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Abstract Alginates exhibit unique material properties suit-
able for medical and industrial applications. However, if pro-
duced by Pseudomonas aeruginosa, it is an important viru-
lence factor in infection of cystic fibrosis patients. The algi-
nate biosynthesis machinery is activated by c-di-GMP
imparted by the inner membrane protein, MucR. Here, it
was shown that MucR impairs alginate production in response
to nitrate in P. aeruginosa. Subsequent site-specific mutagen-
esis of MucR revealed that the second MHYT sensor motif
(MHYT 11, amino acids 121-124) of MucR sensor domain
was involved in nitrate sensing. We also showed that both c-
di-GMP synthesizing and degrading active sites of MucR
were important for alginate production. Although nitrate and
deletion of MucR impaired alginate promoter activity and
global c-di-GMP levels, alginate yields were not directly cor-
related with alginate promoter activity or c-di-GMP levels,
suggesting that nitrate and MucR modulate alginate produc-
tion at a post-translational level through a localized pool of c-
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di-GMP. Nitrate increased pel promoter activity in the mucR
mutant while in the same mutant the ps/ promoter activity was
independent of nitrate. Nitrate and deletion of mucR did not
impact on swarming motility but impaired attachment to solid
surfaces. Nitrate and deletion of mucR promoted the formation
of biofilms with increased thickness, cell density, and survival.
Overall, this study provided insight into the functional role of
MucR with respect to nitrate-mediated regulation of alginate
biosynthesis.
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Introduction

Alginate is composed of (3-1,4 linked (3-D-mannuronic acid
and o-L-guluronic acid. It is commercially harvested from
brown seaweed for applications in food, biotechnology, and
medicine. However, pure alginate of defined properties is usu-
ally mandatory in medical applications, and seaweed may
struggle to meet this requirement due to seasonal variation.
Under this circumstance, bacteria could supersede seaweed
as the primary source of alginate for medical applications
because alginate produced by bacteria is highly homogenous.
On the other hand, during infection of the cystic fibrosis (CF)
lung, the human pathogen Pseudomonas aeruginosa over-
produces alginate which clogs patients’ airways and protects
the pathogen against host immune responses and antibiotics,
making this disease difficult to treat (Cohen and Prince 2012;
Hoiby et al. 2010). Therefore, any progress on the understand-
ing of regulatory mechanisms of alginate production in bacte-
ria will contribute to the development of strategies to
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manipulate alginate production for high premium products
and/or disease treatment.

In P. aeruginosa, alginate is synthesized by a multiprotein
complex. The alginate precursor, GDP-mannuronic acid, is
polymerized by the inner membrane (IM) proteins Alg8 and
Alg44 (Oglesby et al. 2008; Remminghorst et al. 2009;
Remminghorst and Rehm 2006a, b). The resulting polymer
is translocated across the periplasm by a multiprotein scaffold
where it is modified and then secreted from the cell (Albrecht
and Schiller 2005; Baker et al. 2014; Farrell and Tipton 2012;
Franklin and Ohman 2002; Gutsche et al. 2006; Hay et al.
2012; Jain et al. 2003; Jain and Ohman 1998; Rehman et al.
2013; Robles-Price et al. 2004; Tan et al. 2014).

The alginate biosynthesis machinery is activated by the
ubiquitous bacterial secondary messenger, cyclic di-
guanidine monophosphate (c-di-GMP), which binds to the
PilZ domain of Alg44 (Amikam and Galperin 2006; Merighi
et al. 2007). Another IM protein, MucR, is thought to modu-
late a localized pool of c-di-GMP in proximity to Alg44 to
control alginate production at post-translational level (Hay
etal. 2009). MucR has an IM sensor domain and two cytosolic
output domains. The sensor has three MHYT motifs (named
after its amino acid sequence) suggested to co-ordinate a cop-
per ion, allowing perception of nitric oxide (NO) and other
gases (Galperin et al. 2001; Hay et al. 2009). NO is released
during denitrification along with other nitroactive intermedi-
ates which are linked to suppressed alginate production
(Wood et al. 2007; (Zumft 1997). However, whether
MucR’s sensor domain is involved in sensing these nitroactive
intermediates, leading to suppressed alginate production, re-
mains unknown.

The two cytosolic output domains of MucR, GGDEF and
EAL (named after their conserved catalytic amino acid se-
quences), are involved in c-di-GMP synthesis [diguanylate
cyclase (DGC) activity] and degradation [phosphodiesterase
(PDE) activity], respectively (Hay et al. 2009; Li et al. 2013).
In vitro studies indicate that although both GGDEF and EAL
domains are catalytically active (Li et al. 2013), it has not yet
been determined whether both activities (or active sites) are
necessary for alginate production.

The majority of DGCs and PDEs characterized to date
form multimeric quaternary structures—dimers or tetramers
(Barends et al. 2009; De et al. 2009; Phippen et al. 2014;
Rao et al. 2008; Romling et al. 2013; Sharma et al. 2014;
Tarutina et al. 2006; Tchigvintsev et al. 2010; Wassmann
et al. 2007). This is particularly important for DGCs, where
dimerization is critical for their enzymatic activity (Romling
et al. 2013). Since MucR has DGC and PDE activity, we
anticipate that it should also form higher MW complexes.
Furthermore, a recent study shows that a shift in oligomeric
state can affect an enzyme’s catalytic activity. For instance,
DcpA, another c-di-GMP modulating enzyme, functions as
DGC and PDE in its dimeric form while in its monomeric
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form it only has PDE activity (Sharma et al. 2014).
However, whether the signal perceived by MucR impacts its
oligomeric state is unknown.

Previous studies demonstrated that loss of alginate produc-
tion enhanced swarming motility and surface attachment by
P. aeruginosa and increased production of the
exopolysaccharides, Pel and Psl (Hay et al. 2009; Ghafoor
et al. 2011). Here, it was proposed that if nitrate suppressed
alginate production, then motility, attachment, and Pel and Psl
production might increase. Pel and Psl are involved in cell-cell
interactions which could affect biofilm characteristics (see
below).

In this study it was investigated whether (1) nitrate triggers
the suppression of alginate production through the sensor do-
main of MucR, (2) nitrate suppresses alginate production by
impairing MucR’s DGC activity, (3) nitrate controls the olig-
omeric state of MucR, (4) nitrate-induced suppression of algi-
nate production is caused by lowered global intracellular c-di-
GMP levels and reduced alginate promoter activity, and
whether (5) nitrate-induced suppression of alginate production
enhances surface attachment and swarming motility as well as
Psl and Pel production, biofilm thickness, compactness, and
cell survival.

Variants of MucR containing inactive sensor and output
domains were generated and characterized with respect to
their functional role in nitrate-mediated regulation of
exopolysaccharide biosynthesis with emphasis on alginate
production. The effect of nitrate on MucR oligomeric state
was studied using crosslinking and immunoblot experiments.
A c-di-GMP-sensitive-promoter-lacZ reporter was employed
to assess the effect of nitrate and MucR on intracellular c-di-
GMP levels, i.e., post-translational regulation. Moreover, the
impact of nitrate-mediated MucR-dependent regulation on
surface attachment, swarming motility, and biofilm character-
istics was studied.

Materials and methods
Bacterial strains and growth conditions

The bacterial strains, plasmids, and oligonucleotides used in
this study are listed in Table 1. All Escherichia coli strains
were grown in LB medium at 37 °C. E. coli S17-1 was used
for conjugative transfer of mob site-containing pPBBR1MCS-
5, pEX100T, and mini-CTX-lacZ-derived plasmids. E. coli
SM10 was used for conjugative transfer of the pFLP2 plas-
mid. P. aeruginosa strains were grown in LB or Pseudomonas
Isolation medium, and on Pseudomonas Isolation Agar (PIA)
(Difco) at 37 °C. For E. coli, antibiotics were used at the
following concentrations (g ml™'): ampicillin, 100;
gentamycin (Gm), 10; and tetracycline, 12.5. For
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P. aeruginosa, the following concentrations were used (p1g
mlfl): carbenicillin, 300; Gm, 300; and Tet, 150.

Isolation, analysis, and manipulation of DNA

General cloning procedures were followed. Deoxynucleoside
triphosphates, Taq, and Platinum Pfx polymerases were from
Invitrogen. Restriction enzymes were from New England
Biolabs. DNA was cloned using the pGEMt-easy kit
(Promega, USA). DNA was verified by sequencing using an
ABI310 automatic sequencer.

Construction of mucR mutant

An isogenic marker free mucR mutant was generated in
P aeruginosa PDO300, through homologous recombination
(Hay et al. 2009).

Construction of plasmids for expression of MucR variants

The mucR mutant was complemented with pPBBR1IMCS-
S:mucR (Hay et al. 2009). Mutant variants of mucR were gen-
erated by inverse PCR and gene synthesis (Chiu et al. 2004)
(Genscript). For each mutation, two primer pairs were de-
signed: a pair of tailed forward/reverse primers and a pair of
non-tailed-forward/reverse primers. The tailed primers are ex-
tended forms of the non-tailed primers which carry the desired
mutation(s) at their 5" ends. pBBR1MCS-5:mucR was used as
template in PCR reactions containing the relevant primers
(Chiu et al. 2004). PCR mixtures were digested with Dpnl to
remove template DNA and a hybridization step was per-
formed (Chiu et al. 2004). Final sequence confirmed plasmids
were introduced into PDO300AmucR. Successful
transconjugants were selected on PIA Gm.

Alginate quantification and uronic acid assays
Sample preparation from solid media

Alginate yields were determined as described previously
(Remminghorst and Rehm 2006b). Briefly, strains were
grown overnight in LB medium. Cells were washed twice
with 1 vol sterile saline and suspended to an OD of 6.0. For
each plate, 1 ml of cells was suspended in 200 pl, spread onto
a PIA Gm plate and incubated for 72 h at 37 °C. To examine
the effect of nitrate on alginate production, the medium was
supplemented with potassium nitrate to 1 % w/v.

Biomass from plates were suspended in saline and centri-
fuged at 7500xg at 4 °C for 30 min. Crude alginate was pre-
cipitated from the supernatant with 1 vol ice-cold isopropanol.
Alginate and cells were lyophilized. Alginate samples were
suspended in buffer (0.05 M Tris—HCI, 10 mM MgCl,) to a
final concentration of 0.5 % w/v and incubated with DNase I

(15 pg ml™") and RNase A (15 pug ml™") for 6 h at 37 °C with
shaking at 200 rpm. After further 18 h of incubation with
Pronase E (20 ug ml™"), samples were dialyzed (12 kDa cut-
off) against 5 1 of 0.9 % w/v NaCl for 24 h at 4 °C. Samples
were precipitated with ice-cold isopropanol, freeze-dried, and
subjected to uronic acid assay.

Sample preparation from liquid media

Uronic acid content of culture supernatants was analyzed
(Hay et al. 2010). Briefly, strains were grown at 37 °C over-
night in 20 ml of LB medium+Gm. Culture supernatants were
filtered using Vivaspin 500 spin columns (10 kDa MW cut-
off; GE Healthcare) by centrifugation (16,000xg for 1 h at
4 °C) and uronic acid content of filtered and non-filtered su-
pernatant were determined.

Uronic acid assay

Uronic acid content of samples isolated from solid and liquid
media was determined (Blumenkrantz and Asboe-Hansen
1973; Remminghorst and Rehm 2006a).

Crosslinking of MucR

Strains were grown on PIA media. Biomass from three plates
were harvested and washed six times. Wash buffer A
(150 mM NaCl) and wash buffer B (150 mM NaCl and
50 mM KNOs) were used to wash cells grown in the absence
and presence of nitrate, respectively. Cells were incubated for
30 min at 37 °C in 5 ml of crosslinking buffer [10 mM HEPE
S, 150 mM NacCl, pH 7.4, 20 % v/v of DMSO, 5 mM
disuccinimidyl glutarate (DSG) crosslinker (Thermo
Scientific Pierce)]. For each treatment, a negative control
was included; these cells were suspended in crosslinking buft-
er minus DSG. Reactions were stopped by 20 mM Tris—HCl
(pH 7.4).

Cells were washed twice with buffer (10 mM HEPES,
150 mM NaCl, pH 7.7), lysed by sonication, and IM fractions
were prepared and probed for MucR.

Immunoblot analysis of envelope fractions

Cells were treated on ice for 1 h with lysozyme buffer (10 mM
HEPES, 150 mM NaCl, pH 7.4, X1 conc. of Roche EDTA free
protease inhibitor) and lysed by sonication (on ice, 12 cy-
cles—15 s of sonication and 15 s cool down). Unlysed cells
and debris were removed by centrifugation (15,000xg for
30 min at 4 °C). The clear cell lysate was centrifuged (100,
000xg for 90 min at 4 °C), sedimenting the envelope fraction
which was suspended in 300 ul 10 mM HEPES, 150 mM
NaCl, pH 7.4 containing 0.7 % w/v N-lauroyl-sarcosine and
subject to gentle agitation at 25 °C for 1 h to solubilize the IM
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fraction. The sample was centrifuged (100,000xg for 90 min
at 4 °C) and the pellet discarded. The remaining supernatant
containing the IM fraction was aliquoted and stored at —80 °C.

Protein concentrations were determined by Bradford Assay
(Bio-Rad Protein Assay Kit; Bio-Rad Laboratories, Inc.).
Proteins were run on SDS-PAGE (3.9 % stacking and 8 %
separating gel) and transferred to a nitrocellulose membrane
using iBlot® Dry Blotting system (Invitrogen). Membranes
were washed thrice with TBST (Tris, NaCl, Tween 20 0.1 %
v/v) and blocked at 25 °C with 5 % BSA in TBST for 1 h.
Membranes were washed thrice and probed at 4 °C overnight
with rabbit polyclonal anti-MucR antibody (Genescript) in
TBST containing 1 % w/v BSA at 1:10,000. After washing,
membranes were probed with goat-anti-rabbit antibody con-
jugated to horse radish peroxidase for 1 h at room temperature
(1:10,000 in TBST containing 1 % w/v BSA). After washing,
substrate was added and incubated for 5 min, and image
developed.

Measuring intracellular c-di-GMP levels using
a c-di-GMP sensitive lacZ reporter

A ¢-di-GMP sensitive /acZ reporter plasmid was constructed
as previously described (Baraquet et al. 2012). Integration of
this plasmid, mini-CTX-lacZ-pelAwt, was confirmed by col-
ony PCR, and the vector backbone was removed (Hoang et al.
2000). This construct was used to determine intracellular c-di-
GMP levels through beta-galactosidase assay.

Measurement of algD, pel4, and psiA promoter activities

Promoter activities of algD, pelA, and psl4 were determined
using previously described promoter-specific /lacZ fusion re-
porter plasmids: miniCTXPalglacZ, pTZ110:peld, and
pTZ110:psl4 (Ghafoor et al. 2011; Hay et al. 2012;
Overhage et al. 2005), through beta-galactosidase reporter
assays.

Beta-galactosidase reporter assays

Beta-galactosidase (LacZ) activity was measured according to
Miller (Miller 1972; Zhang and Bremer 1995). Briefly, strains
were grown on PIA medium for 72 h at 37 °C. Cells were
taken, washed twice with saline, and adjusted to an O.D of
0.7. LacZ activity was measured in 96-well microtiter plates.
Five microliters of sample was added to 20 pl of buffer A
[100 mM Na,HPO,4, 20 mM KCI1, 2 mM MgSOy,
0.8 mg ml"' of (CTAB) hexadecyltrimethylammonium bro-
mide, 0.4 mgml ™' of sodium deoxycholate, and 5.4 ul ml™' of
[3-mercaptoethanol]. To this mixture, 150 ul of buffer B
[60 mM Na,HPO,, 40 mM NaH,PO,, 2.7 ul ml™" of -
mercaptoethanol, and 1 mg ml™! of o-nitrophenyl-3-D-galac-
toside (ONPQG) as substrate] was added and incubated for 30
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to 90 min at 30 °C. Buffer B minus ONPG was used as a blank
for each sample. Reactions were stopped by adding 175 pl of
buffer D: 1 M sodium carbonate (Na,COj3). Absorbance at
405 nm was measured and LacZ activities were calculated in
Miller Units (Zhang and Bremer 1995).

Solid surface attachment assay

Attachment to a solid surface was assessed according to
Merrit et al. (2005). Briefly, relevant strains were grown to
saturation in PI medium. Cell cultures were supplemented
with either KNO5 (0.1 volx 10 stock to a final concentration
of 1 % w/v) or 0.1 vol. water (negative control). One hundred
microliters was transferred to seven wells of a sterile 96-well
microtiter plate and incubated at 37 °C for 90 min. Unbound
cells were removed by inverting and washing the plate. Bound
cells were stained with 125 pl of 0.1 % crystal violet and
incubated at 25 °C for 15 min. Unbound crystal violet was
removed by two washes as above and air dried. Bound crystal
violet was solubilized with 200 pl of dimethy! sulfoxide and
attachment efficiency was inferred from absorbance at
595 nm.

Swarming motility assay

Swarming motility was assessed as described previously
(Tremblay et al. 2007). Briefly, plates consisted of modi-
fied M9 medium=1 % w/v of KNOj3. Autoclaved medium
was poured in petri dishes and dried under laminar flow
for 1 h. Swarm plates were inoculated with 5 pl of
stationary-phase bacterial culture and incubated at 30 °C
for 16 h.

Continuous-culture flow cell biofilms

P aeruginosa strains were grown in continuous-culture flow
cells (channel dimensions of 4 mmx40 mmx 1.5 mm) at
37 °C (Hay et al. 2009). Channels were inoculated with
0.5 ml of early-stationary-phase cultures and incubated with-
out flow for 4 h at 25 °C. Then a flow rate of 0.3 ml min "’
(Reynolds number of 5) was maintained for 20 h. Cells were
stained using the LIVE/DEAD BacLight bacterial viability kit
(Molecular Probes, Inc., Eugene, OR) and visualized via con-
focal laser scanning microscopy (Leica SP5 DM6000B).
Biofilm characteristics were calculated using Imaris software
(Ghafoor et al. 2011). Briefly, the average height and com-
pactness were determined as previously described (Ghafoor
et al. 2011). Also, a ratio of dead to live cells was reached by
dividing the total red with the total green fluorescence
(Ghafoor et al. 2011).
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Results
Suppression of alginate production by nitrate

Previously, it was reported that inactivation of mucR in
P aeruginosa PDO300 severely reduced alginate production
(Hay et al. 2009). In the present study, we showed that ex-
pressing mucR in trans in the mucR mutant restored alginate
production (Fig. 1a). An empty vector also partially restored
alginate production in the mutant, a known response due to
antibiotic stress (Hay et al. 2009; Remminghorst and Rehm
2006a, b).

Supplementing the growth medium of
PDO300(pBBRIMCS-5) with nitrate (potassium nitrate, 1 %
w/v) abolished alginate production (Fig. 1a). However, nitrate
did not affect alginate production in the mucR mutant harboring
an empty vector (Fig. 1a). In contrast, nitrate significantly re-
duced alginate yield by the mutant expressing mucR in trans,
PDO300AmucR(pBBRIMCS-5:mucR) (Fig. 1a). Subsequent
immunoblotting shows that MucR was detected at full length in
the IM fractions of PDO300(pBBR1IMCS-5) and
PDO300AmucR(pBBR1IMCS-5:mucR) (Fig. S1).

Analysis of uronic acid (UA) content of non-filtered and
filtered culture supernatants indicated that nitrate suppressed
alginate production by impairing polymerization (Table S1).
UA of the non-filtered fraction (TOTAL UA) represented the
total alginate produced, both high molecular weight and low
molecular weight/degraded polymer. In contrast, the UA con-
tent of the filtered fraction represented only the low molecular
weight/degraded polymer (smaller than 10 kDa) which was
referred to as free uronic acid (FUA) content. In the absence of
nitrate, PDO300 produced 627+27.6 and 106+17.3 pg ml™*
of UA in the total UA and FUA fractions, respectively
(Table S1). Thus, roughly a sixth of the alginate was low
molecular weight/degraded polymer, a finding consistent with
previous studies (Hay et al. 2010). In contrast, when grown in
the presence of nitrate, PDO300 yielded around 100 pg ml™"
of UA in both fractions, indicating that nitrate impaired poly-
merization (Table S1). Interestingly, inactivation of mucR also
led to background levels of UA, independent of nitrate
(Table S1), suggesting that MucR is critical for polymerization
during growth in liquid medium.

Involvement of the MucR sensor domain in nitrate sensing

To examine if the proposed MHY T sensor domain of MucR
had a role in nitrate sensing, variants of MucR containing
single, double, and triple histidine to alanine substitutions at
their MHY T motifs (HS9A, H122A, and H189A)—numbered
L, II, and III from the N terminus—were generated and intro-
duced separately into the mucR mutant. We showed that re-
placing histidine of MHYT I or III by alanine, respectively,
did not impair nitrate-induced suppression of alginate
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EAL

biosynthesis (Fig. 1b). However, replacing the histidine of
the second MHYT motif (MHYT II) by alanine abolished
nitrate-induced suppression of alginate production (Fig. 1b).
These MucR variants were detected at full length in IM
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fractions by immunoblot (Fig. S1). Subsequent mutation of
any two or all three MHY T motifs also interfered with nitrate
sensing (Fig. S2).

Importance of MucR’s GGDEF and EAL domains
for alginate production

To determine the role of MucR’s GGDEF and EAL domains
in nitrate-dependent regulation of alginate production, two
variants of MucR were generated, one with a disabled
GGDEF domain (GGDEF to GGA AF mutation) and the other
with an inactivated EAL domain (EAL to AAL mutation).
Introducing either variant into the mucR deletion mutant led
to alginate yields comparable to the mucR mutant harboring
the empty vector (Fig. 1¢), indicating that both DGC and PDE
active sites of MucR are required for alginate production. Both
variants of MucR were detected at full length by immunoblot
in IM fractions (Fig. S1).

Non-impact of nitrate on the oligomeric state of MucR

Previous studies have shown that c-di-GMP modulating en-
zymes form higher oligomeric states—dimers and tetramers
(Romling et al. 2013). To examine if MucR also formed
higher MW complexes, we performed crosslinking and im-
munoblot experiments using PDO300(pBBRIMCS-5). Cells
were treated with or without a crosslinking reagent (DSG) and
IM fractions were probed with anti-MucR antibodies. In un-
treated cells, MucR was detected as a monomer (~75 kDa).
However, in DSG-treated cells, MucR was detected at a sub-
stantially higher MW (~300 kDa) (Fig. S3). This shift in MW
was independent of nitrate (Fig. S3).

Modulation of c-di-GMP levels and alginate promoter
activity by nitrate through MucR

To assess whether nitrate-induced suppression of alginate pro-
duction was associated with depleted global intracellular c-di-
GMP levels and reduced alginate promoter (PalgD) activity,
we measured c-di-GMP levels and PalgD activity using pre-
viously described c-di-GMP-sensitive- and PalgD-lacZ fusion
reporters (Hay et al. 2012; Baraquet et al. 2012). Nitrate re-
duced c-di-GMP levels by 15 % and PalgD activity by 50 %
in PDO300. Similarly, deletion of mucR reduced c-di-GMP
levels by 30 % and PalgD activity by 50 %. Furthermore,
inactivation of the sensor and output domains of MucR also
reduced PalgD activity by 50 % (Fig. S4). However, nitrate
did not further reduce c-di-GMP or PalgD activity in the mucR
mutant (Fig. 2). We next examined if over-producing a highly
active DGC, WspR, in PDO300 could increase PalgD activ-
ity. Our results showed that when PDO300 was grown in the
absence and presence of nitrate, over-production of WspR
increased PalgD by 20 and 40 %, respectively (Fig. S5).
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Fig. 2 The effect of MucR and nitrate on global intracellular c-di-GMP
levels and alginate promoter activity. a C-di-GMP levels (Miller Units,
mean=+SD) of strains grown in the absence/presence (white/black) of
nitrate. C-di-GMP was measured using a c-di-GMP sensitive promoter-
lacZ reporter. PDO300 and dR=PDO300 and PDO300AmucR strains
containing c-di-GMP-lacZ reporter and empty pBBRIMCS-5 vector, re-
spectively. b Alginate promoter activities (Miller Units, mean+SD) of
strains grown in the absence/presence (white/black) of nitrate. PalgD
activity was measured using chromosomally integrated miniCTX-
PalgD-lacZ reporter. PDO300 and dR=PDO300 and PDO300AmucR
strains containing miniCTX-PalgD-lacZ reporter and empty
pBBRIMCS-5 vector, respectively. In panels (a) and (b), =6 and 3,
respectively. Treatments with different letters are significantly different
(post hoc Tukey HSD Test, p<0.05)

Overall, these results suggested that PalgD activity and c-di-
GMP levels are linked.

Effect of nitrate and MucR on surface attachment,
swarming motility, pel and ps/ promoter activity as well
as biofilm characteristics

Previously, alginate-negative strains were shown to be en-
hanced in surface attachment and swarming motility (Hay
etal. 2009). Hence, we predicted that nitrate-induced suppres-
sion of alginate production could enhance these phenotypes.
Here, we showed that nitrate impaired surface attachment by
PDO300. However, it did not affect attachment by mucR mu-
tant which was already impaired compared to PDO300
(Fig. 3). We also showed that neither nitrate nor deletion of
mucR affected swarming motility (Fig. S6).

Earlier studies suggested that alginate negative mutants
produced more Psl and Pel (Ghafoor et al. 2011; Hay et al.
2009). Given that nitrate suppressed alginate production in
PDO300 (Fig. 1a), we anticipated that nitrate would also boost
Psl and Pel production. However, using plasmid-borne Pps/A-
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and PpelA-lacZ reporters, we show that in PDO300, nitrate
did not affect psi4 or pelA promoter activities (Fig. 4).
Similarly, nitrate did not affect psi4 promoter activity in the
mucR mutant, which was approximately 40 % higher than
PDO300. In contrast, nitrate increased peld activity in the
mucR the mutant by a similar amount.

We next examined if mucR and nitrate affected biofilm
characteristics, including the average thickness, cellular den-
sity, and ratio of live to dead cells. In general, nitrate-
containing medium led to thicker, more compact biofilms with
fewer dead cells while deletion of mucR had a similar effect
(Table 2).

Discussion

In the present study, nitrate was identified as a signal per-
ceived by MucR, leading to suppressed alginate production
(Fig. 1a). We also showed that inactivation of the second
MHYT motif (aa 121-124) blocked nitrate-induced suppres-
sion of alginate production (Fig. 1b), suggesting that this motif
is critical in nitrate perception. Nitrate is utilized by
Pseudomonas spp. as alternative electron acceptor and respec-
tive denitrification intermediates had been linked to reduced
alginate production (Vollack and Zumft 2001; Wood et al.
2007; Worlitzsch et al. 2002; Zumft 1997). One of these in-
termediates, NO, binds strongly with transition metals such as

Table 2 Role of MucR and nitrate on biofilm characteristics
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ments with different letfers are significantly different (post hoc Tukey
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the copper ion proposed to reside in MucR’s sensor domain.
NO has also been shown to induce biofilm dispersal depen-
dent of MucR (Li et al. 2013). Our results are in accordance
with these previous findings and suggest that MucR senses
nitrate through denitrification intermediates such as nitric ox-
ide. However, the possibility that MucR directly senses nitrate
and/or changes in redox potential (due to denitrification) can-
not be ruled out.

Inactivation of either GGDEF or EAL domain of MucR
impaired alginate production (Fig. 1c), indicating that both
c-di-GMP synthesizing and degrading activities of MucR are
required for alginate production. This is consistent with results
of a previous study showing that MucR’s DGC activity is
enhanced by its EAL domain (Li et al. 2013). Furthermore,
because MucR functions as a DGC and PDE during biofilm
and planktonic growth modes, respectively (Li etal. 2013), we
proposed that the EAL domain of MucR could be bi-function-
al, serving a regulatory role during biofilm mode—to enhance
MucR’s DGC activity, while taking on a PDE role during

Average compactness Ratio dead/alive

Nitrate Average height
Strain (&1 %wlv) volume (um?®)/area (m?)
PDO300 - 4.43

+ 6.71
dR - 3.07

+ 8.17

Total fluorescence/volume (um?) Red/green fluorescence

167 0.996
379 0.307
356 0.494
528 0.267
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planktonic mode. Taken together, these results demonstrated
for the first time that both GGDEF and EAL active sites of
MucR are required for alginate production.

C-di-GMP modulating enzymes often form dimers and tet-
ramers (Barends et al. 2009; De et al. 2009; Phippen et al.
2014; Rao et al. 2008; Romling et al. 2013; Sharma et al.
2014; Tarutina et al. 2006; Tchigvintsev et al. 2010;
Wassmann et al. 2007). Dimerization is usually essential for
DGC activity (Romling et al. 2013). Since MucR is an active
DGC during biofilm growth, we investigated whether it would
also form oligomeric states. Our crosslinking and immunoblot
experiments suggested that MucR forms higher molecular
weight complexes, independent of nitrate (Fig. S3). This is
consistent with previous studies alluding to MucR forming

higher oligomeric states (Hay et al. 2009). However, our data
showed that nitrate did not affect MucR’s oligomeric state.
Hence, dimerization and DGC activity might not be part of
the molecular mechanism of nitrate-mediated MucR-depen-
dent regulation.

Previously, MucR was proposed to modulate alginate pro-
duction at a post-translational level through a localized pool of
c-di-GMP (Hay et al. 2009). In the current study, we tested
whether nitrate-induced suppression of alginate production
was caused by lowered global intracellular c-di-GMP levels
and reduced alginate promoter activity. While c-di-GMP
levels were correlated quite well with alginate promoter activ-
ity (Fig. 2 and Fig. S5), alginate yield was not directly asso-
ciated with c-di-GMP levels or alginate promoter activity

NO2 —_ N20 _) —_— N2 .Algunale.
biosynthesis

Nitroactive stress?

Redox potential?

M

2GTP

pGPG

[ | |

NO; MucR

Ppel Ppsl Palg

Fig. 5 Model for nitrate-MucR-dependent regulation of various pheno-
types. a Alginate production. MucR imparts a localized pool of c-di-
GMP, driving alginate production predominately at a post-translational
level. When nitrate is present, it is denitrified, releasing nitric oxide,
causing nitroactive stress, and shifts in redox potential which are sensed
by MucR’s MHYT domain. This interferes with MucR’s DGC activity,
leading to suppressed alginate production. The EAL domain of MucR
enhances DGC activity. Both GGDEF and EAL active sites are required
for alginate production. Potential signals perceived by MucR are repre-
sented in rectangular boxes (i.e., nitrate, NO, nitroactive stress, or redox
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(Figs. 1 and 2 and Fig. S4), indicating that further post-
translational regulatory mechanisms are involved in alginate
production.

Interestingly, neither nitrate nor inactivation of MucR
could abolish PalgD activity or c-di-GMP levels (Fig. 2 and
Fig. S4), suggesting that other factors contribute to these phe-
notypes. For instance, PalgD activity is also driven by tran-
scription factors AlgU, AmrZ, AlgR, AlgP, and AlgB, which
are highly active in PDO300 (Damron and Goldberg 2012;
Hay et al. 2014). Furthermore, P. aeruginosa has over 30
different enzymes which modulate c-di-GMP levels
(Kulasakara et al. 2006).

Previous studies have shown that alginate negative mutants
displayed enhanced surface attachment, swarming motility,
and production of Psl and Pel exopolysaccharides (Ghafoor
etal. 2011; Hay et al. 2009). Hence, we predicted that nitrate-
induced suppression of alginate production might enhance
these phenotypes. However, our results showed that while
nitrate impaired attachment in PDO300 (Fig. 3), it had no
effect on swarming motility (Fig. S6). Furthermore, nitrate
did not elevate psi4 or pel4 promoter activities in PDO300
(Fig. 4). However, peld promoter activity was enhanced by
nitrate in the mucR mutant (Fig. 4) while deletion of mucR
increased pslA promoter activity (Fig. 4). This differential reg-
ulation may contribute to the already highly complex regula-
tory network controlling and fine tuning the production of
exopolysaccharides and other matrix components during bio-
film development (Ghafoor et al. 2011).

To assess whether nitrate-induced suppression of alginate
production would coincide with increased biofilm thickness,
compactness, and cell survival, biofilms grown in flow cell
chambers were analyzed by CLSM. Our results showed that
nitrate enhanced these biofilm characteristics (Table 2).
Interestingly, nitrate also enhanced these characteristics in
the mucR mutant, which also formed more compact biofilms
with enhanced survival (Table 2). These results are consistent
with the fact that nitrate is utilized as an alternative terminal
electron acceptor under hypoxic conditions. Furthermore, the-
se phenotypes were linked to elevated production of Pel and
Psl polymers which are involved in surface attachment, inter-
cellular interaction, micro-colony formation, and biofilm de-
velopment (Colvin et al. 2012; Ghafoor et al. 2011; Ma et al.
2009; Vasseur et al. 2005; Yang et al. 2011; Zhao et al. 2013).
A recent study has shown that another protein, NbdA—which
also has an MHYT-GGDEF-EAL domain structure but only
has PDE activity—plays a more dominant role (than MucR) in
NO-induced biofilm dispersal (Li et al. 2013). However,
whether NbdA also contributes to enhanced biofilm thickness,
compactness, and cell survival is yet to be determined.

Overall, the current study provides new insight into the role
of MucR in nitrate-dependent suppression of alginate produc-
tion. On the basis of our results and findings from previous
studies, we proposed a model for MucR-mediated, nitrate-

dependent suppression of alginate production (Fig. 5a). We
also showed that MucR and nitrate differentially regulate al-
ginate, Pel and Psl exopolysaccharide production, and surface
attachment as well as biofilm characteristics. The role of
MucR and nitrate in regulation of these other phenotypes is
summarized in Fig. 5b and c. Nitrate enhanced Ppeld activity
in the absence of mucR; nitrate did not modulate PpsiA activ-
ity while MucR impaired PpsiA activity, and nitrate impaired
PalgD activity through MucR (Fig. 5b). Figure 5c shows that
nitrate enhanced attachment and biofilm characteristics (aver-
age height, compactness, and survival) while deletion of mucR
has a similar effect. It also shows that neither nitrate nor dele-
tion of mucR affected swarming motility.
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