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Abstract The opportunistic human pathogen Pseudomonas
aeruginosa produces an extracellular polysaccharide called
alginate. This is especially relevant in pulmonary infection
of cystic fibrosis patients where it protects the bacteria from
the hosts’ immune system and the diffusion of antibiotics.
Here a connection between the stability of a proposed
alginate polymerisation/secretion complex and the regula-
tion of the operon encoding these proteins was assessed.
Experimental evidence was provided for a periplasmic
multiprotein complex composed of AlgX, AlgK, and the
regulatory protein MucD. Disruption of the alginate
machinery in a mucoid strain, either by removal, or over
production of various essential proteins resulted in an at
least 2-fold increase in transcription of a lacZ reporter under
the control of the algD promoter. Instability of the complex
was indicated by an increase in secretion of alginate
degradation products. This increase in transcription was
found to be dependent on the negative regulatory protein
MucD. Surprisingly, over production of MucD leads to a
3.3-fold increase in transcription from the alginate promoter
and a 1.7-fold increase in the levels of alginate produced,
suggesting an additional positive regulatory role for MucD
in mucoid strains. Overall, this study provided experimental
evidence for the proposed periplasmic multiprotein com-
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plex and established a link of a constituent of this complex,
MucD, to transcriptional regulation of alginate biosynthesis
genes.
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Introduction

Pseudomonas aeruginosa is a clinically important oppor-
tunistic human pathogen, and its ability to produce a thick
extracellular matrix predominantly composed of alginate
significantly contributes to its pathogenicity. This is of
particular relevance in cystic fibrosis (CF) patients where P,
aeruginosa pulmonary infections are the leading cause of
both morbidity and mortality (Hay et al. 2010a).

The CF lung provides a unique environment to the
pathogen which induces the overproduction of alginate by
the bacteria, contributing to the clogging of the lung, while
protecting the bacteria from the host immune response and
antibiotic treatment (Pier et al. 2001; Simpson et al. 1988,
1989; Slack and Nichols 1981; Song et al. 2003). This
switch to a mucoid phenotype is widely recognised as a
poor prognosis indicator for patients, after which eradica-
tion of the infection is extremely unlikely. The exact
mechanisms responsible for this switch are unclear but
appear to involve a complex arrangement of transcriptional
regulation, post-translational regulation and the mutation of
hyper-mutable regions of the genome (Rehm 2010).

The 12 genes encoding the core alginate biosynthesis
machinery are located in a single operon. AlgD and AlgA
are involved in precursor synthesis; Algl, Alg] and AlgF
are involved in acetylation of alginate (Franklin and Ohman
2002); AlgG for epimerization (Franklin et al. 1994); AlgL
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for cleavage (regulating the length of the polymer or
degrading misguided alginate) (Schiller et al. 1993); AlgE
is an outer membrane export porin (Rehm et al. 1994; Hay
et al. 2010b); Alg8 is involved in polymerisation
(Remminghorst and Rehm 2006a; Remminghorst et al.
2009); and Alg44 is involved in post-translational regula-
tion (Remminghorst and Rehm 2006a, b; Hay et al. 2009).
The remaining two proteins, AlgK and AlgX, have unclear
functions. These proteins are essential for the production of
intact alginate (loss of AlgK or AlgX results in the secretion
of short alginate degradation products) and are thought to
play some sort of structural or protective role, guiding the
alginate polymer through the periplasmic space (Jain and
Ohman 1998; Robles-Price et al. 2004; Gutsche et al.
2006). Recently, it has been suggested that AlgK may
interact with the outer membrane protein AlgE (Keiski et al.
2010). Interestingly, the purification of AlgX from P.
aeruginosa resulted in the co-purification of the regulatory
protein MucD which demonstrated the first interaction of
proteins involved in alginate biosynthesis (Gutsche et al.
2006). MucD is a periplasmic protease involved in the
regulation of alginate biosynthesis. It has been suggested
that proteins predicted to be involved in polymerization—
export of alginate form a complex spanning from the inner
to the outer membrane with a bridging periplasmic protein
scaffold (Fig. 1) (Rehm 2010).

Cell wall stress
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Fig. 1 Schematic representation of predicted alginate biosynthesis
complex and regulatory network. All interactions in the presented
biosynthesis machinery are hypothetical except AlgX and MucD and
AlgK and AlgX as indicated by stars. Plus and minus symbols
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The alginate operon is under the tight control of a
promoter upstream of algD, and transcription is initiated
from this promoter via an alternate sigma factor AlgU (o°2,
AlgT). The algU gene is itself located in a partially auto-
regulated operon called the “switch” loci containing the
genes algU, mucA, mucB, mucC and mucD (Ramsey and
Wozniak 2005; Firoved and Deretic 2003; Deretic et al.
1994; Chitnis and Ohman 1993). This region is a common
site of mutations in clinical (mucoid) isolates, one study
found that 80% of all clinical isolates contained mutations
in this region (Boucher et al. 1997). MucA, an intra-
membrane anti-sigma factor which sequesters AlgU at the
membrane, is at the apex of a regulated intramembrane
proteolysis (RIP) cascade (Schurr et al. 1996; Mathee et al.
1997; Wood and Ohman 2009). Several steps of this
proteolytic cascade had been elucidated: MucB binds to
the periplasmic side of MucA protecting it from proteolysis
(Martin et al. 1993; Mathee et al. 1997). AlgW (Escherichia
coli DegS homologue) is a periplasmic protease which is
activated by the C-terminus of particular misfolded proteins
(Qiu et al. 2007) and cleaves the C-terminus of MucA which
is subsequently cleaved on the cytosolic side by the
intramembrane protease YaeL (MucP, PA3649) leading to
the release of AlgU (Cezairliyan and Sauer 2009; Wood and
Ohman 2009). MucD, a homologue to the E. coli periplas-
mic serine protease DegP/HtrA, appears to be playing a role
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antagonistic to that of AlgW degrading misfolded proteins
which would otherwise activate AlgW (Wood and Ohman
2006, 2009; Boucher et al. 1996; Qiu et al. 2007). MucD
also appears to be involved in response to stresses such as
excessive heat or response to reactive oxygen species as
MucD mutants showed increased sensitivity to H,O, and
heat killing (Boucher et al. 1996).

Here evidence for the existence of a periplasmic multi-
protein complex was provided. Furthermore, based on the
apparent interaction between the regulatory protein, MucD,
and other proteins of the alginate biosynthesis machinery,
the relationship between the stability of the proposed
alginate biosynthesis multiprotein complex and the tran-
scriptional regulation of the alginate biosynthesis operon
was investigated. Instability of the complex was achieved
by removing or over producing proposed members of the
complex. The activation of the alginate promoter in the
presence and absence of MucD was assessed.

Materials and methods
Bacterial strains and growth conditions

The bacterial strains, plasmids and oligonucleotides used in
the present study are listed in Supplementary Table 1. E.
coli strains were grown in LB medium at 37°C. E. coli
strains S17-1 or SM10 was used for conjugative transfer of
the suicide plasmids derived from pEX100T, the flipase
encoding plasmid pFLP2 and the pCTX-based integration
vector mini-CTX-Palg-lacZ. Where required, antibiotics
were used at the following concentrations: ampicillin
100 pg/ml, gentamicin 10 pg/ml and streptomycin 30 pg/ml.
P aeruginosa strains were grown in LB or PI(A) medium
(Pseudomonas isolation [agar] medium—20 g of peptone,
10 g of K,SO,, 1.4 g MgCl,, 0.025 g of triclosan and 20 ml
of glycerol per litre) at 37°C. Where required, antibiotic
concentrations used for P. aeruginosa strains were as follows:
gentamicin 300 pg/ml carbenicillin 300 pg/ml and tetracy-
cline 200 pg/ml. All chemicals were purchased from Merck
KGaA (Darmstadt, Germany) and Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise stated.

Isolation, analysis and manipulation of DNA

General cloning procedures were performed as described
previously (Sambrook et al. 1989). pBBRIMCS-5, pTZ110
and pHERD-derived plasmids were transferred to P.
aeruginosa strains via electroporation as previously de-
scribed (Choi et al. 2006). DNA primers, dNTPs, Taq and
Platinum Pfx polymerases were purchased from Sigma-
Aldrich. DNA sequences of plasmid constructs were
confirmed by DNA sequencing.

Construction and confirmation of deletion mutants

The P. aeruginosa deletion mutants for genes algs8, alg44,
algX and algE were performed using the suicide plasmids
described previously (Remminghorst and Rehm 2006a, c;
Gutsche et al. 2006; Hay et al. 2010b). Suicide vectors for
the construction of deletion mutants in the genes mucD,
algU and rpoN were constructed as follows. Two regions
upstream and downstream of the target gene were amplified
using Pfx polymerase resulting in the fragments mucDN
(comprising bases —2 to 406 relative to the designated
mucD coding region followed by a BamHI site) and
mucDC (bases 1,008 to 1,410 preceded by a BamHI),
algUN (bases —164 to 260 relative to the first start codon
flanked by a Scal site and BamHI site) and algUC (bases
797 to 1,217 flanked by a BamHI site and Scal site) and
rpoNN (bases —15 to 389 flanked by a EcoRV site and
BamHLI site) and rpoNC (bases 1,118 to 1,503 flanked by a
BamHI site and EcoRV site). Both PCR products were
hydrolyzed by using BamHI and inserted into the vector
pGEM-T Easy (Promega, Madison, WI, USA). Vector
pPS856 (Hoang et al. 1998) was hydrolyzed with BamHI
and the fragment containing the aacCl gene (encoding
gentamicin acetyltransferase) flanked by two FRT (Flp
recombinase target) sites was inserted into the BamHI site
between the two regions of the target gene. The fragments
comprising the gentamicin cassette flanked by the upstream
and downstream regions of the genes of interest were then
released by hydrolysis with Smal (for mucD), EcoRI (for
rpoN) or Scal (for algU) and inserted into Smal site of
vector pEX100T (Hoang et al. 1998), resulting in plasmids
pEX100T: AmucDQGm, pEX100T:AalgUQGm and
pEX100T: ArpoNQGm.

These suicide plasmids were transferred into P. aeruginosa
and transconjugants were selected on mineral salt medium
(Schlegel et al. 1961) containing gentamicin and 5% (wt/vol)
sucrose. Cells growing on this selective medium should have
emerged from double crossover events. Gene replacement
was confirmed after subculture of cells on PIA medium
containing gentamicin and using PCR with primers upstream
and downstream of the homologous regions.

The Flp recombinase encoding vector pFLP2 (Hoang et al.
1998) was transferred into P. aeruginosa Q0Gm strains and
grown on PIA containing carbenicillin for 12 h. The pFLP2
vector was later cured from the strain by growth on PIA
medium containing 5% (wt/vol) sucrose. Gentamicin- and
carbenicillin-sensitive cells were analysed by PCR for loss of
the gentamicin-resistant cassette. Strains with mutations in
multiple genes were constructed in a stepwise manner,
deleting the genes sequentially in the order they are named
in the strain.

To confirm that construction of the deletion mutants did
not result in any polar effects, deletion mutants were
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complemented in #rans with a plasmid containing the open
reading frame of the deleted gene. Plasmids for the
complementation of the alg8, alg44, algX and algE deletion
mutants (pBBRIMCS-5:alg8, pBBRIMCS-5:alg44,
pBBRIMCS-5:algX and pBBRIMCS-5:algE) are de-
scribed in previous studies (Remminghorst and Rehm
2006a, c; Hay et al. 2010b; Gutsche et al. 2006). Plasmids
for the complementation of the mucD, algU and rpoN
deletion mutants were constructed as follows: the mucD,
algU and rpoN open reading frames were amplified using
the primers mucD-F-HiSDNd and mucD-R-Sacl; algU-F-
HiSDNd and algU-R-BamHI; and rpoN-F-HiSDNd and
rpoN-R-BamH]I, respectively. The fragments were hydro-
lysed with Hindlll and Sacl (mucD) and HindIll and
BamHI (algU and rpoN) and ligated into corresponding
sites in the broad host range plasmid pBBRIMCS-5 (Kovach
et al. 1995), resulting in the plasmids pPBBR1MCS-5:mucD,
pBBRIMCS-5:algU and pBBRIMCS-5:7poN.

Activation of the alginate promoter

Activation of the alginate promoter in deletion mutants was
assessed using the plasmid pTZ110:Palg, and this plasmid
contains /acZ under the control of the algD promoter. The
promoter region, located at —854 to 1 bp relative to the
algD open reading frame, was amplified using the primers
Palg-F-HiNo and Palg-R-Ba. The product was hydrolysed
with HindIll and BamHI and ligated into the HindIIl and
BamHI sites of the plasmid pTZ110 (Schweizer and
Chuanchuen 2001). This plasmid was then transferred to
the P. aeruginosa strain of interest.

Additionally, to assess the effect of artificially increasing
the copy number of various genes (in frans) involved in
alginate biosynthesis, strains were constructed with the
same transcriptional reporter (lacZ) fusion described above
integrated into the genome. These strains were created
using an integration proficient pCTX-based plasmid. The
promoter region was amplified as described above and
ligated into the HindIll and BamHI sites of the plasmid
mini-CTX-lacZ (Becher and Schweizer 2000), resulting in
the plasmid mini-CTX:Palg-lacZ. This plasmid was then
transferred to the P aeruginosa strain of interest and
subsequently plated on PIA media containing tetracycline
to select for colonies that have undergone recombination
with the plasmid and subsequent integration of the alginate
promoter reporter along with the tetracycline resistance
gene. Integration at the a#B site was confirmed by PCR
using the primers Pser-down and Pser-up.

Activity of these transcriptional reporter promoter
fusions was assessed as follows: strains were grown on PI
(A) agar plates containing 200 pug/ml carbenicillin for 48 h.
A representative sample of the bacterial lawn was scraped
from the agar surface, washed three times in TBS (pH 7.8)
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and resuspended to an ODggyy of approximately 0.2-0.3.
The (3-galactosidase activity of this was measured using a
modified Miller method (Zhang and Bremer 1995; Miller
1972b). Briefly, 20 pl of the cells was added to 80 ul of
permeabilisation solution (0.8 mg/ml hexadecyltrimethy-
lammonium bromide, 0.4 mg/ml sodium deoxycholate,
5.4 ul/ml 3-mercaptoethanol, 100 mM Na,HPO,, 20 mM
KCl, 2 mM MgSQ,) and incubated at 30°C for 15 min. Six
hundred microlitres of the substrate solution (1 mg/ml o-
nitrophenyl-3-D-galactoside, 2.7 pl/ml 3-mercaptoethanol,
60 mM Na,HPO,, 40 mM NaH,PO,). After a yellow
colour has developed, the reactions are stopped with the
addition of 700 pl stop solution (1 M Na,COj3) and time
recorded. The ODy,, was recorded and Miller units
calculated (Miller 1972a).

Construction of a conditional non-mucoid PDO300 strain

PDO300 is an isogenic derivative of PAO1 with a non-
functional mucA gene (muc22A allele). As the deletion
mutants of mucD in the PDO300 and PDO300AalgX
background were seemingly not possible, a strain with the
WT mucA gene under the control of the araBAD promoter
(Pgap) was constructed. The mucA gene was amplified
using the primers mucA-F-SDNd and mucA-R and ligated
into the pGEM-T Easy cloning vector (Promega, WI,
USA). The resulting plasmid was hydrolysed with Ncol
and Sal/l and ligated into the corresponding sites on the
arabinose-inducible vector pHERD26T (Qiu et al. 2008a),
resulting in pHERD26T:mucA. A 4,274-bp fragment con-
taining the araC gene and mucA under the control of the
Pgap promoter was hydrolysed from the plasmid
pHERD26T:mucA with NAel, and the resulting 5" overhangs
were filled in with T4 DNA polymerase (blunted). This
fragment was hydrolysed with Sa/l and the 1,576-bp araC-
Peap-MCS containing fragment was ligated into a Sa/l and
Smal hydrolysed integration proficient vector mini-CTX2
(Hoang et al. 2000), resulting in mini-CTX2Pgsp:mucA.

mini-CTX2Pg p:mucA was transferred by conjugation to
the strains PDO300 and PDO300Aal/gX. Transconjugates
were selected for on tetracycline containing media and
integration confirmed as described above, resulting in the
strains PDO300-CTX2Pgsp:mucA and PDO300AalgX-
CTX2PB AD:mU.CA.

Alginate production assays

Alginate was harvested and purified as described previously
(Hay et al. 2009). Uronic acid content was assessed through
a modification of the Blumenkrantz and Asboe-Hansen
(1973) method described previously using 100% alginic
acid from brown algae (Sigma-Aldrich) as a standard (Hay
et al. 2009).
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Free/dialysable uronic acids (alginate degradation
products) were measured in the supernatant of 2 ml of
overnight cultures. Briefly, total uronic acid content of
the supernatant was determined, the supernatants were
filtered with Amicon Ultra-0.5 (Millipore) centrifugal
filters (nominal molecular weight cut-off 10 kDa) and the
flow through was collected (containing free uronic acids
and short length alginate degradation products) and the
uronic acid content determined.

Purification of MucD/AlgX and pull-down experiments

A C-terminal translational fusion or MucD to a hexahista-
dine tag was constructed: mucD was amplified with the
primers mucD-F-HiSDNd and mucD-R-6xHis-BamHI.
This was hydrolysed with HindIll and BamHI and ligated
into corresponding sites in the plasmid pBBRIMCS-5,
resulting in pBBRIMCS-5:mucDHis. This plasmid was
introduced into the P. aeruginosa strain PAO1 AmucD and
PAOIAmucDAalgX and the E. coli strain Rosetta 2
(Novagen). The P. aeruginosa strains were grown in
500 ml of rich media (32 g 1" tryptone, 20 g 1" yeast
extract, 5 g I"' NaCl) at 37°C for 24 h. Rosetta 2 strains
were grown in 500 ml of LB at 37°C until an ODg of 0.6
was reached, after which expression was induced with the
addition of IPTG to a final concentration of 1 mM. Cells
were harvested and washed three times in one volume of
TBS (pH 7.8) and suspended in 1/10th volume of lysis
buffer (150 mM NaCl, 100 mM Tris—HCI, 0.2% Triton X-
100, pH 8.0) with 1 mg ml™' lysozyme and 1 mg ml™'
DNase. This was incubated for 20 min at 4°C with shaking
and subsequently lysed by sonication. Insoluble cell debris
was removed by centrifugation at 16,000xg for 20 min at
4°C. His-tagged MucD was purified from the lysate using
TALON™ DynaBeads® (Invitrogen).

C terminally strep-tagged AlgX was purified as
follows: The plasmid pPBBRIMCS-5:algXStrep (Gutsche
et al. 2006) was introduced into P aeruginosa strains
PDO300AalgX, PAO1AalgX, PAO1 AmucDAalgX and E.
coli strain Rosetta 2. Cell lysates were prepared as
described above. Supernatants were subjected to affinity
purification with a Strep-Tactin® Superflow™ 1 ml Column
(Novagen) according to the manufacturer’s instructions.

Where the protease activity was to be assessed,
purifications were completed in the absence of any protease
inhibitors.

Analysis of proteins

Protein concentrations were determined using the
Quant-iT™ Protein Assay Kit (Invitrogen). Proteins
were separated by SDS-PAGE on 10% acrylamide gels.
Bands of interest were identified by tryptic peptide

fingerprinting using matrix-assisted laser desorption
ionisation-time of flight/mass spectrometry (MALDI-
TOF/MS) by the Centre for Protein Research at the
University of Otago.

Analysis of protease activity

The protease activity of various protein extracts was
assayed using Universal protease substrate (resorufin-
labelled casein) (Roche) according to the manufacturer’s
instructions. Fifty micrograms of total protein from the
purified MucDHis containing fractions was assayed with
the addition of buffer or 150 pug of BSA, purified AlgX
containing fractions or total membrane fractions from
mucD deletion mutants. These were incubated for
120 min and the amount of free resorufin was then assessed
by measuring the absorbance at 574 nm.

Gel filtration chromatography

One milligram of total protein in 500 pl was loaded on
to a Superdex 200 10/300GL column. Two column
volumes of lysis buffer (with 0.02% Triton X-100 instead
of 2%) was passed through the collum at 0.5 ml min".
The absorbance at 280 nm was monitored. Fractions were
collected in 0.5 ml steps and subsequently assessed by

SDS-PAGE.

Results
Generation and characterisation of algX/mucD mutants

To better understand any interaction between MucD and
AlgX, we attempted to generate a set of deletion mutants
for these two genes in both non-mucoid (PAO1) and
mucoid (PDO300) parent strains. Disruption of mucD in
PAOL1 led to a mucoid phenotype (PAO1AmucD) with
alginate levels similar to that of the mucoid strain PDO300
(Table 1). The non-mucoid phenotype could be restored by
providing the mucD gene in trans. This is consistent with
previous findings (Yorgey et al. 2001; Wood and Ohman
2006; Boucher et al. 1996). Disruption of a/gX in the non-
mucoid strain did not visibly alter the phenotype of the
parent. Disruption of both algX and mucD in the non-
mucoid parent (PAOIAmucDAalgX) resulted in a non-
mucoid strain, though short, dialysable, uronic acid-
containing molecules, i.e. alginate degradation products,
could be detected in the culture supernatant. As would be
expected, providing algX in trans to the double mutant
resulted in a mucoid phenotype whereas providing mucD
alone or both mucD and algX resulted in a non-mucoid
phenotype (Table 1). It should be noted that both
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Table 1 Alginate production of

AalgX and AmucD deletion Strain Alginate/CDW % dialyzable free

mutants (g/g) £ SD uronic acids £ SD
PDO300 (MCS-5) 1.46+0.35 16.45+4.32
PDO300AalgX (MCS-5) ND 100+5.34
PAO1 (MCS-5) ND ND
PAO1AalgX (MCS-5) ND ND
PAO1AmucD (MCS-5) 1.59+0.28 12.24+5.28
PAO1AmucDAalgX (MCS-5) ND 100+4.28
PDO300AalgX (MCS-5:algX) 1.67+0.29 52.60+7.89
PAO1AalgX (MCS-5:algX) ND ND
PAO1AmucD (MCS-5:mucD) ND ND
PAO1AmucDAalgX (MCS-5:algX) 1.20+0.17 25.01+8.66
PAO1AmucDAalgX (MCS-5:mucD) ND ND

SD standard deviation, ND not PAO1AmucDAalgX (MCS-5:algXmucD) ND ND

detectable

PAO1AmucD and more dramatically PAO1 AmucDAalgX
showed impaired growth characteristics, growing slower and
reaching cell densities about 0.73 and 0.38 times less than that
of wild type, respectively. These strains also appeared to be
more susceptible to lysis during washing with TBS. This
growth could be restored to wild-type levels when comple-
mented with mucD or mucD and algX in trans. All other
strains had similar growth rates (data not shown).
Disruption of algX in the mucoid parent (PDO300-
AalgX) resulted, as previously described (Robles-Price et
al. 2004; Gutsche et al. 2006), in a non-mucoid phenotype
with the secretion of free uronic acids. Alginate production
could be restored by providing algX in trans (Table 1).
Intriguingly, although multiple attempts were made to
disrupt mucD in the mucoid strain PDO300 and its isogenic
AalgX strain, no mutants could be generated. PDO300 is an
isogenic derivative of PAO1 generated through the replace-
ment of mucA with the defective mucA22 allele (from the
clinical isolate FRD1) containing a single base pair deletion
in a string of guanine residues which results a premature
stop codon and a truncated MucA missing 48 residues from
its periplasmic C-terminus (Mathee et al. 1999). In order to
address this issue, we attempted to mimic the PAOI1
environment by providing PDO300 with a conditionally
expressed functional WT mucA and attempt to disrupt
mucD in this strain. Accordingly, the full-length mucA
(under the control of the arabinose-inducible pBAD
promoter) was integrated into the genome via the CTX2
vector, which resulted in strains PDO300-CTX2Pgap:
mucA and PDO300AalgX-CTX2Pgap:mucA. PDO300-
CTX2Pgap:mucA showed a mucoid colony morphology
in the absence of arabinose and a non-mucoid colony
morphology in the presence of 0.5% arabinose (data not
shown). Attempts were made to knock out mucD in these
strains in the presence of various concentrations of
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arabinose with no success. Further attempts to disrupt
mucD in another mucoid strain, the clinical isolate FRDI1,
also proved unsuccessful.

Experimental evidence for periplasmic multiprotein
complex composed of AlgK, AlgX and MucD

To provide experimental evidence for the longtime proposed
periplasmic multiprotein complex and its implications to
regulation of alginate biosynthesis, further analysis of
protein—protein interactions was conducted. Hexahistadine-
tagged MucD was purified from strains PAO1AmucD
(pBBRIMCS-5:mucD6xHis) and PAO1AmucDAalgX
(pBBR1IMCS-5:mucD6xHis) using TALON Dynabeads
(Fig. 2a). One primary band corresponding to full-length
mature MucD and three truncations of MucD were observed
and identified by MALDI-TOF/MS. Both of these extracts
showed similar levels of protease activity as measured using
resorufin-labelled casein. Strep IlI-tagged AlgX was
enriched from PDO300AalgX(pBBR1MCS-5:algXstrep),
PAO1AalgX(pBBRIMCS-5:algXstrep) and PAOIA-
mucDAalgX(pBBR1MCS-5:algXstrep) cell lysates using
Strep-Tactin superflow columns. Several co-eluting proteins
could be detected and were identified by MALDI-TOF/MS
(Fig. 2). In purified fractions from PDO300AalgX
(pBBRIMCS-5:algXstrep), three bands were identified as
the essential alginate biosynthesis protein AlgK; one at
49.5 kDa corresponding to the mature full-length protein;
and two truncations of AlgK, one at 45.6 kDa and one at
43.7 kDa, and the previously described co-eluting protein
MucD could be identified in two protein bands 47.8 kDa
(full-length) and 43.7 kDa (truncated) (Fig. 2a). Several
other biotin-containing proteins were present (data not
shown). In purified fractions from PAO1AalgX
(pBBRIMCS-5:algXstrep), only AlgX and MucD could be



Appl Microbiol Biotechnol (2012) 93:215-227

221

a & & & ¥ o
FL ) oy g
§§ & @f’g‘& &,‘5@
& ST &
PP x g g% &7
Ry “s;-; i Fiafted
¥ & &
- . | AlgxStrep (53.0 kDa)
- AlgK (49.5 kDa)
e
e = MucD (47.8 kDa)
- - AlgK (45.6 kDa)
= AlgkK/MucD (43.7 kDa)

&
) )
o &
o S

— -- MucDHis (48.9 kDa)

b= MucDHis (44.2 kDa)

= MucDHis (36.4 kDa)
— - = MucDHis (33.9 kDa)

700,00 -
S ——————— L AlgXStrep (53.0 kDa
E _-_— . — = AlgK (45.6 kDa)
600.00 —_ o Algx (43.7 kDa)
500.00 4
£
c
2
& a00.00 4
=2
<
£
300.00 4
200.00 4
100.00 4
0.00 /_

10.00 11.00 12.00 13.00

mi

Fig. 2 a Purification of strep-tagged AlgX and hexahistadine-tagged
MucD from various P. aeruginosa strains. SDS-PAGE gel shows AlgX
and co-eluting proteins. b Gel filtration chromatography (ODagonm)

identified with AlgX being in much lower quantities
than when purified from PDO300AalgX. From PAO1A-
mucDAalgX(pBBRIMCS-5:algXstrep), only very small
amounts of strep-tagged AlgX and full-length AlgK
could be identified (Fig. 2a).

A purified AlgX fraction from PDO300AalgX
(pBBRIMCS-5:algXstrep) was separated by gel filtration
chromatography. One major peak could be detected at
approximately 14 min (approximately 70 kDa) with a lower
molecular weight shoulder. SDS-PAGE and subsequent
MALDI-TOF/MS of the protein bands showed that this
peak was composed of full-length strep-tagged AlgX and
the two shorter truncations of AlgK. The shoulder was
composed of strep-tagged AlgX alone (Fig. 2b).

As MucD is a serine protease, we assessed the influence of
AlgX, the AlgX-AlgK complex or envelope fractions
containing members of the alginate biosynthesis machinery
had on the protease activity of MucD. MucD was purified
from PAO1AmucDAalgX(pBBR1IMCS-5:mucDHis). Ap-
proximately 3 times molar excess of AlgX purified from E.
coli Rosetta 2 (p BBRIMCS-5:algXStrep) or the AlgX—AlgK

14.00 15.00 16.00 17.00 18.00

of the strep-tagged AlgX purification from P. aeruginosa PDO300-
AalgX(pBBRIMCS-5:algXStrep). Inset SDS-PAGE of peak of
interest. All protein identities were confirmed by MALDI-TOF/MS

complex purified from PAO1 AmucDAalgX(pBBR1MCS-5:
algXStrep) was added to the purified MucD. Neither AlgX
nor the AlgX—AlgK complex had any significant effect on
protease activity when compared to BSA as control. This
was repeated with crude envelope fractions from various
strains, and again no effect on protease activity could be
detected (Supplementary Table 2).

Loss of members of the alginate polymerase machinery
affects the activation of the alginate promoter

Due to the previously described interaction between AlgX,
a proposed member of the alginate synthesis/secretion
machinery, and MucD, a regulatory protein involved in
the transcriptional regulation of alginate biosynthesis
(Gutsche et al. 2006), we assessed whether the loss of
various members of the alginate biosynthesis machinery
would have an effect on the levels of expression from the
alginate promoter.

The plasmid pTZ110:Palg was constructed which con-
tains the lacZ gene under the control of the promoter
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upstream of the alginate operon. This plasmid was
introduced into various strains with disruptions in genes
involved in the synthesis or secretion of alginate. The [3-
galactosidate activity and levels of alginate production were
assessed. In the mucoid strain PDO300, disruption of alg8
and alg44 led to 2.5- and 4-fold reductions in alginate
promoter activity, respectively, whereas disruption of algX
or algFE resulted in a 2.2-fold increase in alginate promoter
activity (Table 2). As previously demonstrated, these
mutants did not produce alginate, although dialysable
uronic acids could be detected in the AalgX and AalgE
mutants.

Disruption of these same genes had no effect on the
minimal levels of transcription and alginate production
observed in the non-mucoid strain PAOI1. Interestingly,
although the mucoid strain PAO1AmucD produced alginate
at levels equivalent to PDO300, the activity of the alginate
promoter was about 6.5 times less in the PAO1AmucD
strain. Disruption of both mucD and algX in PAOI resulted
in a 5-fold increase in promoter activity over PAO1 AmucD
(Table 2).

Artificially increasing the levels of alginate biosynthesis
proteins leads to increased transcription from the alginate
promoter when AlgX and MucD are present

To further assess the influence the alginate biosynthesis
machinery has on the levels of transcription from the
alginate promoter, various proteins essential for algi-
nate biosynthesis were overproduced. To do this, the
lacZ alginate promoter reporter fusion was integrated into
the chromosome via the integration proficient mini-
CTX2 vector. This allowed us to artificially increase the
copy number of genes of interest by providing them on
plasmids. It should be noted that the chromosomal
promoter lacZ reporter reported significantly lower [3-
galactosidase activity than the plasmid born reporter
(pTZ110:Palg), but the relative levels of transcription

and alginate production were similar in the strains
PDO300crxpaiglacz, PDO300AalgXcrxpaiglaczs
PAOlCTXPalglacz, PAOlAmuCDCTXPalg]acZ and PAO1A-
mucDAalgXcrxpalglacz to those carrying the pTZ110:Palg
(Fig. 3).

Overexpression of algX, algE, alg44 and alg8 in
PDO300cTxpaigiacz resulted in significant increases in
transcription from the alginate promoter (3-, 3-, 2- and
2-fold, respectively) (Fig. 2a). Levels of alginate pro-
duction in these strains did not tightly correlate with
promoter activity, but all strains did produce elevated
levels of alginate (Fig. 3b). Levels of dialysable uronic
acids were about 10-fold higher in PDO300 strains
containing multiple copies of algX, alg44 and algE,
whereas dialysable uronic acid levels were only slightly
elevated when multiple copies of alg8 were present
(Supplementary Table 3). Overexpression of algX, algFE,
alg44 or alg8 in PAOI1 neither induced transcription from
the alginate promoter nor the production of alginate or
dialysable uronic acids (data not shown and Supplemen-
tary Table 3).

Overexpression of algE, alg44 and alg8 in PDO300AalgX
resulted in no significant increases in transcription from the
alginate promoter (when compared to PDO300AalgX).
Complementation by overexpression of algX resulted in
a slight increase in transcription levels (Fig. 3c). As
expected, only expression of algX in PDO300AalgX
could restore alginate production (Fig. 3d). Apart from
the complemented strain, which showed 33% dialysable
uronic acid, all strains showed similar levels of uronic
acids in the culture supernatant to PDO300AalgX
(pBBRIMCS-5) with 100% of it being dialysable
(Supplementary Table 3).

Contrary to PDO300, overexpression of algX, algE,
alg44 and alg8 in mucoid strain PAOIAmucD had no
effect on the level of promoter activity or the level of
alginate production (Fig. 2e, f). Free uronic acid consti-
tuted 9.91% of the total uronic acids in the culture

Table 2 Alginate promoter ]
activity and alginate production Strain
of various alginate

biosynthesis gene deletion
mutants PDO300 (pTZ110:Palg)

Alginate promoter Alginate/CDW % dialysable free
(Miller units + SD) (g/g) + SD uronic acids £ SD
17,812+1,178 1.91£0.22 16.45+4.32
PDO300AalgX (pTZ110:Palg) 38,041+4,752 ND 100+5.34
PDO300Aalg8 (pTZ110:Palg) 6,834+971 ND ND
PDO300Aalg44 (pTZ110:Palg) 4,628+275 ND ND
PDO300AalgE (pTZ110:Palg) 39,105+3,790 ND 100+6.82
PAOL1 (pTZ110:Palg) 66+6 ND ND
PAO1AalgX (pTZ110:Palg) 57+17 ND ND
PAO1AmucD (pTZ110:Palg) 2,785+585 1.54+0.12 12.24+5.25
14,350+765 ND 100+4.08

SD standard deviation, ND not PAO1AmucDAalgX (pTZ110:Palg)
detectable
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Palg is PAO1AmucDcrxpaiglacz

copies of algX, alg44 or algE, respectively were present
(Supplementary Table 3).
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MucD can act both as a negative and positive regulator

As discussed above, disruption of mucD in PAOI resulted
in a mucoid phenotype and increased alginate promoter
activity. Overexpression of mucD in PAO1 did not have an
impact on the level of transcription from the alginate
promoter act or on the levels of alginate production.
Complementation of PAO1AmucD with mucD in trans
resulted in a near complete reduction in promoter activity
and alginate production (Fig. 4a, b). This does not seem to
be mirrored in PDO300. Surprisingly, overexpression of
mucD (thought to be a negative regulator) in PDO300
resulted in the most marked increase in promoter tran-
scription observed (3.3-fold) (Fig. 4a, b). As the only
difference between PDO300 and PAOI is the defective
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15000
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fox

Alginate / CDM (g/g)

Fig. 4 Alginate promoter activity (as measured by (-galactosidase
activity) (a) and alginate production (b) strains overproducing MucD.
PDO300Pa1g is PDO?’OOCTXPalglaCZ’ PAO]Palg is PAO]CTXPalglacZ;
PDO300AalgXPalg is PDO300AalgX rxpaigiacz and PAO1AmucD-
Palg is PAOI AmucDcrxpalglacz
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mucA22 allele, it would seem that MucD is playing a
different, positive regulatory role in the absence of full-
length MucA.

Increased levels of transcription associated with aberrations
to the stoichiometry of the alginate biosynthesis proteins
require AlgU

Since PDO300 has a truncated (and seemingly non-
functional) MucA, we hypothesised that changes in alginate
promoter activity in PDO300-derived strains may be via a
route independent of the conventional MucA-AlgU, anti-
sigma factor, complex. Within the alginate promoter region,
there is a binding site for an alternative sigma factor, RpoN.
Under certain conditions, RpoN has been shown to be
required for transcription from the alginate promoter, while
inhibiting transcription under other conditions (Boucher et
al. 2000). Thus, the genes encoding the sigma factors AlgU
and RpoN were disrupted in several strains to assess which
sigma factor is responsible for the changes in the activation
of the alginate promoter.

Disruption of algU in all strains assessed resulted in a
loss of alginate production as well as reduction of alginate
promoter activity to levels similar to those of PAOI,
indicating that the increases in alginate promoter transcrip-
tion observed in the AalgX and AmucD mutants ultimately
require the AlgU sigma factor (Supplementary Table 4).
Furthermore, overproduction AlgX, Alg8, Alg44, AlgE and
MucD in PDO300AalgU did not result in increased levels
of transcription seen in WT PDO300.

Disruption of rpoN produced a slight reduction in
both alginate promoter activity and levels of alginate
produced in PDO300. PAOIAmucDArpoN had no
change in promoter activation nor in the levels of alginate
produced. Artificially changing the levels of AlgX, Alg8,
Alg44, AlgE or MucD had no significant effect on the
increased levels of transcription associated with them
(Supplementary Table 4).

Discussion

For decades, an alginate polymerisation/secretion multi-
protein complex anchored in the cytoplasmic membrane
had been proposed (Fig. 1) (Rehm 2010). So far, only one
protein—protein interaction between AlgX and MucD had
been experimentally shown (Gutsche et al. 2006). To
provide experimental evidence for this multiprotein com-
plex, it was investigated whether the AlgX—MucD complex
interacts with further subunits. Here pull-down experiments
using affinity chromatography were conducted. This led to
identification of AlgK interacting with AlgX which
interacts with MucD (Fig. 2). This is the first direct
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interaction demonstrated between essential alginate biosyn-
thesis proteins. AlgK is a lipoprotein of unclear function
which is encoded in the alginate operon and essential for
the mucoid phenotype and the production of full-length
alginate (Jain and Ohman 1998). AlgK is associated with
the outer membrane, and there is some evidence to suggest
that AlgK is involved in the localisation of AIgE to the
outer membrane (Keiski et al. 2010). When AlgX was
purified from PDO300AalgX(pBBR1MCS-5:algXStrep),
AlgK was predominately present in a truncated 45.6-kDa
version with small amounts of full-length AlgK and MucD.
However, when purified in the absence of MucD (i.e. from
PAO1AmucDAalgX(pBBR1MCS-5:algXStrep)), AlgK
was only present in the full-length form. This could indicate
that the proteolytic activity of MucD is cleaving AlgK,
though the reason for this seems unclear. The fact MucD
was present in far lower quantities than either AlgX or
AlgK and that no MucD containing complex could be
detected in the gel filtration chromatography suggested that
the interaction between MucD and AlgX/AlgK is weak or
transient. MucD could be co-purified with AlgX from the
non-mucoid PAO1AalgX(pBBR1MCS-5:algXStrep), sug-
gesting that the AlgX— MucD interaction is not dependent
on AlgK. Similarly, copurification of AlgK from the
mucoid strain PAO1AmucDAalgX(pBBRIMCS-5:algX-
Strep), i.e. in the absence of MucD, suggests that the
AlgX—-AlgK interaction is not dependent on MucD.
Additionally, AlgX or AlgK does not appear to have an
effect on the protease activity of MucD.

One possible explanation could be that the interaction of
AlgX/AlgK with MucD might cause sequestration of MucD
at the alginate polymerisation/secretion complex, making it
unavailable for its regulatory role (Fig. 1). External stresses
could cause instabilities in the complex and the release of
MucD from the complex where it could exert its positive
regulatory role increasing transcription of the alginate
operon (possibly restoring the multiprotein complex).

The presence of the regulatory protein, MucD, in the
periplasmic multiprotein complex suggested a link between
the assembly of the multiprotein complex and regulation of
alginate biosynthesis. Regulation of alginate biosynthesis is
a complex process involving a combination of transcrip-
tional regulation, post-translational regulation and the
mutation of “hyper-mutable” regions of the genome. This
regulatory network involves both globally acting regulators
and alginate-specific regulators. Recently, several of the
steps of a RIP cascade involved in activating transcription
of the alginate operon in response to cell wall stresses have
been elucidated. At least five proteases have been shown to
be involved in the proteolysis of MucA, and all but MucD
have been shown to positively influence alginate produc-
tion in non-mucod strains (Wood and Ohman 2006, 2009;
Wood et al. 2006; Qiu et al. 2007, 2008b) (Fig. 1). MucD is

thought to repress the activation of alginate production by
degrading misfolded proteins that would otherwise activate
the protease AlgW, though this relationship is unclear as it
has recently been demonstrated that mucD mutants remain
mucoid in the absence of AlgW but are dependent on the
MucP protease (Qiu et al. 2007; Damron and Yu 2011).

Here it was shown that there is a connection between the
stability of the proposed alginate biosynthetic complex and
the level of transcription from the alginate promoter.
Removing or increasing the copies of various members of
the proposed complex results in instability of the complex
as indicated by the secretion of short dialysable uronic
acids, presumably the products of alginate degradation by
AlgL (Robles-Price et al. 2004). In PDO300, overproduc-
tion of the various subunits resulted in an at least 2-fold
increase in the level of transcription from the alginate
promoter as well as increased levels of alginate biosynthesis
(Fig. 2). The different levels of increased promoter activity
observed with the different subunits could be due to the
relative effect each subunit has on the stability of the
complex. It appears that this activation is dependent on
MucD, as overproduction of these same proteins in the
mucoid PAO1AmucD had no significant effect on the levels
of transcription from the alginate promoter or the levels of
alginate production. It is possible that AlgX is also required
as no increase in transcription was observed in PDO300-
AalgX strains overproducing these proteins, but any effect
may be masked by the already elevated levels of transcrip-
tion observed in this strain.

PDO300 is an isogenic derivative of PAOl with a
truncated, seemingly non-functional MucA anti-sigma
factor (Mathee et al. 1999), yet the increases in transcrip-
tion associated with instability of the alginate biosynthesis
complex appeared to be dependent on the sigma factor
AlgU. This suggested that any communication between the
alginate secretion complex and the transcriptional machin-
ery still involves AlgU. As the truncation in MucA is in the
periplasmic C-terminus, it is possible that the truncated
MucA present in PDO300 (and many clinical isolates) is
still able to bind/sequester the cytosolic AlgU, but may be
more prone to proteolysis by the RIP cascade. Instability of
the secretion complex may speed up the proteolysis of
MucA, possibly via MucD, and thus increase the levels of
transcription. It should also be noted that instability of the
complex (as assessed here) is not sufficient to induce
expression of the alginate biosynthesis genes or a mucoid
phenotype in the non-mucoid strain PAO1 containing full-
length MucA.

Interestingly, though our results regarding the disruption
of mucD in PAO1 are consistent with the proposed negative
regulatory role of MucD, our results regarding the
overproduction of MucD seem to suggest a positive
regulatory role, at least in the absence of full-length MucA.
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Overproduction of MucD in PDO300 resulted in a 3.3-fold
increase in the levels of transcription from the alginate
promoter and a 1.7-fold increase in the levels of alginate
biosynthesis (Fig. 3). This positive regulatory role would
seem to be dependent on AlgX, as overproduction of MucD
in PDO300AalgX does not result in an increased transcrip-
tion, though this could be due to the already elevated
transcription levels in this strain. Overproduction of MucD
in PAOL1 has neither effect on the levels of transcription nor
the levels of alginate biosynthesis. This suggests that in the
presence of full-length MucA, MucD acts as a negative
regulator; however, in situations where MucA is truncated
(i.e. PDO300), MucD may be acting as a positive regulator.
This is complicated by the fact that it was not apparently
possible to generate a mucD-deficient strain in the mucA22
strains PDO300 and FRDI. It cannot be ruled out that
overproduction of MucD aids in the degradation of MucA
when it is already truncated (and thus not “protected” by
MucB) due to the muc22A mutation. Frame shift mutations in
mucA resulting in truncations, such as the mucA22 mutation,
are by far the most common mutations observed in clinical
mucoid isolates (Ciofu et al. 2008; Boucher et al. 1997). This
inability to generate the AmucD mutant could suggest that
MucD may be essential for the survival in mucA22-based
mucoid strains. This is strengthened by the finding that
PAO1AmucD and PAO1AmucDAalgX showed impaired
growth and were prone to cell lysis. Also, AmucD mutants
have previously been demonstrated to be more susceptible to
heat and reactive oxygen species (Boucher et al. 1996).

Intriguingly, though PAOIAmucD produced alginate at
levels equivalent to PDO300, the alginate promoter activity
was about 6.5 times less than in PDO300. This could indicate
that the increase in alginate production observed with the loss
of mucD may, at least to some extent, occur at a post-
transcriptional level.

Overall, in this study, further evidence for a periplasmic
multiprotein complex involved in alginate biosynthesis and
its transcriptional regulation was obtained.
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