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Summary

The genome of the Gram-negative bacterium Pseu-
domonas putida harbours a complete set of xcp
genes for a type Il protein secretion system (T288).
This study shows that expression of these genes is
induced under inorganic phosphate (Pj) limitation and
that the system enables the utilization of various
organic phosphate sources. A phosphatase of the
PhoX family, previously designated UxpB, was iden-
tified, which was produced under low P; conditions
and transported across the cell envelope in an Xcp-
dependent manner demonstrating that the xep genes
encode an active T28S. The signal sequence of UxpB
contains a twin-arginine translocation {Tat) motif as
well as a lipobox, and both processing by leader
peptidase Il and Tat dependency were experiment-
ally confirmed. Two different lat gene clusters were
detected in the P.putida genome, of which one,
named tat-1, is located adjacent to the uxpB and xcp
genes. Both Tat systems appeared to be capable of
transporting the UxpB protein. However, expression
of the tat-T genes was strongly induced by low P,
levels, indicating a function of this system in survival
during P, starvation.

Introduction

For many Gram-negative bacteria, the ability to secrete
protsins is sessential for their survival and growth in

specific environments. Several types of protein secretion
mechanisms have besn identified {Holland, 2010}. One
of them, the type |l secretion pathway, is found in many
bacterial species and is involved in the secretion of a wids
range of toxins and hydrolytic enzymes (Filloux, 2004;
Cianciotto, 2005). Transport of the exoproteins via this
pathway is a two-step process involving a periplasmic
intsrmediate. Most substrates reach the periplasm via the
Sec machinery, after which they adopt a folded conforma-
tion. Alternatively, the exoproteins are transported in an
already folded conformation across the inner membrane
via the Tat pathway (Voulhoux et al, 2001). The folded
exoproteins are subsequently targeted to the type |l
secretion system (T288) via a still elusive recognition
signal, after which the T288 mediates their transport
across the cuter membrane.

One of the best studied T2SSs is the Xep system of
Pseudomonas asruginosa, which is involved in the secrs-
ticn of a large number of different proteins including sxo-
toxin A, lipases, phospholipases C, alkaline phosphatass,
chitin-binding protein, and slastase. This system is com-
posed of 12 components, designated XcpA and XcpP-Z
(Filloux, 2004). T255s share considsrable similarities with
the machinery required for the assembly of type IV pili.
XepT, XcpU, XepV, and XcpW show N-terminal sequencs
similarity with the subunits of type IV pili, and they have
been shown to be processed by the same enzyme, XcpA/
PilD, that also processes the pilus subunits (Bally et al,
1992). Therefore, they are named pseudopiling, and they
are proposed to assemble into a pilus-like structure in the
periplasm (Durand et al., 2003). The inner membrane pro-
teins XcpS, XepY, XepZ, and the ATPase XepR are sup-
posedly important for the assembly of this pilus-like
structure (Filloux, 2004), while XcpX is another pseudopi-
lin (Bleves et al., 1998) suggested to be involved in its
length control (Durand et al., 2005). Upon ATP hydrolysis
by XcpR, growth of the pseudopilus may provide the
mechanical energy that is required for the passage of the
exoprotsins through a channel in the outer membrans.
This channsl is formed by the oligomeric secretin XcpQ
(Bitter et al., 1998}, which is thought to be linked to the
rest of the system via XcpP {Robert et al.,, 2005).

Much less is known about T25Ss in other Pseu-
domonas species. The presence of xcp genes in
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Pseudomonas putida was initially demonstrated in the
plant growth-promoeting strain WCS358 in DNA hybridiza-
tion experiments with the xcp genes of P, asruginosa as
probes {de Groot st af, 1991). Subsequent sequence
analysis identified the xcpP-Z genes all criented in the
same direction in what appears to be one single operon
(Fig. 1A) (de Groot et al, 1996; 1999), while the xcpA/pilD
gene, like in P, aeruginosa, was located separately within
a cluster of genes involved in type IV pilus biogenesis (de
Groot et al, 1994). The xepP-Z operon also contains a
gene encoding a GspN homologue (Fig. 1A), a compo-
nent of the T2SS in some bacteria, but not in others
including P. aeruginosa. However, an xcpX gene was not
found in the operon (de Groot et al,, 1996; 1999). This,
along with the observation that inactivation of xcp genes
did not alter the extracellular protsin profile (de Groot
et al., 1998), suggsested that the Xcp system in P pulida
might be inactive.

Since thess initial studies, the genome sequences of
several P putida strains, including strain KT2440 (Nelson
et al, 2002), have been unravelled. When we searched
these genome sequsnces, we found the missing xgpX
homologue {locus tag PP1042 in the genome sequencs of
KT2440; expect 48-15} upstream of the opsron containing
xepP-Z (Fig. 1A). This observation suggested the pres-
ence of a complete Xcp system in P, putida and encour-
aged us to re-investigate whether this T2SS is indeed
active in the secretion of proteins,

Results

UxpA and UxpB, two potential substrates of the
Xep system

Upstream of xcpP, with overlapping stop and start codon,
a gens was found named uxpA (upstream of xcpP A)
potentially encoding a protein of 550 amine-acid residues
{Fig. 1A} {de Groot efal, 1996). This putative protein
contains an N-terminal signal sequence ending with a
lipobox motit {underlined in Fig. 1B} suggesting that it is
processed into a lipoprotein by the subsequent action of
the pro-lipoprotein modification enzymes Lgt, the lipopro-
tein signal peptidase {Lsp or leader peptidass Il} and Lnt

\h Fig. 1. fn silico analysis of the T285 of

. pittida.
A. Genalic organization of the xcp, uxp and
tat-1 genas in P. pubida stirain KT2440. Genes
are indicated as arrows according to their
orientation in the genome. Whila, black and
grey arrows raprasant the xcp, uxp and tat-7
genes respectively.
B. N-termini of the UxpA and UxpB protein
precursors of P. putida strain WCS358 (de
Groot ef al., 19986). The twin-arginine motifs
{bold) and lipoboxes (underlined) in the signal
sequences are indicatad.

{Okuda and Tokuda, 2011). The position of this gene in
the same opercn as xcpP-Z and the presence of the
signal sequence suggested that this protein might be a
substrate for the Xcp system (de Groot et al., 1996). Since
no UxpA homologues of known function had been identi-
fied, we performed a conserved-domain search at NCBI
and found that the protein belongs to the metallophos-
phatase (MPP) superfamily (Fig. S1), which includes &
nucleotidases, phosphodiesterases and phosphoprotein
phosphatases, suggesting that UxpA might be involved in
phosphate acquisition,

Upstream of uxpA, a partial open reading frame in the
opposite orientation, named uxpB, was detected (de
Groot etal, 1996). Interestingly, the protein putatively
encoded by this gene also containg an N-terminal signal
sequence ending with a lipobox (Fig. 1B). This and the
position of uxpB in betwesn xcpX and the uxpA-xcpZ
operon {Fig. 1A} suggest that alsc the UxpB protein may
be a substrate of the Xcp machinery. Conserved domain
searches with the complete 691-residue UxpB protsin of
P putida strain KT2440 {locus tag PP_1043) revealed that
the corresponding gene putatively encodes an alkaline
phosphatase of the PhoX tamily {Fig. 51).

Several PhoX-family members, including those of
Pseudomonas fluorescens PI0-1 (Monds et al,, 2006) and
Campvlobacter jejuni (van Mourik et al,, 2008), have been
reported to be exported from the cytoplasm via the Tat
system. Also the signal sequence of the UxpB protein
containg a twin-arginine motif (beld in Fig. 1B), indicating
that it might be exported via the Tat pathway as well,
Interestingly, also the signal sequence of UxpA contains
a twin-arginine motif (Fig. 1B). A complete Tat export
system usually consists of the products of three genes,
latA-C {Palmer st al., 2005). We identified two complete
sets of tat genes in the genome sequence of KT2440 with
sequence identities between the TatA, TatB and TatC
components of 36%, 33% and 61% respectively. Intersst-
ingly, one of these sets of fat genses is located directly
adjacent to xcpX (Fig. 1A), while the other is located else-
where on the chromosome {locus tags PP_5016-5018).
This suggests that the proteins sncoded by the former set
of genes, here designated fatA7, tatB1, and tatC1 {locus
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Flg. 2. Phosphata regulation of the exprassion of the uxp, xcp and
tat-1 genes.

A. Putative pho boxes in the promoter regions of uxpA, uxpB, xopX
and faiA 1. Nuclectides complying with the consensus sequence are
capitalized.

B. Induction of the uxpA promaoter in response to Py availability.
Calls of strain KT2440 carrying either the empty promoter-probe
vector pMP220 or pAG112, which conlains the uxpA promoter
inserled upstream of the promoter-less facZ gene in pMP220 wers
grown ovemight in Prlimiting medium either supplemented (HP,) or
not {LP;) with 10 mM KH.PQC,. Promoter activity was determined by
measuting the B-galactosidase activity. Bars represant the
averages of three independent measurements, and standard
deviations are indicated.

tags PP_1041, PP_1040, and PP_1039 respectively),
might specifically be dedicated to the export of the Xep
substrates UxpA and UxpB.

Together, our in silico analysis suggests that the
P pulida genome contains a complete set of xcp genes
that would paricipate in the secrstion of enzymes
involved in phosphate acquisition. Furthermors, it also
suggssts that these enzymes could be exported from the
cytoplasm via the Tat pathway and, at the periplasmic sids
of the inner membrane, may be medified into lipoproteins
betore being secreted via the Xcp system into the extra-
cellular milieu,

P, regulation of xcp, uxp and tat genes

If the Xcp system and its substrates are involved in phos-
phate acquisition, the expression of the corresponding
genses might be regulated by P; availability. In Escherichia
coli, Prregulated gene expression requires a two-
component regulatory system consisting of PhoB as the
response regulator and PhoR as the histidine kinase
(Wanner, 1993). A similar system is operative in F. asru-
ginosa (Filloux et al, 1988), and genes homologous to

phoB and phoR can also be identified in the P putida
KT2440 gencme sequence (locus tags PP_5320 and
PP_5321 respectively). In E. coli, genes that are activated
by phosphorylated PhoB under P; limitation contain at
least one copy of a pho box in the promoter region, which
consists of twe heptameric repeats with the consensus
sequence CTGTCAT, separated by an AT-rich 4bp
sequence (Wanner, 1993). This pho box is located 10 bp
upstream of the Pribnow box. As an initial approach to
dsetermine whether the xcp system of P putida is regu-
lated by P, availability, we searched the promoter regions
for putative pho boxes. Indeed, potential pho boxes with
appropriately spaced putative Pribnow boxes were found
in the promoter regions upstream of uxpA, uxpB, xcpX,
and #atAT {Fig. 2A).

The putative Pi-regulated expression of the uxp, xcp
and #at genss was then experimentally assessed by quan-
titative real-time reverse-transcription PCR {gqRT-PCR).
The relative transcript levels of the uxpA, uxpB, xcpX
xepQ, and tatd? genes were induced 7.6 5.3,
854 +6.0,32=+1.8, 954+ 294, and 185 = 5.8 fold
respectively, by growth in low-P; medium compared with
high-P; medium. In contrast, expression of the tat42 gene
was not affected by P; limitation. These results show that
expression of uxpA and uxpB as well as that of the genes
putatively encoding the secretion machinery is induced
under P; limitation.

While the gRT-PCR experiments showed that expres-
sion of uxpB is strongly affected by P; availability, uxpA
expression was more modsrately affected. To verity the
Prregulated expression of uxpA, plasmid pAG112, which
carriss the uxpA promoter region inserted upstream of the
promoterless facZ gene in the promoter probe vsctor
pMP220, was introduced into strain KT2440. Growth of
the resulting strain under P, limitation resulted in an
approximately 30-fold increase in [j-galactosidase activity
when compared with growth under high P; conditions
(Fig. 2B). In a strain carrying the empty promoter-probe
vector, P-galactosidase activity was not affected by P,
availability (Fig. 2B). Similar results were cbtained when
the plasmids were introduced into strain WCS3358 (data
not shown), These results confirm the regulation of the
uxpA promoter by P; availability. Further evidence for the
P-regulated expression of uxpB was obtained after iden-
tification of the gene product (see below).

Role of the Xep system in phosphate acquisition

To study the possible role of the T28S of P putida in
phosphate acquisition, we compared the growth of the
wild-type strain KT2440 and its xcpS and xcpX mutant
derivatives KTAxepS::gm and KTAxcpX::km respectively,
on different phosphate sources. The bacteria were inocu-
lated on Pfree synthstic-medium plates, on which filter



discs with the different phosphate sources were placed.
The wild-type strain grew well around the discs with
glucose 6-phosphate, 5’-AMP, the chromogenic substrate
5-bromo-4-chloro-3-indolyl phosphate (XP), and, albeit
poorly, UDP-glucose (Fig.3). The mutants were not
capable of growing on 5-AMP, UDP-glucose and XP as
sole phosphate sources, while growth on glucose
6-phosphate appeared reduced (Fig. 3). Growth of all
strains was equally well supported around filter discs con-
taining P; (Fig. 3). Similar results were obtained when the
experiment was performed with P. putida strain WCS358
and its AxcpRST derivative CE1430 (data not shown).
Thus, these results confirm the postulated role of the Xcp
system in the secretion of enzymes involved in phosphate
acquisition.

UxpB is a phosphatase

The observation that the wild-type P putida strains can
utilize various organic phosphate sources (Fig. 3) indi-
cates that they produce (a) phosphatase(s). To identify
such phosphatase(s), we developed a zymography-
based assay. Proteins from whole cell extracts and culture
supernatants of cells grown under high-P; or low-P; con-
ditions were separated by semi-native SDS-PAGE, and
the gels were subsequently incubated with the chromog-
enic phosphatase substrate XP. One phosphatase with an
apparent molecular weight of - 55 kDa was clearly
detected on the zymograms in the cell lysates of strains
KT2440 (Fig. 4A, lane 3) and WCS358 (data not shown)
grown under P; limitation.

Even though the apparent molecular weight of the
phosphatase detected on the zymograms is considerably
lower than the calculated molecular mass of UxpB, i.e.
74.3 kDa for the precursor and ~ 70 kDa (depending on
the length of the acyl chains) for the mature form, we
considered the possibility that it represents UxpB, since
UxpB is a PhoX-family member, which should be able to
hydrolyse XP. To verify that the identified phosphatase on
the zymograms was indeed UxpB, a recombinant gene
encoding the UxpB protein of strain KT2440 with a
C-terminal His tag was cloned on pBBR1MCS-5. Strain
KT2440 carrying the resulting construct produced the
phosphatase even in the presence of high P; concentra-
tions (Fig. 4A, lane 6). The recombinant enzyme migrated
at the same position as the identified phosphatase in the
wild-type strain, and immunoblotting with antibodies
directed against the His tag indeed reacted with a protein
in this position (Fig. 4B, lane 2). However, the antibody
reacted also with two bands with apparent molecular
weights of ~ 80 kDa. Upon denaturation of the samples by
heating in the presence of dithiothreitol (DTT), the faster
migrating protein was completely lost, but the double
band at ~ 80 kDa was clearly detected (Fig. 4B, lane 3).

Fig. 3. Role of the Xcp system in phosphate acquisition. Utilization
of different phosphate sources by wild-type strain KT2440 (WT)
and its isogenic xcpS mutant derivative KTAxcpS::gm and xcpX
mutant derivative KTAxcpX::km was determined. Cells were applied
in top layers on synthetic medium plates lacking any phosphate
source. Filter discs with various phosphate sources were placed on
top of the plates. 1, KH.POy; 2, glucose 6-phosphate; 3, 5’AMP; 4,
UDP-glucose; 5, XP. Growth around the filters was assessed after
2 days of incubation at 30°C.
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Fig. 4. UxpB of P. putida is a phosphatase.

A. Strain KT2440 and a derivative expressing a C-terminally
His-tagged UxpB protein from plasmid pUxpBHis" were grown
overnight in low-phosphate medium either supplemented or not
with 10 mM KH.PQ, as indicated. Cells (C) and supemnatants (S)
were separated and analysed by semi-native SDS-PAGE and
zymography using XP as the substrate. The sample in lane 7 was
denatured by heating for 5 min at 100°C in sample buffer
containing a reducing agent (DTT) prior to SDS-PAGE. The
arrowhead indicates the phosphatase band detected; the positions
of molecular-mass marker proteins are indicated (in kDa) at the left.
B. The same samples as in lanes 5-7 of panel A were blotted and
immunodetection was performed using anti-His antibodies. The
molecular weight markers (left) and the precursor (asterisk),
denatured mature {open arrowhead) and folded forms (closed
arrowhead) of His-tagged UxpB are indicated.

Presumably, these bands correspond to the denatured
mature form of the protein and to the precursor, which
might accumulate due to overexpression from the plasmid
and/or because the tai-1 genes, which putatively encode
the transport system for the translocation of UxpB across

t=0h t=35h

Fig. 5. Globomycin inhibits the processing of UxpB.

This result could be explained by UxpB being a lipoprotein
as suggested by the presence of a lipobox in the signal
sequence (Fig. 1B). Thus, after secretion via the T2SS,
the protein may remain attached to the bacterial outer
membrane via its lipid anchor. Lipoproteins are processed
by leader peptidase Il, an enzyme that is specifically inhib-
ited by globomycin (Inukai et al, 1978). To investigate
whether UxpB is indeed a lipoprotein, globomycin was
added to KT2440 cells expressing His-tagged UxpB.
Phosphatase activity was considerably lower after growth
for 3.5 h in the presence of globomycin relative to cells
grown in the absence of the antibiotic (Fig. 5A). In addi-
tion, immunoblotting revealed the accumulation of the
UxpB precursor under these conditions (Fig. 5B), showing
that UxpB is indeed a substrate for leader peptidase II.

UxpB is a substrate of the Xcp system

Based on the results obtained so far, we hypothesized
that UxpB is transported via the Xcp system to the cell
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A. To exponentially growing cells of strain KT2440 producing His-tagged UxpB from pUxpBHis in low-P; medium either no globomycin (white
bars) or 120 ug ml ' globomycin (grey bars) was added at t = 0 after which growth was continued for 3.5 h and alkaline phosphatase activity
was determined.

B. Samples of the cells grown in the presence or absence of globomycin and taken at the time points indicated were analysed by SDS-PAGE
and immunoblotting using an antiserum directed against the His-tag. The positions of molecular weight markers are indicated at the left, and
those of mature UxpB and the UxpB precursor are indicated with an asterisk and an arrowhead, respectively, at the right.
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Fig. 6. UxpB is an Xcp substrate.
A. KT2440 cells producing His-tagged UxpB from plasmid pUxpBHis’ were grown under P, limitation. The cells were disrupted by sonication
and cell envelopes (CE) and soluble fraction (SF) were separated by centrifugation and analysed by denaturing SDS-PAGE. TL, total cell

lysate. The precursor and processed mature forms of UxpB are indicated with an asterisk and an open arrowhead respectively.

B. Membranes of wild-type strain WCS358 and of the AxcpRST mutant CE1430 were isolated and separated by sucrose gradient
centrifugation, and the phosphatase activities in the fractions were determined. The fractions representing the inner membranes and the outer
membranes were identified based on the NADH-oxidase activity and the presence of OprF, respectively (results not shown}, and are

indicated.

C. Strain WCS358 and its AxepRST mutant CE1430 (left panel) and strain KT2440 and its xcpS mutant derivative KTAxcpS (right panel) were
grown under P, limitation with low aeration. Cells (C) and culture supernatant (S) were analysed by zymography after semi-native SDS-PAGE.

The molecular weight marker (left) and UxpB (arrowhead) are indicated.

surface where it remains anchored to the outer membrane
via its lipid moiety. To verify the subcellular location of
UxpB, cells expressing His-tagged UxpB were fraction-
ated. As expected, the processed mature form of the
protein fractionated mainly with the membranes consist-
ent with its lipoprotein nature, while the precursor form
was detected exclusively in the soluble fraction (Fig. 6A).

To determine in which membrane the mature form of
UxpB is localized, the inner and outer membranes of
strain WCS358 were separated by sucrose gradient
density centrifugation. The highest phosphatase activity
was detected in the outer-membrane fractions (Fig. 6B,

left panel). Analysis of the fractions by SDS-PAGE and
zymography confirmed the presence of UxpB predomi-
nantly in the outer-membrane fractions (data not shown).

Next, we determined whether the outer-membrane
localization of the phosphatase is dependent on the Xcp
system. To this end, we fractionated cells of strain
CE1430, a AxepARST mutant derivative of WCS358. After
separation of inner and outer membranes, phosphatase
activity was found associated with the inner-membrane
fractions (Fig. 6B, right panel). These experiments dem-
onstrate that transport of the phosphatase to the outer
membrane is dependent on the Xcp system.






