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Biofilms form when bacteria aggregate in a self-secreted exopolysaccharide matrix; they are
resistant to antibiotics and implicated in disease. Nitric oxide (NO) is known to mediate biofilm
formation in many bacteria via ligation to H-NOX (heme-NO/oxygen binding) domains. Most
NO-responsive bacteria, however, lack H-NOX domain-containing proteins. We have identified
another NO-sensing protein (NosP), which is predicted to be involved in two-component signaling
and biofilm regulation in many species. Here, we demonstrate that NosP participates in the
previously described H-NOX/NO-responsive multicomponent c-di-GMP signaling network in
Shewanella oneidensis. Strains lacking either nosP or its co-cistronic kinase nafK (previously
hnoS) produce immature biofilms, while AnoX and AnoK (kinase responsive to NO/H-NOX)
mutants result in wild-type biofilm architecture. We demonstrate that NosP regulates the
autophosphorylation activity of NahK as well as HnoK. HnoK and NahK have been shown to
regulate three response regulators (HnoB, HnoC, and HnoD) that together comprise a NO-
responsive multicomponent c-di-GMP signaling network. Here, we propose that NosP/NahK adds
regulation on top of H-NOX/HnoK to modulate this c-di-GMP signaling network, and ultimately
biofilm formation, by governing the flux of phosphate through both HnoK and NahK. In addition,
it appears that NosP and H-NOX act to counter each other in a push—pull mechanism; NosP/NahK
promotes biofilm formation through inhibition of H-NOX/HnoK signaling, which itself reduces
the extent of biofilm formation. Addition of NO results in a reduction of c-di-GMP and biofilm
formation, primarily through disinhibition of HnoK activity.
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Multi-component %-di-GMP signaling

Over the past decade, many research groups have shown that low (approximately
nanomolar) concentrations of nitric oxide (NO), a small diatomic gas, regulate biofilm
formation. In many bacteria, the molecular basis for this NO-mediated biofilm response has
been demonstrated to be ligation of NO to H-NOX (heme-NO/oxygen binding) proteins.?
Although many bacteria appear to be responsive to NO, only a minority encode an H-NOX
domain. Fundamental questions, therefore, remain about the identity of bacterial NO sensors
and the molecular mechanisms by which NO regulates biofilm formation in bacteria.

Recently, our lab has identified a novel NO-sensing hemoprotein, which we have named
NosP (NO-sensing protein).3# Within bacterial genomes, NosP domains are annotated as
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FIST (F-box intracellular signal transduction proteins) or DUF1745 domain-containing
proteins, based on their predicted secondary structure.> Most NosP sequences are encoded as
stand-alone proteins, but some are predicted to be a domain of a larger polypeptide. Many
NosP domains are predicted to be involved in two-component signal transduction networks
that mediate biofilm formation by way of regulating downstream diguanylate cyclase (c-di-
GMP synthase) and/or phosphodiesterase enzymes. c-Di-GMP is a known secondary
messenger molecule involved in regulating biofilm formation, among many other important
physiological processes, in many bacteria.

NosP domains were only very recently discovered; at present, little about their function is
known. Our laboratory has characterized NosP domains from Pseudomonas aeruginosa,
Vibrio cholerae, and Legionella pneumophila and found they are hemoproteins that can bind
NO and CO but not molecular oxygen347 (Fischer et al., unpublished data). Biochemical
characterization of the NosP-associated two-component signaling pathways in these
organisms revealed that PaNosP and LpgNosP inhibit the autophosphorylation activities of
co-cistronic histidine kinases that had previously been implicated in biofilm formation3
(Fischer et al., unpublished data). VcNosP was demonstrated to inhibit the
autophosphorylation activity of a co-cistronic quorum-sensing histidine kinase VpsS.#

Although NosP domains are generally encoded in bacteria that lack H-NOX domains,
interestingly, there are a handful of bacteria that possess both putative NO-sensing proteins,
the purpose of which is currently unknown. Shewanella oneidensis encodes an H-NOX
domain (SO_2144) that is co-cistronic with an H-NOX-associated histidine kinase called
HnoK (SO_2145). S. oneidensis also encodes a NosP domain (SO_2542), which is predicted
to be a stand-alone protein co-cistronic with the histidine kinase SO_2543. This protein was
previously named HnoS,8 but we have renamed it NahK for NosP-associated histidine
kinase. SoNahK and SoHnoK have been previously demonstrated to participate in a
multicomponent c-di-GMP signaling network, consisting of the response regulators SoHnoB
(SO _2539), SoHnoC (SO_2540), and SoHnoD (SO_2541), that regulates biofilm in
response to NO.8

In this study, we demonstrate that in S. oneidensis, SONosP appears to act as a master
regulator of the SoHnoB/SoHNoC/SoHnoD multicomponent c-di-GMP signaling network
through inhibition of SoH-NOX/SoHnoK signaling. It appears that SoNosP and SoH-NOX
are engaged in a push—pull mechanism; SoNosP/SoNahK promotes biofilm formation
through inhibition of H-NOX/HnoK signaling, which itself works to reduce the extent of
biofilm formation. Addition of NO to this system causes a reduction in c-di-GMP levels,
primarily because SoHnoK activity becomes uninhibited by SoNosP.

MATERIALS AND METHODS

Materials.

All reagents were purchased at their highest available purity and used as received.
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Bacterial Strains and Growth Conditions.

Strains used in this study are listed in Supplemental Table 1. Escherichia coli strain DH5a
was used for plasmid amplification; £. co/i\WWM3064 was used for conjugation, and £. coli
strain BL21 (DE3) pLysS was used for protein expression and purification. £. coli was
grown in Lennox broth (LB; 20 g/L) at 37 °C with agitation at 250 rpm. S. oneidensis MR-1
was grown in either Lennox broth (LB; 20 g/L) or lactate medium (LM) [0.02% (w/v) yeast
extract, 0.01% (w/v) peptone, 10 mM (w/v) HEPES (pH 7.4), 10 mM NaHCO3, and 0.5 mM
lactate]® at 30 °C with agitation at 250 rpm.

Construction of In-Frame Gene Disruption S. oneidensis Mutants.

Gene deletions for SO_2144 (AhnoX), SO_2145 (AhnoK), SO_2539 (AhnoB), SO_2541
(AhnoD), SO_2542 (AnosP), SO_2543 (AnahK), SO_2144/SO_2542 (AhnoXIAnosP), and
SO_2145/S0O_2543 (AhnoKIAnahK) strains of S. oneidensis were prepared using suicide
vector pSMV3 and homologous recombination as previously described, 1 using primers
found in Supplemental Table 1.

Construction of Gene Disruption S. oneidensis Mutant Complementation Plasmids.

hnoD along with 30 bp upstream of ArnoD and nosPalong with 200 bp upstream of nosPand
nahK along with 200 bp upstream of nahK were each cloned into broad host range plasmid
pBBR1MCS-2 and sequenced (Stony Brook DNA Sequencing Facility). Thereafter, the
resulting p/noD plasmid was introduced into the AAnoD mutant strain as previously
described, 10 while the prosPand pnahK plasmids were introduced into the S. oneidensis
AnosPand AnahK mutant strains, respectively, via electroporation.

Construction of Gene Disruption S. oneidensis MR-1 Mutant Complementation Strains.

S. oneidensis AnosP and AnahK complemented strains were made as previously described,10
with slight modifications. Briefly, 5 mL LB cultures of AnosPand AnahK S. oneidensis
mutant strains were grown overnight (~16 h) at 28 °C. The cultures were then centrifuged
for 1 min at 16813g, after which the cells were washed once with 0.33 mL of sterile 1 M D-
sorbitol (pH 7.59). Next, the cells were resuspended in 0.05 mL of 1 M D-sorbitol and
placed on ice. Thereafter, plasmid DNA was introduced into the mutant strains via
electroporation using 0.1 cm cuvettes and a BTX model 600 Electro Cell manipulator with a
pulse controller (resistance of 200 Q, capacitance of 25 4D, voltage of 0.55 kV). After
electroporation, the cells were suspended in 0.5 mL of LB and successful pnosPand pnahK
S. oneidensis complemented mutants were selected for on LB agar plates supplemented with
10 g mL~1 kanamycin that were incubated overnight (~16 h) at 30 °C.

Biofilm Cultivation and Image Acquisition.

To enable fluorescence microscopic analysis on biofilms, S. oneidensis MR-1 strains
constitutively expressing egfo were constructed by using a modified Tn7 delivery system.11
For image acquisition, biofilms were cultivated in LM [10 mM HEPES (pH 7.5), 100 mM
NaCl, 0.02% yeast extract, and 0.01% peptone] containing 0.5 mM lactate under
hydrodynamic conditions in custom-made three-channel flow cells as previously described.
911 Microscopic visualization of biofilms and image acquisition were performed close to the
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medium inflow of the flow chamber using an inverted Leica TCS SP5 confocal laser
scanning microscope (Leica Microsystems, Wetzlar, Germany) equipped with 10x/0.3 Plan-
Neofluar and 63x/1.2 W C-Apochromate objectives. CSLM images were further processed
using the IMARIS software package (Bitplane AG, Ziirich, Switzerland) and Adobe
Photoshop. Image analysis (e.g., determination of surface coverage) was conducted using
ImageJ version 1.47, including the LOCI Bio-Formats plugin. Biofilm cultivation and
measurements were conducted in triplicate in at least two independent experiments.

Quantitative Analysis of Confocal Laser Microscopy Images.

Whole biofilms were segmented and analyzed with MatLab (Mathworks) using previously
described methods.1213 Prior to analysis, each biofilm stack was automatically rotated to
correct for tilting of the coverslip with respect to the imaging plane. Then, the biofilm was
segmented by three-level thresholding* where the first class was assigned to background
and the remaining ones constitute the biofilm. The total biomass (volume of all biofilm-
associated voxels), the surface coverage (fraction of biofilm-associated voxels in the
brightest zplane of the image stack), and the average thickness (average thickness of the z
projection of the image stack) were determined. Non-surface-attached biomass was excluded
from the analysis. Statistical pvalues were obtained using a one-way analysis of variance
(ANOVA) in combination with the Tukey—Kramer method.1®

Extraction and Quantification of c-Di-GMP.

Intracellular c-di-GMP was extracted and quantified as previously described, with slight
modifications. Briefly, single wild-type or mutant S. oneidensis colonies (not constitutively
expressing egfp) were cultured in 5 mL of LB overnight (~16 h) at 30 °C with agitation at
250 rpm. The cultures were then diluted to an ODggg of 0.07 in LM [10 mM HEPES (pH
7.5), 100 mM NacCl, 0.02% yeast extract, 0.01% peptone, and 0.5 mM lactate] and grown at
30 °C until an ODggq of ~0.25-0.3 was attained. To introduce NO, 50 4M diethylamine
NONOate (DEA/NO, Cayman Chemicals) was added 20 min before the cells were
harvested. The cultures were then pelleted by centrifugation at 2500¢g for 20 min at 4 °C.
The supernatants were then discarded, and the pellets were resuspended in 300 zi of icecold
extraction buffer (40% methanol, 40% acetonitrile, and 20% Milli-Q water) and incubated
on ice for 15 min. Next, the extraction suspensions were heated at 95 °C for 3 min and then
cooled on ice for 5 min. The samples were then centrifuged at 17970¢ for 10 min to remove
insoluble material, and the supernatant was subsequently transferred to new microcentrifuge
tubes. Thereafter, the resulting pellets were extracted twice with 200 gL of extraction buffer
at 4 °C omitting the heating step. The supernatants of three extractions were combined and
dried using a centrifugal evaporator. The dried pellets were then resuspended in 120 /L of
Milli-Q water, and the samples were analyzed using a Shimadzu LC-2010A HT high-
performance liquid chromatography system; 60 zL of each sample was injected into a
reverse-phase Phenomenex Luna Omega Polar C-18 column (100 mm x 4.6 mm, 5 gm
particle size). Separations were conducted in a 15 mM TEAA (triethylammonium acetate)
(pH 5.0)/4% methanol solution at a flow rate of 0.5 mL/min. A c-di-GMP calibration curve
was generated by running 20 gL of the following triplicate c-di-GMP concentrations under
identical high-performance liquid chromatography (HPLC) conditions: 0, 5, 10, 20, and 50
pmol/g. The picomole amounts of c-di-GMP versus the peak areas were plotted, and a
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linear graph with a correlation coefficient, /2, of 0.98 resulted. c-Di-GMP concentrations
were determined by comparing the peak area of the samples to the peak areas of the
calibration curve and normalized to the ODggq of the culture from which they were
extracted. The HPLC peak assigned to c-di-GMP was confirmed by MALDI mass
spectrometry (/72689 peak observed, expected mass of 690 g/mol). Each data set was
independently obtained a minimum of three times. The mean c-di-GMP concentration
relative to the wild-type strain + one standard deviation (SD) is reported.

Protein Cloning.

SO_2144 (hnoX), SO_2145 (hnoK), SO_2539 (hnoB), SO_2540 (/noC), SO_2541 (hnoD),
SO_2542 (nosP), and SO_2543 (nahK) were amplified from S. oneidensis genomic DNA
using Phusion DNA polymerase (NEB). SO 2144, SO_2539, SO_2540, and SO_2542 were
cloned into the pET20b vector and transformed into £. co/iBL21(DE3) pLysS cells for
protein overexpression. BL21(DE3) pLysS SO_2144 transformed bacterial cell cultures
were grown in Terrific Broth (12 g of tryptone, 24 g of yeast extract, 4 mL of glycerol, and
100 mL of 0.17 M monobasic potassium phosphate and 0.72 M dibasic potassium phosphate
per liter) supplemented with 100 zg mL~1 ampicillin and 34 zg mL~1 chloramphenicol at 37
°C until an ODgqg of 0.6 was attained. Overexpression was then induced with 10 zM IPTG
at 18 °C for 16 h. BL21(DE3) pLysS SO_2542 transformed bacterial cell cultures were
grown in buffered yeast extract (45 g of yeast extract and 100 mL of 0.17 M monobasic
sodium phosphate and 0.72 M dibasic sodium phosphate per liter). Twenty micromolar
hemin (final concentration) was added at an ODggq of 0.3, and overexpression was then
induced with 10 ¢M IPTG at an ODggg of 0.6 for 16 h at 16 °C. BL21(DE3) pLysS
transformed SO_2539, SO_2540, and SO_2541 bacterial cell cultures were each grown in
2XYT medium (16 g of tryptone, 10 g of yeast extract, and 5 g of sodium chloride per liter)
supplemented with 100 zg mL~1 ampicillin and 34 g mL~1 chloramphenicol at 37 °C until
ODgqg Vvalues of 0.8, 0.5, and 0.8, respectively, were reached. Overexpression of each culture
was then induced with 200 ¢M IPTG for 16 h at 16 °C. SO_2145 was cloned into the
pET23a vector and the pT7TEVHMBP1vector, while SO_2543 was cloned into both the
pT7TEVHMBP1 vector and the pET20b vector. The constructs were subsequently
transformed into BL21(DE3) pLysS cells for protein overproduction. Cultures were grown
in 2XYT medium (16 g of tryptone, 10 g of yeast extract, and 5 g of sodium chloride per
liter) supplemented with 10 zg mL~1 kanamycin and 34 zg mL~1 chloramphenicol at 37 °C
until the ODggq reached 1.0 for the pT7TEVHMBP1 vector constructs or supplemented with
100 g mL~1 ampicillin and 34 g mL~1 chloramphenicol at 37 °C until the ODggq reached
0.8 for the pET23a and pET20b vector constructs, and overexpression was induced with 200
UM IPTG for 16 h at 16 °C. Hisg-tagged proteins were purified using metal (Ni-NTA)
affinity chromatography, and gel filtration was further utilized for SoNosP (Superdex 200
HiLoad 26/60) only. Protein concentrations were determined using the Bradford assay with
BSA as a standard.1’

Electronic Spectroscopy.

All electronic spectra were recorded against a background of deoxygenated buffer [S0 mM
Tris (pH 7.5) and 300 mM NaCl] from 250 to 750 nm using a Varian UV/vis Cary-100
spectrophotometer. SoH-NOX ligation complexes were prepared as previously described’8
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with slight modifications. Briefly, ferrous SoH-NOX was prepared anaerobically by
incubation with 10 mM Na,S,0,4 for 30 min at ambient temperature. SoH-NOX was then
desalted using a PD-10 column, equilibriated with deoxygenated buffer, and placed in a
septum-sealed cuvette for the collection of spectra. NO-bound ferrous SoH-NOX was then
prepared by adding DEA-NONOate to ferrous SoH-NOX for 30 min. SoH-NOX was then
desalted, and a spectrum was recorded. SoNosP ligation complexes were prepared as
follows. Ferrous SoNosP was anaerobically prepared via incubation with 60 mM NayS;,04
for 45 min at ambient temperature. SoNosP was then desalted using a PD-10 column
equilibrated with deoxygenated buffer and placed in a septum-sealed cuvette for spectrum
collection. NO-bound ferrous SoNosP was prepared by incubation with DEA-NONOate to
ferrous SoNosP for 30 min. SoNosP was then desalted, and a spectrum was recorded. CO-
bound ferrous SoNosP was prepared by incubation with excess CO gas to ferrous SoNosP
for 10 min. SoNosP was then desalted, and a spectrum was recorded.

NO Dissociation Rate.

Fe(I1)-NO SoNosP was prepared (vide supra) and treated with deoxygenated buffer saturated
with carbon monoxide and a sodium dithionite NO trap (3, 30, and 300 mM sodium
dithionite) or with a sodium dithionite NO trap only. The NO trap will function to destroy
the NO once it leaves the heme.1® This will prevent the occurrence of NO rebinding, as it is
has been shown that heme proteins have very rapid NO association rates.29 Dissociation of
NO from Fe(I1)-NO SoNosP was then monitored as a function of the Fe(l1)-CO SoNosP
complex or as a function of ferrous-unligated SoNosP formation via periodic scanning of the
protein sample using a Varian Cary 100 Bio ultraviolet-visible (UV-vis) spectrophotometer.
The NO dissociation rate was then determined by monitoring the increase in the SoNosP
Fe(I1)-CO complex absorbance versus time, and the data were subsequently fit to a single
exponential or two parallel exponentials of the form fx) = A(1 — e"*%). Each experiment was
performed a minimum of six times, and the rates were averaged to obtain an appropriate
SoNosP Fe(11)-NO dissociation rate.1®

Pull-Down Assays.

Amylose resin was washed in 50 mM HEPES (pH 7.5), 300 mM NaCl, 1 mM PMSF, 2 mM
DTT, and 1% Triton X-100. After washing, the Hisg-tagged MBP fusion of HnoK and 300
nM Hisg-tagged NO-bound ferrous NosP or Hisg-tagged MBP fusion of NahK and 100 nM
Hisg-tagged NO-bound ferrous NosP was added to the resin in a final volume of 500 zL in
the same buffer and incubated at 4 °C for 2 h while being gently rocked. The resin was then
washed three times with the same buffer and subsequently boiled in 20 /L of SDS buffer.
Ten microliters of each reaction mixture was then loaded onto a 12.5% Tris glycine gel for
Western blot analysis, and polyclonal anti-His antibodies (Abcam) were used in 5% milk to
detect the presence of the Hisg-tagged MBP fusion of HnoK, the Hisg-tagged MBP fusion of
NahK, Hisg-tagged NosP, and/or H-NOX proteins. Each experiment was performed in
duplicate.

Autophosphorylation Assays.

Kinase autophosphorylation was detected using y-32P-labeled ATP; 3 zM Hisg-tagged MBP
fusion of HnoK and NahK was incubated with 5 mM MgCl,, 2 mM ATP, and 40 xCi of
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[ #-32P]ATP in reaction buffer [50 mM Tris (pH 7.5) and 300 mM NaCl]. At various time
points (0, 5, 10, 20, 30, 60, 90, and 120 min), 10 L of each reaction mixture was quenched
with 3 gL of SDS-PAGE loading buffer. Ten microliters of each sample was then loaded
onto a 12.5% Tris-glycine gel to separate the proteins. The gel was then dried overnight (~16
h) (Promega gel drying film), exposed to an autoradiography screen, and scanned using a
Typhoon Imager to obtain gel images, which were then analyzed via ImageJ. Each
experiment was performed in triplicate.

To determine which response regulator each kinase (HnoK or NahK) kinetically preferred, in
the absence of either NO sensor (H-NOX and/or NosP), 3 1M Hisg-tagged HnoK or 3 M
Hisg-tagged MBP fusion NahK was first preincubated with all three response regulators
(HnoB, HnoC, and HnoD, at 3 M) in reaction buffer [50 mM Tris (pH 7.5) and 300 mM
NaCl] supplemented with 5 mM MgCl, for 10 min. Two millimolar ATP and 10 xCi of

[ 7-32P]ATP were then added to each reaction mixture, after which 10 L aliquots were
removed and quenched at various time points (0, 0.5, 2, 10, and 15 min for the HnoK
experiment and 0, 0.5, 2, 10, 15, 30, and 60 min for the NahK experiment). Each response
regulator was also incubated individually with each kinase to assess the maximum level of
phosphorylation that could be attained within a set time frame (15 min each for incubation
with HnoK and 60 min each for incubation with NahK). Each experiment was performed in
duplicate.

Three different experiments were conducted to assess if changes in the levels of HnoB
phosphorylation can occur in the presence of HnoD: one in which equimolar amounts of
HnoK, HnoB, and HnoD were used, one in which equimolar amounts of HnoK and HnoD
were used while HnoB was present in excess, and one in which equimolar amounts of
HnoK, HnoB, and mutant HnoD D60A were utilized. To assess if changes in HnoB
phosphorylation occur in the presence of equimolar amounts of HnoD or HnoD D60A, 2.5
UM Hisg-tagged HnoK, HnoB, and HnoD and 2.5 ;M Hisg-tagged HnoK, HnoB, and HnoD
D60A were first preincubated in reaction buffer [50 mM Tris (pH 7.5) and 300 mM NaCl]
supplemented with 5 mM MgCl, for 10 min. Two millimolar ATP and 10 4Ci of [y-32P]ATP
were then added to each reaction mixture, after which 10 4L aliquots were removed and
quenched at various time points (0, 0.5, 2, 10, and 15 min). Each response regulator was also
incubated individually with HnoK to assess the maximum level of phosphorylation that
could be attained within a set time frame (15 min each). Each experiment was performed in
duplicate.

To examine changes in HnoB phosphorylation once HnoB was present in excess, 2.5 /M
Hisg-tagged HnoK, HnoD, and varying concentrations of HnoB (2.5, 5, 12.5, or 25 1iM)
were first preincubated with reaction buffer [5S0 mM Tris (pH 7.5) and 300 mM NacCl]
supplemented with 5 mM MgCl,, for 10 min. Two millimolar ATP and 10 4Ci of [)-32P]ATP
were then added to each reaction mixture, after which 10 wL aliquots were removed and
quenched at 15 min. Each response regulator was also incubated individually with HnoK to
assess the maximum level of phosphorylation that could be attained within a set time frame
(15 min each). Each experiment was performed in duplicate.
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To determine the effect of SoNosP on SoHnoK and SoNahK autophosphorylation, 3 (/M
Hisg-tagged MBP fusion of SoHnoK or SoNahK was incubated with either Fe(l1)-unligated
or Fe(11)-NO forms of SoNosP (15, 30, and 60 £M) in reaction buffer supplemented with 5
mM MgCl, for 15 min. Two millimolar ATP and 10 .Ci of [ »-32P]ATP were added to
initiate kinase autophosphorylation. Reactions were then quenched at 30 min for Fe(ll)/
NosP-HnoK or NO/NosP-HnoK and 45 min for Fe(l1)/NosP-NahK or NO/NosP-NahK by
the addition of 3 gL of SDS-PAGE loading buffer. Ten microliters of each sample was then
loaded onto a 12.5% Tris-glycine gel to separate the proteins. The gels were then dried
overnight (~16 h) (Promega gel drying film) and exposed to an autoradiography screen that
was subsequently scanned using a Typhoon Imager to obtain gel images, which were
analyzed with ImageJ.2! Each experiment was performed in triplicate.

RESULTS AND DISCUSSION

SoNosP and SoNahK Are Essential for Mature Biofilm Formation.

To determine the role of NosP in regulating biofilm formation in S. oneidensis, flow-cell
biofilms of wild-type and mutant GFP-labeled strains AhnoX-GFP, AhnoK-GFP, AnosP-
GFP, AnahK-GFP, AhnoD-GFP, AhnoB-GFP, AnahKIAhnoK-GFP, and AnosPIAhnoX-GFP
were grown and analyzed. Deletion of AnoX or hnoK; as well as the double kinase knockout
strain AnahKIAhnoK-GFP, results in no change in biofilm phenotype when compared to the
wild-type GFP strain (Figure 1A and Figure S1A). Deletion of both sensors in the AnosAl
AhnoX-GFP strain appears to result in a hyper-biofilm phenotype at the 24 h time point, but
at the 48 h time point, a wild-type-like biofilm phenotype is observed (Figure S1A). A single
deletion of either nosP or nahK, however, results in monolayer biofilms that do not develop
into structured mature biofilms, in comparison with the wild-type GFP strain (Figure 1B).
Ectopic expression of nosP or nahK into their respective mutant strains (AnosPlpnosP-GFP
and AnahKlpnahK-GFP) yields a restoration of wild-type biofilm (Figure 1C), indicating the
biofilm defect was due to a lack of SoNosP or SoNahK production.

Quantification of these biofilms reveals that in comparison to the wild-type GFP and other
mutant GFP strains, the AnosP-GFP and AnahK-GFP strains produce biofilms with more
attached biomass, a greater surface coverage, and a greater average thickness after growth
for 24 h (Figure S2), but after growth for 48 h, the attached biomass, surface coverage, and
average thickness of the AnosP-GFP and AnahK-GFP mutant strains are significantly
reduced. Overall, however, it is notable that the average attached biomass, surface coverage,
and average thickness do not vary dramatically among the various strains tested here.
Instead, it appears that SoNosP and SoNahK primarily regulate late-stage biofilm
architecture.

SoNosP and SoNahK Mediate Complex Biofilm Structure through Regulation of
Intracellular c-Di-GMP Levels.

Because NahK was previously shown to participate in an NO-responsive multicomponent c-
di-GMP signaling network in S. oneidensis,8 we hypothesized that the observed biofilm
defects in the AnosP and AnahK mutant strains (Figure 1B) may correlate with decreased
intracellular c-di-GMP concentrations. Quantification of cellular c-di-GMP levels from
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cultures grown in the absence of NO revealed that deletion of AnoX; inoK, and hnoK/nahK
results in c-di-GMP concentrations that are comparable to those of the wild-type MR-1
strain grown in the absence of NO (Table 1). This is expected, as the biofilm images of these
strains indicate no phenotype (Figure 1A and Figure S1A).

Cultures of the single deletions of either nosP or nahK; or the double sensor deletion nosP!
hnoX; grown in the absence of NO, however, result in significantly decreased (p < 0.05) c-
di-GMP levels in comparison to that of the wild-type MR-1 strain grown in the absence of
NO (Table 1). Plasmid complementation (AnosP pnosP and AnahKlpnahK) results in a
restoration toward MR-1 wild-type cellular c-di-GMP levels (Table 1). For AnosP and
AnahK; this is the expected result based on the corresponding biofilm phenotype (Figure
1B,C). For the double mutant AnosPIAhno.X, the biofilm images appear to indicate a wild-
type-like biofilm by 48 h (Figure S1A), so significantly reduced c-di-GMP levels were not
necessarily expected. The time scale of biofilm development in AnosPIAhnoX is altered
relative to that of the wild type, so perhaps this difference is reflected in our c-di-GMP
measurements. It is also possible that the SoNosP/SoH-NOX signaling pathway could be
primarily functioning through the modulation of local, but not global, c-di-GMP
concentrations, which is an important caveat in the interpretation of the measurements of
global c-di-GMP concentrations reported here.

SoNosP and SoNahK Regulate c-Di-GMP Signaling through SoHnoB, SoHnoC, and

SoHnoD.

The data presented above suggest intracellular c-di-GMP concentrations affect complex
biofilm architecture and that SoNosP and SoNahK are involved in mediating this process.
Consequently, on the basis of these findings, as well as the model previously published for
this S. oneidensis multicomponent c-di-GMP signaling pathway,® we propose a revised
model in which SoNosP is a regulator of the SoH-NOX/SoHnoK multicomponent c-di-GMP
signaling network (Figure 2).

We propose SoNosP to be at the top of the pathway, because it appears that SONosP is
actively inhibiting the SoH-NOX/SoHnoK pathway in the wild-type strain, such that
deletion of either Ano.X or hnoK has no effect on c-di-GMP concentrations (Table 1) and
therefore no effect on biofilm formation (Figure 1A). When SoNosP is removed, however, a
biofilm formation defect is observed after growth for 24 h, presumably due to altered c-di-
GMP signaling downstream of SoNahK and SoHnoK through the activities of three cognate
response regulators. Each of these response regulators has previously been shown to be
responsive to phosphorylation by SoNahK and SoHnoK. The three response regulators are
SoHnoB, an EAL-type c-di-GMP phosphodiesterase; SoHnoD, a degenerate HD-GYP-type
c-di-GMP phosphodiesterase; and SoHnoC, an HtH-type transcription factor.® It is also
possible that SoH-NOX and SoNosP function in parallel at different time points during
biofilm formation; perhaps SoH-NOX functions earlier than SoNosP in biofilm formation,
such that biofilms formed by AnosP are similar to the wild type at early time points yet are
deficient at later time points. AhnoX appears to be similar to the wild type at all time points
[there are slightly larger, but insignificant (o> 0.5), average differences in the biofilm at 24 h
(Figure S2)]; however, so we favor a model in which SoNosP inhibits SoH-NOX signaling.
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The phenotypes of our #noD and hnoB deletion mutants are consistent with the inhibition
model. Deletion of AnoB does not affect the biofilm phenotype or c-di-GMP levels when
compared to the wild-type GFP and MR-1 strains, respectively (Figure S1B, Figure S2, and
Table 1). Interestingly, we do not observe hyper-biofilm in the AhnoB mutant. S. oneidensis
has many other c-di-GMP cyclases and phosphodiesterases22 that may be compensating for
the loss of AnoB activity, preventing biofilm dispersal in the absence of a dispersal signal.
Alternatively, as proposed, NosP inhibition of the H-NOX pathway, as well as HnoD
inhibition of HnoB activity directly, likely results in HnoB inhibition under basal conditions,
so its deletion has no apparent phenotype. Deletion of A#noD is consistent with our model
and results in the deletion of ~noB. AhnoD results in microcolony biofilms that do not
develop into complex mature wild-type biofilms after growth for 48 h (Figure S1C). Ectopic
complementation of #noD yields a restoration of the wild-type GFP biofilm phenotype
(Figure S1C), signifying that the arrest of biofilm at the microcolony phase is due to the lack
of expression of SoHnoD. Deletion of ArnoD does not significantly affect the attached
biomass, surface coverage, or average thickness of the biofilm (Figure S2), nor does it result
in a significant reduction in c-di-GMP levels and/or concentrations (Table 1). It has
previously been shown that SoHnoD can competitively inhibit the phosphorylation (and
therefore decrease the c-di-GMP phosphodiesterase activity) of the response regulator
SoHnoB;8 thus, it is probable that a lack of SoHnoD leads to the increased EAL
phosphodiesterase activity of SoHnoB and therefore a decreased level of biofilm formation
over time. It follows, thus, that SoHnoD may function to fine-tune the activity of SoHnoB
during the transition from micro- to macrocolonies during biofilm development. Perhaps this
fine-tuning is a local effect that is reflected in global c-di-GMP levels, or perhaps SoHnoD
has an additional function that has not yet been described.

This model may also explain why the double sensor deletion mutant (AnosPIAhnoX-GFP)
has a mild phenotype. When the kinases are completely unregulated, SoHnoD may be
phosphorylated earlier in biofilm development than it ought to be, which may remaove its fine
regulation of SoHNnoB activity, thus increasing phosphodiesterase activity in early biofilm
growth. If this is the case, the phenotype of a double kinase deletion (AnahKIAhnoK-GFP)
can also be explained; in the absence of either kinase, SoHnoD and SoHnoB would both be
unphosphorylated, and thus, SoHnoB would have no c-di-GMP phosphodiesterase activity,
leading to biofilm accumulation.

We next set out to biochemically investigate our model (Figure 2) and determine the
molecular details by which SoNosP and SoNahK may be regulating complex biofilm
formation in S. oneidensis.

SoHnoK and SoNahK Exhibit in Vitro Kinetic Preferences for Different Response Regulator
Proteins in the Absence of H-NOX and NosP.

To understand the activities of SoHnoK and SoNahK in the absence of SoH-NOX and
SoNosP, as is presumably the case in the mutants AnosP-GFP, AhnoX-GFP, and AnosF!
AhnoX-GFP, we first studied their activities in isolation. Each of these kinases has been
previously purified, demonstrated to be active, and shown to be capable of transferring
phosphate to each of the three response regulators (SoHnoB, SoHnoC, and SoHnoD).8 We
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repeated those experiments as part of this study (Figure 3 and Figure S3). Consistent with
previously published data,18:23 we find that SoHnoK, in the presence of ATP, displays a
time-dependent increase in its level of autophosphorylation (Figure S3A,B), with the linear
range of autokinase activity occurring up to 30 min (Figure S3B). SoNahK was also found to
exhibit time-dependent autophosphorylation (Figure S3C,D) with its linear range of activity
occurring up to 60 min (Figure S3D). Because SoHnoK presumably is autophosphorylated
more quickly than SoNahK, we can assume that this difference in autokinase activity could
have implications not only for which kinase is predominately active /n vivo but also for
which response regulator(s) becomes phosphorylated, thus leading to changes in c-di-GMP
levels in vivo.

To determine if there is an association between kinase autophosphorylation and changes in
biofilm formation due to potential differences in response regulator protein(s)
phosphorylation, we conducted an /n vitro phosphotransfer response regulator competition
experiment. In this experiment, each kinase was incubated with all three response regulators
(SoHnoB, SoHNnoC, and SoHnoD) simultaneously, and phosphotransfer was monitored over
time to determine which response regulator preferentially receives phosphate from each
histidine kinase (SoHnoK and SoNahK). From this experiment, we found that SoNahK
displays a time-dependent kinetic preference for phosphorylation of the HtH domain-
containing response regulator SoHnoC when all three response regulators are present /n vitro
[Figure 3A (lanes 2-8) and Figure 3B (lanes 2-6)]. SoHnoK exhibits a time-dependent
kinetic preference for phosphorylation of SoHnoD, the HD-GYP-domain-containing
response regulator, when all three response regulators are present in vitro.

To ensure that the observed kinase/response regulator preferences described above are not
due to significant differences in individual rates of phosphotransfer between the kinase and
the individual response regulator proteins, or due to differences in protein loading during the
experiments, each response regulator was incubated separately with either SoNahK or
SoHnoK and the phosphorylation results were analyzed. Each response regulator was
observed to be intensely phosphorylated when individually incubated with either kinase
[Figure 3A (lanes 9-11) and Figure 3B (lanes 7-9)], and the Coomassie gels revealed that
protein loading was consistent throughout each experiment (bottom panels in each part of
Figure 3). Thus, from these experiments, we can conclude that SoHnoK exhibits a kinetic
preference for SoHnoD, whereas SoNahK preferentially transfers phosphate to SoHnoC
(these preferences are indicated by the darker lines in Figure 8A).

Interestingly, SoHnoD was previously demonstrated to inhibit the c-di-GMP
phosphodiesterase activity of SoHnoB when unphosphorylated. This inhibition is relieved,
however, when SoHnoD becomes phosphorylated.® Because our phosphotransfer profiling
experiment reveals that SoHnoK preferentially transfers phosphate to SoHnoD, we wanted
to further understand how changes in phosphorylation of SoHnoB in the presence of
SoHnoD could be linked to changes in biofilm formation. Consequently, we conducted three
different phosphotransfer profiling experiments. In the first, equimolar concentrations of
SoHnoK, SoHnoB, and SoHnoD were incubated together. In the second, equimolar
concentrations of SoHnoK and SoHnoD were incubated with increasing concentrations of
SoHNoB. In the third, equimolar concentrations of SoHnoK, SoHnoB, and a mutant form of
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SoHnoD that is incapable of receiving phosphate (D60A) were incubated together. From
these experiments, we found that irrespective of whether SoHnoB was present in excess, the
phosphorylation levels of SoHnoB were consistently decreased in the presence of SoHnoD
[Figure S4A (lanes 2—6) and Figure S4B (lanes 2-5)]. In the presence of the SoHnoD D60A
mutant, however, a time-dependent increase in the level of SoHnoB phosphorylation was
observed [Figure SAC (lanes 2-6)].

On the basis of these data, we conclude that SoHnoK prefers to phosphorylate SoHnoD
before SoHNoB. It has been established that histidine kinase proteins typically display an /n
vitro kinetic preference for their /i vivo cognate response regulator protein(s).24-27 This
kinetic difference in phosphorylation of SoHnoB and SoHnoD must thus be important for
the timing of events during biofilm development and dispersal. Phosphorylation of SoHnoD
would remove some inhibition of SoHnoB before SoHnoB itself becomes phosphorylated
(and therefore a fully active c-di-GMP phosphodiesterase),® perhaps resulting in stepwise
upregulation of SoHnoB activity and a decreased level of biofilm accumulation (or an
increased level of biofilm dispersal), under conditions where SoHnoK is active. This
interpretation is consistent with our c-di-GMP extraction data (Table 1) and biofilm results
(Figure 1). A wild-type-like biofilm phenotype is observed in all strains except the AnosP-
GFP and AnahK-GFP mutant strains (Figure 1), presumably due to NosP/NahK inhibition of
the whole network. This suggests that under basal conditions, HnoK has low activity,
resulting in primarily dephosphorylated HnoD and HnoB, leading to decreased c-di-GMP
phosphodiesterase activity and an increased level of biofilm formation. More specifically, in
the AnahK-GFP mutant strain, HnoK is presumably the only kinase regulating HnoB and
HnoD, which leads to a low level of biofilm accumulation, consistent with increased HnoB
phosphodiesterase activity. Furthermore, these results also suggest that in the AnosP-GFP
strain, HnoB has increased activity at 48 h (and perhaps decreased activity at 24 h), possibly
due to increased HnoK activity in the absence of NosP.

SoNosP Displays Ligand Binding Properties That Are Consistent with a NO Sensor.

SoNahK and SoHnoK are histidine kinases, proteins that are members of a signaling system
that bacteria use to sense, detect, and respond to various environmental stimuli, termed a
two-component signaling network.28 Histidine kinases of this signaling system typically
possess a sensory domain that enables them to detect stimuli and ultimately alter their
autophosphorylation state and thus influence their His-Asp phosphorelay to downstream
response regulator proteins.2® Many two-component signaling systems, however, can deviate
from the aforementioned architecture in that the histidine kinases can lack sensory domains.
In these alternate systems, the sensory domains are commonly replaced by an accessory
protein that functions to directly detect the stimulus and convey the information to the
histidine kinases via protein—protein interaction.3031

Both SoNahK and SoHnoK lack sensory domains, but both are co-cistronic with a sensory
protein, SoNosP and SoH-NOX, respectively. In previous studies, it has been demonstrated
that SoHnoK autokinase activity is regulated in an NO/SoH-NOX-dependent manner,8:18.32
while the regulator of SoNahK autokinase activity was unknown.® Although co-expression
does not always imply functional interaction, given that the SoNosP domain is predicted to
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be co-cistronic with SoNahK and is bioinformatically predicted to be a homologue of the
NosP hemoprotein in 2 aeruginosa,® we hypothesized that like PaNosP, SoNosP may be a
hemoprotein sensor that regulates SoNahK autophosphorylation activity in a NO-dependent
manner.

Indeed, we have shown purified SoNosP binds heme (Figure 4A). Heme, a prosthetic group
in many proteins,33 absorbs light in the UV-vis region of the electromagnetic spectrum
(with a high extinction Soret band in the range of 380-500 nm and Q-band absorbances in
the range of 500-750 nm).34 These absorbance bands are sensitive to the oxidation and
ligation state of the heme cofactor, as well as the local environment of protein in which it is
embedded. Upon anaerobic treatment of SoNosP with sodium dithionite, the ferrous form of
SoNosP is observed with a Soret maximum at 417 nm and split a/g bands at 552 and 524
nm (Figure 4A, black solid line). Treatment of the ferrous complex with DEA-NONOate (a
compound that releases NO in aqueous solution at pH <73°) results in an NO-bound ferrous
complex with a Soret maximum at 397 nm (Figure 4A, black dashed line), and addition of
CO gas to ferrous SoNosP shifted the Soret maximum to 416 nm (Figure 4A, gray solid
line).

To support the hypothesis that SoNosP may be a NO sensor, we measured the NO
dissociation rate constant using a standard CO/dithionite trap,9 to get a sense of the affinity
of SoNosP for NO. A ky(NO) of (2.25 + 0.5) x 1074 s~ was measured for SoNosP (Table
2), independent of CO and dithionite concentration (Figure 4 and Figure S6). Although the
NO association rate constant of SoNosP has yet to be determined, it is likely that the
association rate is in the range of 104 — 108 M~ s71, a range that is consistent with measured
association rate constants for the association of other diatomic gas molecules with heme
proteins.3® As a result, it is likely that NosP binds NO with nanomolar or lower affinity.
These ligand binding properties of SoNosP are comparable to those of PaNosP and
characterized bacterial NO-sensing H-NOX proteins (Table 2), substantiating our hypothesis
that SoNosP is a NO-sensing hemoprotein.

NO-Bound SoNosP Interacts with SoHnoK and SoNahK.

SoNosP is predicted to be in the same operon with the histidine kinase SoNahK, suggesting
that SoNosP and SoNahK could be functional partners. In addition, as suggested by our
mutagenesis studies discussed above (Figure 1), we hypothesize that SoNosP may interact
with SoH-NOX or SoHnoK to inhibit SoH-NOX signaling and act as the master regulator of
the multicomponent c-di-GMP signaling pathway and therefore complex biofilm formation
in S. oneidensis MR-1 (Figure 2). To test these hypotheses, we investigated the interaction of
NO-bound NosP with both NahK and HnoK using pull-down assays. Using a Hisg-tagged-
MBP fusion of SoNahK as bait, we found that SoNosP was pulled down by SoNahK (Figure
5A, lane 3) but not by Hisg-tagged-MBP (Figure 5A, lane 2) or amylose resin only (Figure
5A, lane 1).

This result supports our hypothesis, as it demonstrates that SoNosP and SoNahK are binding
partners.
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Furthermore, and perhaps more surprisingly, upon incubation with the Hisg-tagged MBP
fusion of SoHnoK, pull down of SoNosP was also observed (Figure 5B, lane 3). SoHnoK is
in the same operon as SoH-NOX, and SoH-NOX has been shown to interact with and
regulate SoHNoK phosphorylation.8:18:32 Nevertheless, our findings indicate that SoNosP
also interacts with SoHnoK, suggesting a molecular-level mechanism by which SoNosP may
modulate S. oneidensis biofilm formation through regulation of both SoNahK and SoHnoK
autophosphorylation activities. SoNosP would thus regulate the flux of phosphate through
the three associated response regulator proteins (SoHnoB, SoHnoC, and SoHnoD), thereby
regulating intracellular c-di-GMP levels and biofilm formation in this bacterium, consistent
with our biofilm data described above.

Ferrous and NO-Bound SoNosP Complexes Inhibit SoHnoK and SoNahK
Autophosphorylation Activities.

Our findings described above demonstrate that SoNosP is a NO binding protein that interacts
with both SoNahK and SoHnoK. Our biofilms, however, were grown in the absence of NO.
Because the intracellular environment of a bacterial cell is known to be a reducing
environment, %41 we assume that SoNosP predominantly existed in the Fe(ll)-unligated
form during the biofilm experiments. Consequently, we wanted to assess if SoNosP, when
present in either the Fe(ll)-unligated form or the Fe(I1)-NO complex, could regulate
SoNahK and/or SoHnoK autokinase activities. As such, we separately incubated each
histidine kinase (SoNahK or SoHnoK) with varying concentrations of SoNosP (5-, 10-, or
20-fold excess) as either the Fe(ll)-unligated or Fe(I1)-NO complex and observed SoNahK
and SoHnoK autophosphorylation activities (Figures 6 and 7).

SoNosP as the Fe(ll)-unligated complex inhibits both SoHnoK and SoNahK in a dose-
dependent manner (Figure 6), but at all concentrations tested, SoNosP inhibits SoNahK
(approximately 50-65% inhibition over the concentrations tested) to a greater extent than
SoHnoK (approximately 15-40% inhibition over the concentrations tested). We also
observed inhibition of both SoNahK and SoHnoK autophosphorylation activities when
SoNosP was present in the NO-bound form (Figure 7). The effect of Fe(l11)-NO SoNosP on
SoHnoK activity, however, is relatively weak; we observed a maximum of ~35% inhibition
SoHnoK activity at the highest SoNosP concentration tested. NO-bound SoNosP inhibits
SoNahK to a greater extent than SoHnoK, the inhibition reaching ~50% when NO-bound
SoNosP was present in 20-fold excess. The relative mRNA expression levels of the SoNosP-
and SoH-NOX-containing operons are similar,%2 suggesting that all of these proteins are
present at similar concentrations in S. oneidensis. Thus, we conclude that the observed
inhibitory effects of SoNosP on SoHnoK are physiologically relevant.

It is not surprising that SoNosP more strongly inhibits SoNahK than SoHnoK. SoNosP is
predicted to be co-cistronic with SoNahK, and our pull-down data (Figure 5) suggest
SoNosP binds SoNahK more tightly than SoHnoK. What is somewhat surprising, however,
is that assuming that under basal conditions SoNosP is present in the Fe(ll)-unligated state,
the binding of NO to SoNosP appears to relieve inhibition of both kinases, but interestingly,
SoHnoK is more uninhibited than SoNahK. These data thus predict that in the presence of
small amounts of NO, SoHnoK should become active, leading to phosphorylation of
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SoHNoB, decreased c-di-GMP concentrations, and biofilm dispersal (this preference is
indicated by the darker line in Figure 8B).

We did not study the regulation of SoNahK by SoH-NOX because there is no evidence that
the two proteins interact. The regulation of SoHnoK by SoH-NOX has been studied.
Although SoHnoK is known to form a complex with SoH-NOX,18:32 appreciable inhibition
of SoHnoK autokinase activity is not observed without a significant stoichiometric excess of
NO-bound SoH-NOX; the greatest inhibitory effect (~90%) was observed with a 100-fold
excess of SoH-NOX over SoHnoK.18 In separate published studies from the same group,
Fe(11)-unligated SoH-NOX has both been shown to have no effect on HnoK activity!® and to
increase SoHNoK activity.32 In either case, these biochemical data suggest that the activity
of SoHnoK is not sensitively dependent on SoH-NOX, which, on one hand is surprising, as
H-NOX has been shown to sensitively regulate enzyme activity in other systems,10:29:43-45
One the other hand, however, this is consistent with our data demonstrating that SoNosP
plays an important role in the regulation of SoHnoK activity (Figures 6 and 7). Taken
together, these biochemical data support a new model in which SoNosP inhibits the
downstream activities of SoHnoK, SoHnoB, SoHnoC, and SoHnoD and in which this
inhibition is relieved upon NO binding.

NO Results in Decreased c-Di-GMP Levels in S. oneidensis through Modulation of SoHnoK
and SoNahK Activities.

To test the prediction that binding of NO to SoNosP results in SoHnoK activation, in turn
leading to phosphorylation of SoHnoB, decreased c-di-GMP concentrations, and biofilm
dispersal, we quantified the effect of NO (~50 nM) on intracellular c-di-GMP concentrations
in wild-type S. oneidensis MR-1 and mutant strains (Table 1). Indeed, we found that
exposure to NO results in a significant decrease (~40%) in intracellular c-di-GMP levels in
the MR-1 strain, relative to the same strain grown in the absence of NO (Table 1). Mutant
strains nosP and nahK grown in the presence of NO do not have significantly lower (p>
0.05) c-di-GMP concentrations than the same strains grown without NO, but plasmid
complementation of these mutants results in wild-type-like reductions in c-di-GMP levels in
response to NO exposure. This is in accordance with our biofilm and biochemical data
discussed above; addition of NO to wild-type cells should result in increased SoHnoK and
SoHnoB activities, which is the same phenotype seen upon deletion of SoNosP or SoNahK
(Figure 1 and Table 1). In other words, addition of NO to wild-type S. oneidensis should
have the same effect as removal of SoNosP or SoNahK.

We also see no statistically significant effect of the addition of NO on the amount of c-di-
GMP produced in the AnoX, hnoK, hnoB, and AnoX/nosP mutant strains, relative to those
same strains grown without NO addition (Table 1). Overall, these data nicely fit our model.
The AnoX/nosP mutant lacks both NO sensors, which should render the cells insensitive to
NO. Likewise, because NO/SoH-NOX does not appear to sensitively regulate the activity of
SoHnoK,18:32 deletion of Ano.X should not significantly alter the NO response. Deletion of
hnoK should result in inactive SoHnoB and thus increased or unchanged c-di-GMP levels;
thus, the addition of NO to this system is not expected to have an effect because NO acts
upstream of the deletion.
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Deletion of AnoK/nahK or hnoD results in a significant decrease in cellular c-di-GMP
concentrations in the presence of NO (Table 1), in comparison to those same cultures grown
without NO. Interestingly, these are the three proteins that regulate the activity of SoHnoB,
which, presumably, is primarily controlling the c-di-GMP output of this network. We predict
that SoHnoD acts to fine-tune SoHnoB; thus, the AnoD mutant strain should result in less
tightly regulated SoHnoB. Addition of NO to this mutant presumably acts through SoNosP/
SoNahK to fully activate SoHnoB, resulting in a decreased level of c-di-GMP accumulation,
which is indeed what we observe (Table 1).

In the double kinase mutant (AhnoKIAnahK), all three response regulators, SoHnoB,
SoHNnoC, and SoHnoD, should be dephosphorylated, leading to inhibited SoHnoB and thus
unchanged c-di-GMP and biofilm levels, in comparison to those of the wild type, which is
what we observe in the absence of NO (Figure S1A and Table 1). Upon addition of NO to
this mutant, we would expect no effect because NO should act upstream of this mutation, but
that is not what we observe here. This mutant is the only strain we studied that has
significantly reduced c-di-GMP levels grown in the presence of NO relative to the wild type
grown in the presence of NO, which is not easily understood on the basis of our model.
These results may indicate that an additional, uncharacterized NO-responsive element can
interact with this c-di-GMP signaling network. Additional NO-responsive candidates could
possibly include SO_2544 and SO_2545, genes for two additional kinases that are situated
in operons rich in two-component signaling proteins and in the same regions of the S.
oneidensis genome as the NosP/H-NOX c-di-GMP signaling network.8 SO_2544, however,
has been demonstrated to engage in phosphate flux with a CheY response regulator
(SO_2547):8 in addition, SO_2544 is predicted to be membrane-associated, a feature that is
inconsistent with what is currently understood about bacterial NO signaling in the context of
two-component signaling histidine kinase proteins, although not disqualifying. Like
SO_2544, SO_2545 has been demonstrated to transfer phosphate preferentially to SO_2547.
Interestingly, this kinase may weakly engage in phosphate flux to HnoB, HnoC, and HnoD8
and is predicted to be cytosolic. As a result, it is possible that SO_2545 can compensate for
the absence of SoHNnoK and SoNahK to regulate the c-di-GMP output from this signaling
network in the presence of NO. Further studies need to be conducted to determine if this is
indeed the case.

Our NO-dependent intracellular c-di-GMP data collectively suggest that in the presence of
NO a decreased biofilm phenotype should be observed in wild-type S. oneidensis. It is
important to note, however, that there could be differences in the response of a biofilm to
NO that are not captured in our c-di-GMP extraction data. Biofilms are complex and
heterogeneous.*8 The c-di-GMP data reported here were chemically extracted from
planktonically grown cells and reflect changes in global, not local, c-di-GMP concentrations.
While it has been demonstrated that c-di-GMP levels from planktonically grown cells
correlate well with flow-cell biofilm data in this organism,*” we acknowledge that
planktonic growth is different from flow-cell biofilm growth and that our method reports on
the average c-di-GMP concentrations present in the bacteria and not the dynamic c-di-GMP
concentration changes that occur during a biofilm life cycle.48 Due to these caveats, our
findings can be utilized to suggest, rather than definitely describe, how the intracellular c-di-
GMP concentration may change in a S. oneidensis biofilm upon exposure to NO.
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A New Model for NO/SoNosP Modulation of the SoH-NOX/SoHnoK Multicomponent c-Di-
GMP Network.

When all of our data are considered together, we are able to expand our model to include the
effect of NO on the S. oneidensis c-di-GMP signaling network (Figure 8). We propose that
in wild-type S. oneidensis, the H-NOX/HnoK pathway [in the absence of NO (Figure 8A)] is
inhibited by the action of the Fe(Il)-unligated NosP/NahK complex. The data that support
this model are as follows. In the wild type, as well as the AhnoX; AhnoK, and AhnoB strains,
SoHnoK activity is inhibited (Figure 6A,; or absent, as in A/noK) and thus SoHnoD is
largely dephosphorylated (Figure 3B), leading to SoHnoB inhibition8 (or absence, as in
AhnoB), bringing about low c-di-GMP phosphodiesterase activity, high c-di-GMP levels
(Table 1), and wild-type biofilm formation (Figure 1 and Figure S1).

In the AnosP mutant, it is reasonable to assume that a large percentage of SoHnoK is active
[because it is not strongly inhibited by SoH-NOX18:32 and SoNosP inhibition is relieved
(Figure 6A)] and therefore actively transferring phosphate primarily to SoHnoD, but also to
SoHnoB (Figure 3B). Because phosphorylated SoHnoD no longer inhibits SoHnoB, we
would expect SoHNnoB to exhibit increased c-di-GMP phosphodiesterase activity, which in
turn could lead to the bacteria having low intracellular c-di-GMP concentrations and
therefore decreased levels of biofilm formation, as we have observed (Figure 1 and Table 1).
Additionally, because SoNosP more tightly binds to SoNahK than SoHnoK (Figure 5) and
inhibits the activity of SoNahK to a greater extent than SoHnoK (Figure 6), it is not
unreasonable to assume that SoNosP and SoNahK predominantly exist and function as a
complex /n vivothat acts to inhibit HnoK autokinase activity. Consequently, perhaps the
AnahK strain, like the AnosP strain, results in an increase in SoHnoK activity, and thus
increased SoHNoB activity and decreased c-di-GMP and biofilm levels, similar to those of
the AnosP mutant.

When NO is present (Figure 8B), we propose that the SoH-NOX/SoHnoK complex becomes
uninhibited by the action of the Fe(I1)-NO/SoNosP/SoNahK complex. We have
demonstrated that SoNosP inhibits the activities of both SoNahK and SoHnoK in the Fe(11)-
unligated and Fe(11)-NO complexes (Figures 6 and 7), and SoH-NOX can also inhibit the
activity of SoHnoK;18:32 however, significantly, the greatest difference in the activity of
either kinase upon addition of NO is the uninhibition of SoHnoK by NO-bound SoNosP
(Figures 6 and 7). Thus, addition of NO should activate SoHnoK, leading to an increased
flux of phosphate to both SoHnoD and SoHnoB (Figure 3), resulting in increased SoHnoB
c-di-GMP phosphodiesterase activity, decreased intracellular c-di-GMP levels (Table 1), and
subsequent decreased levels of biofilm formation.

Furthermore, due to the absence of three-dimensional biofilm architecture in the AnosPand
AnahK mutant strains, it is highly possible that through the fine-tuning of SoHnoB activity
(via the combined efforts of SoHnoK, SoHnoD, and the SoNosP/SoNahK complex) and
therefore tight regulation of intracellular c-di-GMP concentrations, SoNosP/SoNahK may
function as a master regulator of complex biofilm formation in S. oneidensis. Complex
biofilm formation has previously been linked to flagellar rotation in this bacterium,® a
process that is known to be inhibited by elevated intracellular c-di-GMP levels.46
Furthermore, it has been shown that removal of key components of the mxdABCD gene
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cluster (mxadA and mxaB) leads to intracellular c-di-GMP concentration changes and
monolayer biofilm phenotypes,*’ results that are reminiscent of the monolayer biofilm
phenotypes we observe in the AnosPand AnahK mutants. Thus, it is possible that the
SoNosP/SoNahK network may function upstream of, or in parallel with, the mxdABCD
gene cluster, such that AnosPand AnahK result in a decreased mxdABCD gene cluster
expression level or activity, decreased c-di-GMP levels, increased flagellar rotation, and a
decreased level of biofilm formation. Future experiments are needed to validate if this is
indeed the case.

CONCLUSIONS

We have presented data demonstrating that SoNosP/SoNahK and the associated
multicomponent c-di-GMP signaling network are essential for regulating mature biofilm
formation in S. oneidensis, suggesting that the SoNosP/SoNahK complex may function as a
master regulator of NO-mediated biofilm formation. The molecular mechanism responsible
for this regulation appears to be fine-tuning of HnoB activity through the combined efforts
of SoHnoD, SoHnoK, and the SoNosP/SoNahK complex. This study also further solidifies
the role of NosP as a NO-sensing hemoprotein that can modulate biofilm formation in
various bacteria, including those that encode both H-NOX and NosP domains.
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ABBREVIATIONS

NO
nitric oxide

c-di-GMP or cyclic-di-GMP
bis(3"-5")-cyclic dimeric guanosine monophosphate

So
S. oneidensis

H-NOX
heme-nitric oxide/oxygen binding domain-containing protein

NosP
nitric oxide-sensing protein
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HnoK
H-NOX-associated histidine kinase

NahK
NosP-associated histidine kinase

HnoB
EAL-type c-di-GMP phosphodiesterase

HnoC
HtH-type transcription factor

HnoD
degenerate HD-GYP-type c-di-GMP phosphodiesterase

IPTG
isopropyl B-p-1-thiogalactopyranoside

PMSF
phenylmethanesulfonyl fluoride

BSA
bovine serum albumin

DTT
dithiothreitol

CSLM
confocal scanning laser microscope

PVC
polyvinyl chloride

oD
optical density

MBP
maltose binding protein

Tris
tris(hydroxymethyl)aminomethane

DEA-NONOate
diethylamine NONOate

SDS-PAGE

sodium dodecyl sulfate—polyacrylamide gel electrophoresis
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Figure 1.

Sgl\losP and SoNahK are essential for mature biofilm formation in S. oneidensis. (A) CSLM
image projections of flow-cell biofilms of S. oneidensis wild-type GFP, AhnoX-GFP, and
AhnoK-GFP strains. All mutants displayed wild-type biofilm phenotypes. (B) Flow-cell
biofilms of S. oneidensis AnosP-GFP and AnahK-GFP strains displayed monolayer biofilm
phenotypes at the 24 h time point. No micro- or macrocolony biofilm phenotypes were
observed at the 24 or 48 h time points as in the wild-type strain. (C) Flow-cell biofilms of S.
oneidensis AnosP-GFP and AnahK-GFP complement strains demonstrate restoration of the
wild-type biofilm phenotype. Images after 0.5 and 4 h are top views; the lateral edge of the
micrograph is 250 gm. The images after 24 and 48 h are shadow projections; the lateral edge
is 775 pm. The numbers in the 0.5 and 4 h images display the surface coverage.
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Figure 2.
SoNosP is a master regulator of the multicomponent S. onefdensis c-di-GMP signaling

network. We hypothesize that the NosP/NahK signaling pathway inhibits the H-NOX/HnoK
signaling pathway, which not only leads to a change in phosphate flux to the three response
regulators (HnoB, HnoC, and HnoD) but also ultimately results in a change in the
intracellular levels of c-di-GMP and therefore biofilm formation in S. oneidensis via the
modulation of HnoB phosphodiesterase activity.
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Figure 3.
SoHnoK and SoNahK exhibit kinetic preferences for different response regulator proteins in

vitro in the absence of H-NOX and NosP. Radiolabeled phosphoproteins were detected by
SDS-PAGE (bottom panel, indicating protein loading) and autoradiography (top panel,
indicating phosphorylation). (A) SoNahK displays a time-dependent kinetic preference for
the HtH response regulator HnoC when all three response regulators (HnoB, HnoC, and
HnoD) are present /n vitro. Lane 1 represents SoNahK (3 M) incubated with radiolabeled
ATP for 60 min. In lanes 2-8, SoNahK (3 M) was preincubated with equimolar amounts of
HnoB, HnoC, and HnoD simultaneously; radiolabeled ATP was then added, and aliquots
were removed at various time points (0, 0.5, 2, 10, 15, 30, and 60 min) to assess which
response regulator would become preferentially phosphorylated over time. Lanes 9-11
represent SoNahK incubated with radiolabeled ATP with HnoC, HnoD, and HnoB,
respectively. Lanes 12—14 represent radiolabeled ATP incubated with HnoC, HnoD, HnoB,
respectively. (B) SoHnoK displays a time-dependent kinetic preference for the HD-GYP
response regulator HnoD when all three response regulators (HnoB, HnoC, and HnoD) are
present /n vitro. Lane 1 represents SoHnoK (3 x#M) incubated with radiolabeled ATP for 15
min. In lanes 2-6, SoHnoK (3 4M) was preincubated with equimolar amounts of HnoB,
HnoC, and HnoD simultaneously; radiolabeled ATP was then added, and aliquots were
removed at various time points (0, 0.5, 2, 10, and 15 m) to assess which response regulator
would become preferentially phosphorylated over time. Lanes 7-9 represent SoHnoK
incubated with radiolabeled ATP with HnoC, HnoD, and HnoB, respectively. Lanes 10-12
represent radiolabeled ATP incubated with HnoC, HnoD, and HnoB, respectively.
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Figure 4.
SoNosP displays ligand binding properties consistent with a NO sensor. (A) The UV-vis

absorption spectrum of the ferrous form of SoNosP [Fe(ll)-unligated] displays a Soret
maximum at 417 nm and split a/8 bands at 552 and 524 nm (black solid line). The spectrum
of the NO-bound ferrous form of SoNosP [Fe(11)-NO] exhibits a Soret maximum at 397 nm
(black dashed line). The spectrum of the CO-bound ferrous form of SoNosP [Fe(I1)-CO]
displays a Soret maximum at 416 nm (gray solid line). (B) The rate constant for dissociation
of NO from SoNosP was measured using CO and 30 mM dithionite as a trap for released
NO. A NO dissociation rate constant [&(NO)] of (2.25 + 0.5) x 104 s~ was measured for
SoNosP and is independent of CO and all dithionite concentrations used (3, 30, and 300 mM
dithionite). A representative plot of the change in absorbance between the spectrum at each
time point after addition of the CO/dithionite trap and the spectrum at 0 min. (C) Plot of the
exponential fit of the data obtained by subtracting the difference in the absorbance at 397 nm
[Fe(11)-NO SoNosP] from the absorbance at 416 nm [Fe(11)-CO SoNosP].
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Figure 5.

NO-bound SoNosP interacts with both SoHnoK and SoNahK. (A) Precipitation of NO-
bound SoNosP by HMBP1-SoNahK. The Hisg-tagged MBP fusion of SoNahK (abbreviated
as HMBP1-SoNahK) was used to precipitate purified Hisg-tagged SoNosP. HMBP1-
SoNahK (~100 kDa), HMBP1 (~50 kDa), and NO-bound SoNosP (~43 kDa) were all
detected via an anti-His Western blot. The blot shows that NO/SoNosP does not pull down
with amylose resin (lane 1) or with HMBP1 alone (lane 2). NO/SoNosP pull down can be
detected only in the presence of HMBP1-SoNahK (lane 3). (B) Precipitation of SoNosP by
HMBP1-SoHnoK. The Hisg-tagged MBP fusion of SoHnoK (abbreviated as HMBP1-
SoHnoK) was used to precipitate purified Hisg-tagged SoNosP. HMBP1-SoHnoK (~80
kDa), HMBP1 (~50 kDa), and NO-bound SoNosP (~43 kDa) were all detected via an anti-
His Western blot. The blot shows that NO/SoNosP pull down is not detected in the presence
of amylose resin only (lane 1) or HMPB1 alone (lane 2). NO/NosP pull down can be
detected only in the presence of HMBP1-SoHnoK (lane 3).
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Figure 6.

Ferrous-unligated SoNosP inhibits both SoHnoK and SoNahK autophosphorylation activity.
Radiolabeled phosphoproteins were detected by SDS-PAGE (A and C, bottom panel,
indicating protein loading) and autoradiography (A and C, top panel, indicating
phosphorylation). (A) Fe(Il)-unligated SoNosP inhibits HnoK autophosphorylation activity
in a concentration-dependent manner. SoHnoK (3 M) was incubated with radiolabeled ATP
and varying amounts of ferrous-unligated SoNosP (15, 30, and 60 zM), resulting in an
Fe(Il)/ SoNosP dose-dependent decrease in SoHNnoK autophosphorylation activity (top
panel). (B) Intensity of phosphorylated SoHnoK as a function of various Fe(l1)/ SoNosP
concentrations plotted vs the intensity of SoHnoK autophosphorylation in the absence of
Fe(I1)/SoNosP. (C) Fe(I)-unligated SoNosP inhibits SoNahK autophosphorylation activity
in a concentration-dependent manner. SoNahK (3 M) was incubated with radiolabeled ATP
and varying amounts of ferrous-unligated SoNosP (15, 30, and 60 zM), resulting in an
Fe(I1)/ SoNosP dose-dependent decrease in SoNahK autophosphorylation activity (top
panel). (D) Intensity of phosphorylated SoNahK as a function of various Fe(11)/ SONosP
concentrations plotted vs the intensity of SoNahK autophosphorylation in the absence of
Fe(I1)/ SoNosP. Error bars represent the standard error of the mean of triplicate experiments.
An asterisk denotes p < 0.05 compared to the relative intensity of wild-type histidine kinase
autophosphorylation activity.

Biochemistry. Author manuscript; available in PMC 2020 June 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Nisbett et al. Page 30

HMBP1-HnoK
5X 10X 20X

NosP  NosP NosP 5X 10X 20X
e T 3 NosP _NosP NosP

“” S [@HMBPI-NahK

HMBP1-NahK

HMBP1-NahK

HMBP1-HnoK

HMBP1-HnoK

=

D

z 10 1.0
£ 0.8 % £ ¥
2 Z0s "
= =
< 06 206 T
£ 04 Z04
< 0.2 K.}
-4 = 0.2
0.0 v - . x 0.0
DDA 04— , . ,
Y Yy Ny, Y, KO %, %
G, ", Yy Y, ", 4, %,
Y Yy Y Y 4 ST
g, %y, %, ', M,
{ 4 4. 4. V44 044‘ ¢44. 044
WY 7 Xe x x X
ty, U4, U “. .
2 1 2 Y
% Yo ) v 4
# e 5o oy, o
Figure 7.

NO-bound SoNosP inhibits both SoHnoK and SoNahK autophosphorylation activity.
Radiolabeled phosphoproteins were detected by SDS-PAGE (A and C, bottom panel,
indicating protein loading) and autoradiography (A and C, top panel, indicating
phosphorylation). (A) A NO/SoNosP dose-dependent decrease in SoHnoK
autophosphorylation activity was observed. SoHnoK (3 M) was incubated with
radiolabeled ATP and varying amounts of Fe(I1)-NO SoNosP (15, 30, and 60 M), resulting
in a NO/SoNosP concentration-dependent decrease in SoHnoK autophosphorylation activity
(top panel). (B) Intensity of phosphorylated SoHnoK as a function of various NO/SoNosP
concentrations plotted vs the intensity of SoHnoK autophosphorylation in the absence of
NO/SoNosP. (C) A NO/SoNosP dose-dependent decrease in SoNahK autophosphorylation
activity was observed. SoNahK (3 ©M) was incubated with radiolabeled ATP and varying
amounts of Fe(11)-NO SoNosP (15, 30, and 60 M), resulting in a NO/SoNosP
concentration-dependent decrease in SoNahK autophosphorylation activity (top panel). (D)
Intensity of phosphorylated SoNahK as a function of various NO/SoNosP concentrations
plotted vs the intensity of SoNahK autophosphorylation in the absence of NO/SoNosP. Error
bars represent the standard error of the mean of triplicate experiments. An asterisk represents
p < 0.05 compared to the relative intensity of wild-type histidine kinase autophosphorylation
activity.
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SoNosP is a master regulator of the multicomponent S. onefdensis c-di-GMP signaling
network. SoNosP and its associated signaling pathway are essential for regulating complex
biofilm formation in S. oneidensis, and the molecular mechanism for this regulation is
modulation of HnoB phosphodiesterase activity. (A) The ferrous-unligated SoNosP/NahK
signaling pathway strongly inhibits the H-NOX/HnoK signaling pathway. Ferrous-unligated
H-NOX, however, has recently been demonstrated to downregulate HnoK autokinase
activity. Consequently, the flux of phosphate to both HnoB and HnoD (darker arrows)
significantly decreases, causing unphosphorylated HnoD to inhibit HnoB phosphodiesterase
activity. This decrease in HnoB activity leads to increased levels of intracellular c-di-GMP
and therefore complex biofilm production. (B) The NO-bound SoNosP/NahK signaling
pathway inhibits the H-NOX/HnoK signaling pathway. NO-bound H-NOX has previously
been demonstrated to inhibit HnoK autokinase activity only in a large molar excess. As a
result, the flux of phosphate to both HnoB and HnoD (darker arrows) occurs and the
inhibition of HnoB phosphodiesterase activity is alleviated, leading to biofilm dispersal as
phosphorylated HnoD does not inhibit HnoB activity. NahK displays a kinetic preference for
HnoC (dark arrow, Figure 2A), which is a dedicated transcription factor that regulates gene
transcription. From the data provided above, we can conclude that HnoC has no implications
in regulating biofilm formation in this bacterium.
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Student’s ¢ Test Statistical Analysis Data of Cellular c-Di-GMP Levels in S. oneidensis

Table 1.

strain
MR-1
AhnoX
DhnoK
AnosP
AnahK
AhnoB
AhnoD
AhnoXIDnosP
AhnoKIAnahK
AnosPlpnosP
AnahKlpnahK

AhnoDIphnoD

mutant mutant
e pomolsorei. N0, ANCNO stan O
GMP 10-NO MR-1-NO MR-1+NO
-NO +NO p<0.05 p<0.05 p<0.05
1 059+0.1  yes? N/A N/A
0.95+0.3 0.49+0.1 no no no
0.81+0.3 0.49+0.1 no no no
0.73+£0.1 0.46 £0.1 no yes no
070£01 057£02 no ves? no
091+£0.1 0.81+0.8 no no no
0.82+0.2 0.49+0.3 yes no no
0.60+0.2 0.37+0.1 no yes no
0.71+0.2 0.37+0.1 yes no yes
0.60+0.2 0.28+0.1 yes N/A N/A
053402 028402  yeib N/A N/A
0.56 +0.3 0.25+0.1 no N/A N/A

Page 32

ac—Di—GMP was normalized to the ODgQQ of the culture from which the c-di-GMP was extracted. The values reported here are relative to the c-di-

GMP concentration of the wild-type MR-1 strain.

by<o01.
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Ligand Binding Properties of Some NO Binding Ferrous Hemoproteinsa

Table 2.

Soret band (nm)

Fe(l)-
protein unligated
SaNost A
PaNosP® 420
ac? 431
SoH-Nox® 421
swH-Nox” 40
LpgH-Nox9 428

Fe(I1)-CO  Fe(I1)-NO

416

422

423

424

423

420

397

396

398

398

399

398

Koft(NO)
(x10™*s7)

225+05
1.8+05
3.6+09

0.13+0.01
152+35

103+14

ref

this work

3

36

37

10
38

a . . . L .
Soret band electronic absorption maxima and NO dissociation rate constants are listed.

bNosP from S. oneidensis.

C .
NosP from £ aeruginosa.

dH-NOX from bovine lung (H-NOX is one domain of sGC).

eH-NOX from S. oneidensis.

fH—NOX from Shewanella woodyi.

gH—NOX from L. pneumophila.
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