrogenases and enhanced the desulfonation reaction
by a factor of 1.5. A mutant unable to synthesize MsuD and MsuC was still able to grow
with methanesulfonate, indicating that a second sulfonatase is able to catalyse
desulfonation of methanesulfonate under sulfate-starvation conditions. It seems likely
that this function can be fulfilled by SsuED, which are also present in the genome of P.
aeruginosa (PseudomonasGenomeProject, 1998). P. putida S-313 seems not to contain
the msu genes, since the ssu mutants are unable to grow with methanesulfonate. This also
seems to be the case for the closely related strain P. putida KT2440, since the unfinished
genome sequence (TIGR website: http://www.tigr.com) contains a putative translational
product 95% identical to SsuD from P. putida S-313, but only 70% identical to MsuD. In
contrast, a different sulfonatase is present for desulfonation of taurine, since, in contrast
to the wildtype, none of the asf, ssu or ats mutants were impaired in growth with that
sulfur source. An a-ketoglutarate dependent dioxygenase catalyzing the release of sulfite
from taurine (TauD) has been identified in E. coli (Eichhorn, et al., 1997), and TauD
activity has been measured in cell extracts from P. putida S-313 grown with sulfonates as
the sulfur source (Vermeij and Kertesz, 1999).
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6.1.3 The methanethiol pathway
The conversion of methionine into cysteine is a prerequisite for the capability of
bacteria to grow with methionine as the sole sulfur source (Kredich, 1996). Whereas such
a pathway is absent in E. coli, P. aeruginosa has a reverse transsulfurylation pathway at
its disposal, in which methionine is converted to cysteine via homocysteine and
cystathionine (described in chapter 1.1.1 ). In P. putida S-313, methionine-to-cysteine
recycling remains to be elucidated, but is clearly linked to sulfonate utilization. The
sulfonatase SsuD is required for growth with methionine, and this finding together with
the absence of cystathionine-γ-lyase activity (which converts cystathionine into cysteine)
and the upregulation of methionine lyase activity (converting methionine to
methanethiol) during growth with methionine prompted the proposition that cysteine was
synthesized from methionine via methanethiol in P. putida (Vermeij and Kertesz, 1999).
Methanethiol would be converted into methanesulfonate, which serves as a substrate for
the sulfonatase SsuD, and the resulting sulfite would be used for sulfhydrylation of Oacetyl-serine to cysteine. The methanethiol pathway is illustrated in Figure 27.
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Figure 27: Proposed pathways for the interconversion of cysteine and methionine in P. putida S-313
(Vermeij and Kertesz, 1999). Dotted lines indicate that both the forward and reverse
transsulfurylation pathways were not very active when the cells were grown with any other
sulfur source than cysteine.
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The hypothesis of the presence of the methanethiol-pathway in P. putida S-313
has been reinforced by the finding that SsuD in that species differs from the E. coli
enzyme by its ability to accept methanesulfonate as a substrate (Eichhorn, et al., 1999;
Wietek, 2001). A similar pathway has recently been proposed for methionine-to-cysteine
conversion in Klebsiella aerogenes (Seiflein and Lawrence, 2001), which differs from the
P. putida pathway described above by the assumption that methanethiol is not produced
from methionine by methionine γ-lyase, but via the intermediates S-adenosyl-methionine,
methylthioadenosine, and 3-methylthiopropionate. However, the assumption for the
presence of such a pathway in Klebsiella is speculative, since it is merely based on the
observation of growth phenotypes exhibited by mutants impaired in different steps of
known methionine utilization genes. No biochemical evidence has yet been given, except
the earlier identification of two enzymes which take part in the conversion of
methylthioadenosine to 3-methylpropionate in K. pneumoniae (Wray and Abeles, 1993;
1995).
In contrast, in Bacillus subtilis, methanethiol seems not to be an intermediate in
the methionine utilization pathway, since ssu expression was not upregulated when the
organism was grown with methionine (van der Ploeg, et al., 1998). Unlike in P. putida S313, SsuD is clearly not required for growth with methionine, although it is for growth
with methanethiol.
6.1.4 The unknown function of SsuF
As mentioned above, the P. putida ssu cluster differs from its counterpart in E.
coli by the presence of a small ORF, named ssuF. The translational product of the ssuF
gene has been identified by 2-D gel analysis, and was strongly expressed when cells were
grown with toluenesulfonate instead of sulfate. SsuF was required for growth with
sulfonates and sulfate esters, but not for growth with methionine.
The assumption that the role SsuD plays in assimilation of methionine-sulfur in P.
putida consists in the release of sulfite from the putative intermediate methanesulfonate
makes it tempting to speculate that the unknown function of SsuF is linked to the uptake
of sulfonates and sulfate esters. If the pathways for the assimilation of aliphatic sulfonates
and methionine converge at the level of the SsuD-catalysed desulfonation reaction, SsuF
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is most likely implicated upstream of the desulfonation reaction in the sulfonate
utilization pathway. It is not known how methionine is taken up in P.putida S-313, but
the fact that all mutants lacking the ats or ssu transporter components failed to show a
deficiency in growth with this sulfur source, together with the finding that atsB is very
poorly transcribed during utilization of methionine, suggests that a putative uptake
system is encoded elsewhere. In E. coli, methionine uptake is catalysed by two
transporters with different affinities (Kadner and Watson, 1974), which presumably
belong to the ABC superfamily. Further studies demonstrated the presence of multiple
methionine transporters in Rhizobium leguminosarum (reviewed in (Kertesz, 2001)).
SsuF shows 40-43% sequence identity to the Mop proteins from Clostridium
pasteurianum. Although the exact function of these proteins remains to be elucidated,
they have been shown to contain molybdopterin and be involved in the early steps of
molybdenum accumulation after its uptake into the cell (Hinton and Mortenson, 1985a; b;
Hinton and Freyer, 1986). The structure of the 7 kDa Mop protein from the methanolutilizing anaerobic eubacterium Sporomusa ovata was solved (Wagner, et al., 2000) (38%
identical to SsuF), and several amino acids were determined which are involved in
binding the oxyanion MoO42-. Five out of eight of these amino acids are also present in
SsuF. However, two among the three amino acids differing in Mop and SsuF have been
shown to coordinate the oxyanion by hydrogen bonds between the backbone NH groups
and the oxygen. The third difference consists of Asn(7) in SsuF replacing Ser(4) in Mop,
which coordinates the oxygen by its O?. Thus, it is conceivable that either Od or Nd of
Asn(7) take over this function in SsuF, pointing at the possibility that SsuF might have a
function in early scavenging of molybdenum, and molybdopterin cofactor biosynthesis. It
is tempting to speculate that a molybdopterin-containing enzyme is involved in sulfate
ester and sulfonate metabolism. As described in chapter 2, an E. coli moaA mutant, which
is deficient in molybdopterin biosynthesis, was not impaired in growth with aliphatic
sulfonates. However, this does not rule out that in Pseudomonads, a protein with a
molybdenum cofactor plays a role in growth with these compounds. Aldehyde oxidases
are among the enzymes known to contain molybdenum (for a review, see (Kisker et al.,
1997)) and it is possible that the aldehydes resulting from the reactions catalysed by AtsK
and SsuD (desulfonation of aliphatic sulfonates) are oxidized to the corresponding
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carboxylic acids inside the cell. It has been shown that the carbon backbone of aliphatic
sulfonates was oxidized to the level of carboxylic acids in P. aeruginosa, during growth
with these compounds as sulfur sources (Kertesz, 1996). If a molybdopterin-dependent
aldehyde oxidase was involved, SsuF could contribute to the acquisition of molybdenum
required by that enzyme. However, this would not explain the involvement of SsuF in
aromatic sulfonate utilization, since during growth with these compounds, the
corresponding phenols are excreted into the growth medium (Beil, et al., 1996).
6.2 Regulation of organosulfur utilization in Pseudomonads
The observation of the sulfate-starvation-induced expression of the wide array of
proteins in gram-negative bacteria raises questions as to the molecular mechanisms and
regulatory pathways triggering this response. In Pseudomonads, several LysR-type
regulators have been found within gene clusters involved in sulfate ester and sulfonate
utilization. These include AsfR, which forms part of the arylsulfonate-utilization ‘toolkit’
in P. putida S-313 (Vermeij, et al., 1999), SftR, which is required for sulfate ester
utilization genes and the combined arylsulfonate- and ester sulfate transporter in the same
species (this study), and SdsB, which was cloned together with a putative hydrolytic
alkylsulfatase (SdsA) from Pseudomonas sp. ATCC19151 (Davison, et al., 1992).
Mutants deficient in SdsA or SdsB were no longer able to grow with SDS as a carbon
source. No studies are available on the regulation of SdsB expression, but it has been
shown to positively regulate SdsA expression, since a mutation in SdsB could be
phenotypically complemented by constitutive expression of SdsA from a T7 promoter.
Reporter gene studies have shown that while AsfR expression is upregulated in the
presence of sulfate, SftR expression is enhanced when the cells are grown with sulfate
esters and aliphatic sulfonates and low in the presence of sulfate. Understanding the links
between these regulatory systems and the regulation of the expression of sulfate
assimilation enzymes will therefore provide interesting insights into the sulfate starvation
response.
The regulation of the cysteine biosynthesis enzymes has been best studied in E.
coli and S. typhimurium (reviewed in (Kredich, 1996)). Expression of the proteins of the
assimilatory sulfate reduction pathway is controlled by the LysR-type master regulator
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CysB. N-acetylserine acts as a coinducer of cys gene expression. It is non-enzymatically
synthesized from O-acetylserine, which is produced by the enzyme serine transacetylase.
Since the activity of the latter is regulated through feedback-inhibition by cysteine, the
concentration of intracellular cysteine negatively controls expression of the cys genes. An
additional feedback-inhibition mechanism is provided by the fact that sulfide and
thiosulfate compete with N-acetylserine for binding to CysB. A second regulator, Cbl, has
been found to be required for the expression of the tau and ssu genes (encoding sulfonate
utilization proteins) (van der Ploeg, et al., 1997; van der Ploeg, et al., 1999). Expression
of Cbl itself is under CysB control (Iwanicka-Nowicka and Hryniewicz, 1995). However,
both these regulators have been found to bind to the tau promoter (van der Ploeg, et al.,
1997).
The CysB protein has been identified in P. aeruginosa strain CHA (Delic-Attree
et al., 1997). The P. aeruginosa PAO CysB mutant PAO-CB was found unable to grow
with methanesulfonates, which are taken up and desulfonated by the msu gene products
in that strain (Kertesz, et al., 1999). The P. aeruginosa PAO CysB protein has also been
shown to be required for the expression of the ats genes, which encode an ABC-type
transporter for the uptake of sulfate esters and the arylsulfatase gene (Hummerjohann, et
al., 2000). It was concluded that both systems represent extensions of the cys regulon in
P. aeruginosa. Furthermore, heterologous expression of the P. putida S-313 arylsulfonate
desulfonation genes (asf) required the presence of CysB in P. aeruginosa (Wietek, 2001).
It therefore seems likely that the P. putida S-313 CysB protein can be functionally
complemented by the one from P. aeruginosa. A putative CysB homologue can be found
in the unfinished P. putida KT2440 genome sequence, which is 91% identical to CysB
from P. aeruginosa PAO1 (TIGR website: www.tigr.org/tdb/mdb/mdbinprogress.html),
indicating that in P. putida, the CysB regulator is present as well.
It will be necessary to construct a P. putida S-313 cysB mutant to show whether
the ssu and ats-sft transcription is dependent on CysB in that strain, too. It is conceivable
that the requirement of CysB together with a second LysR-type regulator is a common
feature of transcriptional control of sulfonate and sulfate ester utilization genes, as it has
been shown for the activation of the ssu and tau genes by both CysB and Cbl in E. coli.
Similarly, CysB could bind together with either AsfR or SftR in order to control
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transcription of the asf or ats-sft genes in P. putida. It is of particular interest to elucidate
the mechanism which enables differential protein synthesis in the presence and absence
of sulfate.
6.3 Organosulfur metabolism in natural habitats
The complex metabolic and regulatory mechanisms which enable Pseudomonads
to utilize a broad range of organic sulfur sources for growth suggests that these pathways
are readily utilized in natural environments. The two species that are the focus of this
study, P. aeruginosa and P. putida, occur naturally in aerobic soils. The results presented
in chapter 4 demonstrate that the ability to utilize sulfate esters as a sulfur source for
growth contribute to soil fitness of P. putida S-313. However, to date, little is known
about bacterial sulfur nutrition in soil and other ecological niches such as the mammalian
host. The following section gives an insight into the scarce knowledge on bacterial sulfur
nutrition in different environments, as well as indications as to the role microbial
organosulfur-degrading enzymes might play.
6.3.1 Sulfur sources in aerobic soils
In aerobic soils, a large proportion of sulfur present is bound organically (Figure
28; (Autry and Fitzgerald, 1990; Fitzgerald, 1978)). This finding has led to the
assumption that microbial turnover of organically bound sulfur plays an important role in
the soil sulfur cycle (Fitzgerald, 1976).
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Figure 28: Sulfur speciation in the A1 horizon of aerobic grassland and forest soils. Values shown are
means of proportions obtained in different studies, while determining the status of the sulfur of
>30 soils (Fitzgerald, 1976; Watwood, et al., 1986).

Whereas little is known about sulfonatase activity in soils, arylsulfatases are
known to widely occur (e.g. (Klose and Tabatabai, 1999; Speir and Ross, 1978; Tabatabai
and Bremner, 1970)), to the extent that arylsulfatase activity is used as a marker for soil
microbial activity (Kennedy and Papendick, 1995; Turco et al., 1994). Some studies
demonstrate that the production of hydrolytic sulfatases is associated with low
concentrations of sulfate in the soil solution (Castellano and Dick, 1991; Cooper, 1972;
Speir et al., 1980), which reflects sulfate availability for microorganisms and plants.
Additionally, recent studies show that arylsulfatase activity in soil is more correlated to
ester sulfate concentration, and to a lesser extent with microbial biomass (Prietzel, 2001).
This suggests that the expression of sulfatases in soil is, at least partly, induced by sulfate
starvation conditions. However, when the concentration of sulfate is high, sulfate esters
such as choline sulfate are formed by fungi and bacteria (Fitzgerald et al., 1983; Saggar et
al., 1981), which thereby build up the sulfur pool available in times of insufficient sulfur
supply (Dodgson and Rose, 1975; McGill and Cole, 1981). Microbial activity can
therefore contribute to both the constitution and degradation of the dynamic organosulfur
pool in soils.
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6.3.2 Sulfur sources on plant leaves
The ability to synthesize methionine has been found to be important in many
plant-microbe interactions. For example, methionine prototrophy was a requirement for
virulence, pathogenicity, and the production of a hypersensitive response in plants by
Ralstonia solanacearum, Agrobacterium tumefaciens, and different Pseudomonas
syringae and Corynebacterium species. However, some studies have demonstrated the
presence of methionine in leaf exudates (Morgan and Tukey, 1964; Weibull et al., 1990),
and others have shown that methionine biosynthesis plays a critical role in bacterial
fitness on dry leaf surfaces (Andersen et al., 1998; Beattie and Lindow, 1994a; b). It can
be concluded that under certain conditions (especially sufficient moisture) bacteria may
utilize methionine originating from plant exudates as a sulfur source on plant leaves.
In addition, the S-methylmethionine (AdoMet)/S-adenosylmethionine salvage
pathway

should

be

mentioned

in

the

context

of

methionine

assimilation.

Methylmethionine is synthesized and stored by many plant species (James et al., 1995;
McRorie et al., 1954), and may represent an important source of methionine for bacteria
in the proximity of plants. In E. coli, a protein (YagD) was found to catalyse the
conversion of homocysteine and S-methylmethionine, or AdoMet, into 2 molecules of
methionine (Thanbichler et al., 1999). Whereas the strain is largely impermeable to
AdoMet (Holloway et al., 1970), an uptake system is present for S-methylmethionine
(Thanbichler, et al., 1999).
To our knowledge, there is no indication that organically bound sulfur other than
methionine can be utilized for bacterial nutrition in the important biotope of leaf surfaces.
However, if the enzymatic pairing of the ability to utilize methionine and sulfonates,
which was observed in P. putida S-313, is widespread among bacteria which colonize
leaf surfaces, it is possible that methanesulfonate constitutes a source of sulfur for
bacterial growth in these environments. Methanesulfonate is an important link in the
biogeochemical sulfur cycle. It is generated by atmospheric photochemical oxidation of
the most abundant organic sulfur compound, dimethyl sulfide (Kelly and Murrell, 1996).
It has been suggested previously that degradation of deposited methanesulfonate by
terrestrial bacteria represents a missing link in the biogeochemical sulfur cycle (Baker et
al., 1991).
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6.3.3 Bacterial arylsulfatases and sulfotransferases in the human host
This work describes the first identification of a prokaryotic sulfotransferase from
a non-enteric bacterial species. To date, six other bacterial sulfotransferases are known,
namely from S. typhimurium (Kang, et al., 2001), Enterobacter amnigenus (Kwon, et al.,
1999), Eubacterium rectale (Goldberg, et al., 2000), the human intestinal Eubacterium A44 (Kim, et al., 1986), the mouse intestinal Haemophilus K-12 (Lee, et al., 1995), and
Klebsiella K-36 (Kim, et al., 1992). Unlike their mammalian counterparts involved in the
detoxification of phenols, all bacterial sulfotransferases were found to be unable to utilize
PAPS (3’-phosphoadenosine 5’-phosphosulfate) as a donor of the sulfate moiety. Instead,
a phenolic ester sulfate is required to catalyse the sulfate transfer reaction. The function
of bacterial sulfotransferases in prokaryotic metabolism remains unclear. With the
exception of the sulfotransferase from the strict anaerobic strain Eubacterium rectale, all
these enzymes are located in the periplasm. It has been suggested that they play a role in
the detoxification of phenolic compounds in the intestine (Kim, et al., 1986), (Kobashi et
al., 1986), (Kim et al., 1994), and low to moderate activities were measured in sulfation
assays using different parabenes and tyrosylpeptides as substrates (Kim, et al., 1994). The
discovery of the sulfotransferase from P. putida S-313 added a new aspect to the
functions of bacterial sulfotransferases, since it acts as a sulfur-scavenging enzyme. No
indications have been given for a possible expression of the other known
sulfotransferases in response to sulfate starvation, as cell extracts were grown on complex
media in all published studies, under conditions which are not expected to induce the
sulfate starvation response.
A few discoveries indicate that the ability to desulfate aromatic sulfate esters
might play a role in bacterial virulence. The genome sequence of E. coli K12 encodes
several putative arylsulfatases. Although there is no evidence for arylsulfatase activity in
this strain, it has been demonstrated that deletion of the aslA gene in a K1 encapsulated E.
coli strain resulted in reduced ability to invade brain microvascular endothelial cells both
in vivo and in vitro (Hoffman et al., 2000). The role of the putative translational product
of the aslA gene in the invasion process remains unclear. It should be noted in this
context that unlike the cytoplasmic arylsulfatase from P. aeruginosa, aslA contains a
putative leader peptide, and therefore, its target substrate could be located outside the
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bacterial cell, like the arylsulfatase in K. pneumoniae. In another study, Edwardsiella
tarda mutants were screened for attenuation in various bacterial virulence factors,
including siderophore production, catalase production, motility and serum resistance
(Mathew et al., 2001). A mutant (2A) was obtained which carried a transposon insertion
in an open reading frame encoding a putative sulfotransferase. The published N-terminal
206 aa of this putative sulfotransferase are 74% identical to the N-terminal part of the
sulfotransferase from Enterobacter amnigenus, and 42% identical to the N-terminal part
of the sulfotransferase AstA from P. putida (both these enzymes comprise ~600 aa). The
mutant 2A was significantly impaired in siderophore production, but not in any other
virulence factor tested. It is currently not known how the putative sulfotransferase affects
siderophore production in E. tarda, or in any other species.
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