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Abstract Pseudomonas sp. strain ATCC19151 is a natural
isolate from sewage with the ability to degrade detergents.
Genes encoding potential choline sulfatase (betC),
substrate-binding ABC transporter protein (betD), sulfate
transporter (betE), and divergent putative transcriptional
regulator (betR) were cloned and characterized from strain
ATCC19151. In silico analysis revealed that (1) the BetC
protein belongs to alkPPc superfamily and shares CXPXR
sequence with the cysteine sulfatases of group I, (2) BetR
belongs to the LysR family of transcriptional regulators,
(3) BetD is part of the PBPb superfamily of periplasmic
and membrane-associated proteins, and (4) BetE is a per-
mease and contains STAS domain. Insertional mutagenesis
and genetic complementation show that betC gene encodes
a functional choline sulfatase. Analysis of the betC (PbetC)
and betR (PbetR) promoters revealed that they are inducible.
BetR activates betC and betR transcription in the presence
of choline sulfate, whilst in the absence of choline sulfate,
BetR represses its own transcription. It was further estab-
lished that BetR directly binds to betC–betR intergenic
region in vitro, with higher aYnity in the presence of cho-
line sulfate as cofactor. Transcription of betC and betR was
not induced in the presence of high concentration of NaCl.
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Introduction

Bacteria cope with the osmotic stress by accumulation of
compatible solutes, compounds that balance turgor
pressure. Compatible solutes can be accumulated to high
intracellular concentrations without interfering with physi-
ological processes. Glycine betaine for example is a widely
used compatible solute, which can be synthesized de novo
or accumulated from external sources (Miller and Wood
1996). Glycine betaine is commonly synthesized from cho-
line, and several enzymatic systems have been reported to
catalyze such a conversion. Two-step transformation of
choline to betaine is mediated by means of subsequent beta-
ine aldehyde dehydrogenase and choline dehydrogenase
activities in Escherichia coli (Lamark et al. 1991), Halo-
monas elongata (Canovas et al. 2000) and Sinorhizobium
meliloti (Pocard et al. 1997). Some bacteria and fungi can
produce choline from choline-O-sulfate (COS) by means of
a choline sulfatase activity (Lucas et al. 1972; Osteras et al.
1998; Spencer et al. 1968; Takebe 1961). Thus far, the only
cloned and characterized genes encoding a choline sulfa-
tase (betC) are from S. meliloti and Pseudomonas putida
KT2440 (Galvao et al. 2006; Osteras et al. 1998). The
choline sulfatase gene from S. meliloti is co-transcribed
with betBA genes, thereby forming a canonical operon
mediating the conversion of COS into betaine and therefore
is involved in protection from osmotic stress. Genetic
and biochemical approaches revealed that choline sulfa-
tase gene from P. putida KT2440 is not clustered with
betBA genes, but forms a cluster with two other genes
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(betDE genes) encoding for a transport system, and its
protein product function is uncoupled from osmoprotection
(Galvao et al. 2006).

Strain Pseudomonas sp. ATCC19151 is able to degrade
SDS and to utilize it as a carbon source (Hsu 1963, 1965)
and could thus be used for the rapid removal of surfactants
from the environment (Jovcic et al. 2010). Since bacteria in
the environment are exposed to various stresses including
osmotic stress, we have employed various genetic and
molecular approaches to characterize expression and func-
tion of choline sulfatase from ATCC19151 strain. We
reported a genetic arrangement of bet operon that endows
Pseudomonas sp. ATCC19151 the ability to metabolize
COS.

Materials and methods

Bacterial strains and growth conditions

The bacterial strains used in this study were Pseudomonas sp.
ATCC19151 from American Type Culture Collection
(Hsu 1963, 1965), E. coli M15 and E. coli DH5�. Strain
ATCC19151 was grown aerobically at 30°C in Luria broth
medium (LB) or in M9 minimal medium containing choline
sulfate (0.2%), betaine (0.2%) or choline (0.2%) as a
carbon source. E. coli strains were grown aerobically at
37°C in Luria broth medium. Luria broth agar plates were
prepared by adding 15 g of agar (Torlak, Belgrade, Serbia)
to 1 l of LB medium.

A cosmid library construction and sequencing of choline 
sulfatase operon

Cosmid library of Pseudomonas sp. ATCC19151 genes was
made by using “Gigapack III Gold Packaging Extract”
(Stratagene, Amsterdam, Netherlands). Total DNA from
ATCC19151 strain was partially digested with HindIII and
cloned into pLAFR3 cosmid. Resulting constructs were
transferred into E. coli and selected on tetracycline plates
(20 �g/ml). Packaging eYciency was 5 £ 103. A 1-Kbp frag-
ment CS (CSF 5�-ATGAAGACCTCGCCGAACA-3�, CSR
5�-ATACCGAAGCGCCGATGC-3�, primers were gener-
ated based on P. aeruginosa PAO1 betC sequence) contain-
ing proximal part of choline sulfatase from ATCC19151 was
ampliWed by PCR and was used for the selection of pLA-
FRCS cosmid carrying choline sulfatase operon by means of
DNA–DNA hybridization. pLAFRCS was digested with
KpnI, and 3.5-kb KpnI fragment was cloned into pBluescript
digested with KpnI (giving pBSSK3.5Kpn) and sequenced.
pLAFRCS was then digested with Eco47III, and resulting
fragments were hybridized with SalI-KpnI fragment from
pBSSK3.5Kpn. A 3.5-Kbp Eco47III fragment derived from

pLAFRCS hybridized with probe and was cloned into pBlue-
script digested with EcoRV (pBSSKE47III) and sequenced.
Based on restriction pattern of 3.5-kb Eco47III fragment,
pLAFRCS was treated with NotI, and obtained fragments
were hybridized with Eco47III-NotI DNA fragment from
pBSSKE47III. NotI fragment (5 kb) gave positive signal
with probe and was cloned into NotI-digested pBluescript
(giving pBSSKNotI5) and sequenced (constructs used for
sequencing were pBSSKPstI300, pBSSKPstI1420, and
pBSSKPstI1268). Sequencing was performed in Macrogen
Inc. (Seoul, Korea) by using universal and custom-made
primers.

Construction of transcriptional fusions and insertional 
mutants

Transcriptional fusions of betC and betR genes were
constructed in the pMP220 promoter probe vector. DNA
of betC and betR intergenic region was ampliWed (betIF
5�-GTGCGCTTATCCATACCG-3�, betIR 5�-GGGAAA
TCTGCCATAAGAATC-3�) and cloned into pGEMT-Easy
cloning vector giving pGEMbetI. The intergenic region was
then subcloned from pGEMbetI to pBluescript by using
EcoRI enzyme (resulting in pBSSKbetI) and subsequently
transferred to pMP220 in direction of both betC (using KpnI
and XbaI) or betR promoter (using BamHI/BglII and KpnI),
generating pMP220KXbetI and pMP220BKbetI constructs,
respectively. To construct plasmids used in insertional muta-
genesis of betR (pKNMbetR) and betC (pKNMbetC) genes,
702-bp SacII-SalI fragment of betR gene was cloned into
pBluescript SK, as well as 834-bp PCR fragment of betC
gene (primers: MbetCF 5�-CAAGATGCACTTCTGC
GGC-3�, MbetCR 5�-ATGTAT TCGCCCAGCACC-3�)
resulting in pBSSKMbetR and pB SSKMbetC constructs,
respectively. Fragments for insertional mutagenesis were
subcloned from pBSSKMbetR (SacII-SalI) and pBSSKM-
betC (EcoRI) into pKNOCK suicide vector resulting in con-
structs designated pKNMbetR and pKNMbetR, respectively.
The resulting constructs were transferred into strain Pseudo-
monas sp. ATCC19151 by electroporation as described by
Smith and Iglewski (1989). Correct chromosomal insertion
of the vectors was conWrmed by DNA–DNA hybridization
(data not shown). Complementation of Pseudomonas sp.
ATCC 19151�betC for choline sulfate utilization was done
by using pLAFRCS cosmid that carried complete choline
sulfate operon (Table 1).

Choline sulfate synthesis

Choline-O-sulfate was prepared from choline chloride
(Sigma, Taufkirchen, Germany) and sulfuric acid (Poch,
Gliwice, Poland) according to Stevens and Vohra
(1955).
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�-galactosidase assay and osmoprotection

Overnight cultures (100 �l) of Pseudomonas sp. ATCC19151
wild type, and betR and betC mutants harboring transcriptional
fusions were resuspended in Z-buVer (60 mM Na2HPO4·
7H2O, 40 mM NaH2PO4·H2O, 10 mM KCl, 1 mM MgSO4·
7H2O) and then permeabilized by treatment with SDS and
chloroform. Assays were conducted in Z-buVer containing
50 mM �-mercaptoethanol (Miller 1972). Activities (changes
in optical density at 420 nm per min) were normalized to
the actual cell density (OD600nm) and were consistently com-
pared to those of appropriate controls, which were assayed at
the same time. For osmoprotection assays, �-galactosidase
activity of transcriptional fusions was measured in the
presence of increasing concentrations of NaCl. The
experiments were conducted in triplicate, simulta-
neously. In order to eliminate readthrough activity from
other promoters on pMP220, transformants with this
plasmid were used as a control.

Electrophoretic mobility shift

DNA mobility shift assays with puriWed His6-BetR were
performed with modiWed previously described procedure
(Kojic et al. 2005). The betR gene was ampliWed (primers:
betRF 5�-CGGATCCCAGATTTCCCTGAC-3�, betRR
5�-CGTTTAAGCTTAGATCGCGAT-3�) and cloned into
pQE32 vector. His6-BetR protein was expressed and puri-
Wed from E. coli M15 after IPTG induction. Fragment car-
rying intergenic region of betC and betR genes was
removed from plasmid construct pBSSKbetI using BamHI-
KpnI restriction enzymes and puriWed with Gel Extraction
Kit (Qiagen, Hilden, Germany). PuriWed DNA was labeled
at its BamHI site with the Klenow fragment of DNA poly-
merase and CTP-11-biotin (Roche Diagnostics GmbH,
Penzberg, Germany). Biotin-labeled DNA fragments and
various quantities of puriWed His6-BetR (from 0 to 150 ng)
were incubated for 30 min at room temperature in 10 �l
reaction mixture containing 1£ binding buVer (20 mM

Table 1 Plasmids used in this study

Plasmid Relevant characteristics Source or reference

pBluescript SK Ampr, ColE1 replicon Stratagene

pBluescript KS Ampr, ColE1 replicon Stratagene

pMP220 Promoter probe vector, IncP1, Tcr Spaink et al. (1987)

pKNOCK Suicide vector used for gene inactivation, Kmr Alexeyev (1999)

pQE32 Vector used for expression of BetR protein, Ampr Qiagen, Germany

pGEM-T Easy PCR cloning vector, Ampr Promega, USA

pGEMCS 1-kb CS fragment cloned into pGEM-T Easy vector This paper

pLAFRCS Cosmid carrying choline sulfatase operon This paper

pBSSK3.5Kpn 3.5-kb KpnI fragment from pLAFRCS cloned into pBluescript SK digested with KpnI This paper

pBSSKE47III 3.5-kb Eco47III fragment from pLAFRCS cloned into pBluescript SK digested with EcoRV This paper

pBSSKNotI5 5-kbp NotI fragment from pLAFRCS cloned into pBluescript SK digested with NotI This paper

pBSSKPstI300 PstI fragment 300 bp from pBSSKNotI5 cloned into pBluescript SK digested with PstI This paper

pBSSKPstI1420 PstI fragment 1,420 bp from pBSSKNotI5 cloned into pBluescript SK digested with PstI This paper

pBSSKPstI1268 PstI fragment 1,268 bp from pBSSKNotI5 cloned into pBluescript SK digested with PstI This paper

pBSSKbetR PCR product of betR gene cloned into pBluescript SK digested with EcoRV This paper

pBSSKMbetR 702-bp SacII-SalI fragment of betR gene cloned into pBluescript SK digested with SacII-SalI This paper

pKNMbetR SacII-SalI fragment from pBSSKMbetR cloned into pKNOCK (SacII-SalI) This paper

pQEbetR BamHI-HindIII fragment from pBSSKbetR gene cloned into pQE32 (BamHI-HindIII) This paper

pGEMMbetC 834-bp PCR fragment for betC gene mutagenesis gene cloned into pGEM-T Easy This paper

pBSSKMbetC EcoRI fragment from pGEMMbetC cloned into pBluescript SK digested with EcoRI This paper

pKNMbetC EcoRI fragment from pBSSKMbetC cloned into pKNOCK (EcoRI) This paper

pGEMbetI PCR product of betR and betC gene intergenic region cloned into pGEM-T Easy This paper

pBSSKbetI EcoRI fragment from pGEMbetI cloned into pBluescript SK This paper

pMP220KXbetI KpnI-XbaI fragment pBSSKbetI cloned into pMP220 (KpnI-XbaI) This paper

pMP220BKbetI BamHI-KpnI fragment pBSSKbetI cloned into pMP220 (BglII-KpnI) This paper
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HEPES–KOH pH 7.9, 20% v/v glycerol, 0.2 mM EDTA,
0.1 M KCl, 0.5 mM PMSF, 1 mM DTT), 10 �g of bovine
serum albumin, 400 ng of salmon sperm DNA, and 1.5 mM
MgCl2. The choline sulfate was added to reactions as a
coinducer (1, 10, 50, 100 mM). Samples were then loaded
onto a non-denaturing 4.5% polyacrylamide 0.5£ TBE
(44.5 mM Tris, 44.5 mM boric acid, 0.5 mM EDTA) 3% v/v
glycerol gel, which was prerun for 1 h at 110 V at room
temperature. Afterward, the samples were run at 110 V.
Sample transfer from the polyacrylamide gel to nylon
membrane (SensiBlotPlus Nylon Membrane, MBI Fermen-
tas, Lithuania) was performed by using semi-dry fastblot
(Fastblot B43, Biometra, Goettingen, Germany) at 300 mA
for 30 min in 1£ TBE buVer. Biotin-labeled DNA frag-
ments were detected with Biotin Luminescent Detection
Kit (Roche Diagnostics GmbH, Penzberg, Germany).

Nucleotide accession number

The EMBL accession number for the choline sulfatase
operon nucleotide sequence reported in this paper is
FN646113.

Results

It was of interest to investigate the link between the osmotic
stress response and the gene cluster putatively encoding
glycine betaine—related functions in Pseudomonas sp.
ATCC19151. To initiate these studies, the bet genes were
identiWed and cloned. A pLAFR3 cosmid gene bank of
strain ATCC19151 was constructed and screened by DNA–
DNA hybridization with the CS probe, which was obtained
by PCR and consisted of part of the choline sulfatase gene
from ATCC19151. This led to the isolation of pLAFRCS,
and the further DNA sequencing of KpnI-NotI fragment
(8,161 bp) from this cosmid (Fig. 1) was determined by
subcloning and sequencing of restriction fragments as
described in the Materials and methods section. Nucleotide
sequence analysis of this fragment revealed the presence of
ORFs encoding for choline sulfatase (betC), betD (encod-
ing for periplasmic binding protein) and betE (encoding for
sulfate permease containing STAS ATP-binding domain)

as depicted in Fig. 1. The divergently orientated gene
upstream of betC encodes a putative LysR family transcrip-
tional regulator, named betR. In silico analysis revealed that
BetC protein belongs to alkPPc superfamily of alkaline
phosphatase homologs and shares CXPXR sequence
(CAPSR) with the cysteine sulfatases belonging to group I
of sulfatases, which are predominantly located in the cyto-
plasm. BetD belongs to protein PBPb superfamily of peri-
plasmic and membrane-associated proteins, and BetE
sulfate permease belongs to Xan_ur superfamily of perm-
eases and contains STAS domain for binding and hydrolysis of
the ATP. “DAS—Transmembrane Prediction” analysis
(Cserzo et al. 1997) of the BetE amino acid sequence
revealed 12 potential transmembrane segments. Genetic
association of the predicted choline sulfatase (BetC) with
presumptive periplasmic binding protein (BetD) and with a
sulfate permease with ATP-binding function (BetE) sug-
gested that the cluster could encode a system for quaternary
nitrogenated sulfate compound choline-O-sulfate (COS).
Analyzed genes of Pseudomonas sp. ATCC19151 bet
operon share the highest homology with the potential COS
utilization cluster from Pseudomonas mendocina ymp
(betC 85%, betR 77%, betD 83%, and betE 77% of identi-
cal nucleotides).

Insertional mutagenesis of the betC and betR genes was
performed by using pKNMbetC and pKNMbetR constructs,
respectively. Resulting Pseudomonas sp. ATCC19151�betC
did not exhibit growth in the presence of choline sulfate as a
sole carbon source, indicating that betC gene encodes
functional choline sulfatase. When Pseudomonas sp.
AT CC19151�betC was complemented for choline sulfa-
tase activity with the pLAFRCS cosmid carrying choline sul-
fatase operon, its growth rate in the presence of choline
sulfate was restored to that of the wild type. The Pseudo-
monas sp. ATCC19151�betR mutant could grow on cho-
line sulfate albeit with a very slow growth rate. In order to
determine whether the betC gene expression is regulated
at the transcriptional level, transcriptional fusion
pMP220KXbetI (PbetC) carrying the putative promoter of
betC gene was introduced into ATCC19151 wild-type
strain that was grown in the presence of 1 mM COS, cho-
line, betaine, citrate or both COS and glucose. The data of
�-galactosidase activity clearly show that PbetC promoter

Fig. 1 Scheme of operon for COS uptake and surrounding ORFs in
Pseudomonas sp. ATCC1915. Incomplete ORF is presented with dash
line. ORF 1—potential phospholipase C gene, ORF 2—potential

shikimate dehydrogenase gene. ORF 3—hypothetical gene. Only
relevant restriction sites used in this study are presented
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was induced in the presence of COS (Fig. 2). Increased �-
galactosidase activity of the transcriptional fusion carrying
PbetC in the presence of both COS and glucose indicated
that choline sulfatase expression did not display catabolic
repression. Activity of the transcriptional fusion
pMP220BKbetI (PbetR) carrying the putative betR gene pro-
moter was also induced in the presence of COS, and simi-
larly, it was not repressed in the presence of glucose.

In contrast to what was observed in the wild-type genetic
background, the activity of the promoter PbetC was indepen-
dent of the presence of COS in the media, when measured
in the ATCC19151_betR genetic background, while PbetR

activity increased in ATCC19151�betR even without
induction (Fig. 3). This result suggests that BetR positively
regulates expression of betC in the presence of COS and is
a negative autoregulator in the absence of COS. In order to
establish whether the BetR directly regulates betC and betR
promoters, mobility shift assay with the betC and betR
intergenic region was performed. DNA carrying intergenic
region was retarded in the presence of BetR protein thus
shown to bind BetR, and the shift was not observed in the
presence of excess unlabeled fragment (Fig. 4). In addition,
the amount of retarded complex increased when COS was
added as a coinducer. This result shows that BetR is able to

bind to the intergenic region between betC and betR and is
supporting evidence that BetR may have a regulatory role
in the expression of this locus.

To ascertain whether induction of betC and betR
transcription is part of the osmotic stress response in

Fig. 2 Production of �-galacto-
sidase activity using the betC 
and betR gene promoters cloned 
into pMP220 vector, analyzed in 
Pseudomonas sp. ATCC19151 
in the presence of: 1. 0.2% 
citrate, 2. 0.2% choline sulfate 
(COS), 3. 0.2% glucose + 0.2% 
COS, 4. 0.2% betaine, 5. 0.2% 
choline. K—activity of pMP220 
vector, PbetC—the betC gene 
promoter activity, PbetR—the 
betR gene promoter activity. 
Standard deviations are 
presented with error bars

Fig. 3 Production of �-galacto-
sidase activity using the betC 
and betR gene promoters cloned 
into pMP220 vector, analyzed in 
Pseudomonas sp. ATCC19151 
(1 and 2) and Pseudomonas sp. 
ATCC19151�betR (3 and 4) in 
the presence of citrate and 
combination of citrate and COS. 
K—activity of pMP220 vector, 
PbetC—the betC gene promoter 
activity, PbetR—the betR gene 
promoter activity. Standard 
deviations are presented with 
error bars

Fig. 4 Movement retardation of a biotin-labeled DNA fragment
containing intergenic region of divergent betC and betR genes by
puriWed His6-BetR protein. The amounts of His6-BetR protein used
were 0, 50, 100, 150 ng (lanes 1–4, respectively). Lanes 5 to 8—binding
of His6-BetR (100 ng) to the betC and betR intergenic region in the
presence of a choline sulfate. A 100-fold excess amount of the same
unlabeled DNA fragment (lane 9). A—biotin-labeled DNA, B,
C—DNA–His6-BetR protein complexes
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Pseudomonas sp. ATCC19151, activity of PbetC and PbetR

promoters in ATCC19151 wild-type strain in the presence
of NaCl (0.4, 0.5, and 0.6 M) was analyzed. The results
presented in Fig. 5 indicated that activities were similar
regardless the presence of diVerent concentrations of NaCl,
indicating that choline sulfatase was most probably not
involved in osmotic stress response.

Discussion

Choline-O-sulfate is widespread in the soil; thus, several
transport systems for COS are described in bacteria, includ-
ing rhizosphere pseudomonads (Fitzgerald and Luschinski
1977; Hanson et al. 1994; Ikawa et al. 1972). It is known
that organization of operons for the COS utilization varies
in the bacteria and has diVerent physiological role in the
cells (Galvao et al. 2006; Osteras et al. 1998).

We report here the identiWcation and characterization of
the bet genes from Pseudomonas sp. ATCC19151, and
results showed that the operon for utilization of COS has
genetic organization similar to that in P. putida (Galvao et al.
2006). In addition, COS utilization operon from P. putida is
not involved in osmoprotection, as it was observed for the
bet operon from strain ATCC19151.

Having in mind that putative periplasmic binding protein
(PBP) with aYnity for quaternary ammonium compounds
(BetD) is associated with sulfate permease containing
STAS ATP-binding domain (BetE), their involvement in
transport of COS is postulated. Coupling of the ATP hydro-
lysis and transport functions is not unusual and was
described previously (Aravind and Koonin 2000). Since
BetC from ATCC19151 is most similar to the alkPPc
superfamily of alkaline phosphatases, it is assumed that this
sulfatase could have phosphatase activity like choline sulfatase

from S. meliloti where the phosphatase activity of the
enzyme is 20% of its sulfatase activity (Osteras et al. 1998).

The function of choline sulfatase operons from bacteria
has been intensively studied, but expression as well as the
regulation of expression remains still unclear. In order to
understand expression of choline sulfatase gene and the
role of the betR regulator, we analyzed activities of the betR
and betC gene promoter transcriptional fusions. Activities
of betC (PbetC) and betR (PbetR) transcriptional fusions sug-
gested that expression of choline sulfatase and betR is
inducible and not catabolically repressed. For the Wrst time,
we conWrmed that BetR directly binds to the betC and betR
intergenic promoter region and positively regulates expres-
sion of betC gene in the presence of COS as coinducer.
This could be corroborated with gel retardation assay
results where intensity of retarded DNA-BetR complex sig-
niWcantly increased in the presence of COS as coinducer.
Since the expression of betR gene was weakly repressed in
the presence of BetR protein without COS as coinducer, we
propose that BetR negatively regulates its own expression
in a COS independent manner. LysR family transcriptional
regulators usually undergo conformational change in the
presence of inducer and consequentially change aYnity to
DNA sequences (Maddocks and Oyston 2008).

The absence of betC and betR transcriptional response
during osmotic stress suggests that COS is most probably
not linked to osmoprotection in Pseudomonas sp.
ATCC19151, as reported for P. putida (Galvao et al. 2006).
We therefore hypothesize that the most likely biological
role of choline sulfate in strain ATCC19151 is to serve as a
carbon or nitrogen source.

By analysis of the primary structure of the proteins iden-
tiWed here, it could be inferred that when COS enters to
periplasm, it binds to BetD protein, in Pseudomonas sp.
ATCC19151. The resulting BetD-COS complex then interacts

Fig. 5 Production of �-galacto-
sidase activity using betC and 
betR gene promoters cloned into 
pMP220 vector, analyzed in 
Pseudomonas sp. ATCC19151 
with increasing concentrations 
of NaCl. K—activity of pMP220 
vector, PbetC—the betC gene 
promoter activity, PbetR—the 
betR gene promoter activity. 
Standard deviations are pre-
sented with error bars
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with BetE sulfate transporter of inner membrane that trans-
ports COS to cytosol by using energy of ATP hydrolysis.
COS imported into cytosol interacts with BetR transcrip-
tional regulator, which then changes its conformation and
subsequently causes derepression of betR gene and activa-
tion of betC, enabling utilization of COS as a carbon, nitro-
gen, or sulfur source.
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