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ARTICLE INFO ABSTRACT

Keywords: Bacteria utilize heme proteins, such as globin coupled sensors (GCSs), to sense and respond to oxygen levels.
Heme GCSs are predicted in almost 2000 bacterial species and consist of a globin domain linked by a central domain to

Oxygen sensing a variety of output domains, including diguanylate cyclase domains that synthesize c-di-GMP, a major regulator

G%Obm of biofilm formation. To investigate the effects of middle domain length and heme edge residues on GCS
Diguanylate cyclase . .. . . . -
Biofilm diguanylate cyclase activity and cellular function, a putative diguanylate cyclase-containing GCS from Shewanella

sp. ANA-3 (SA3GCS) was characterized. Binding of O to the heme resulted in activation of diguanylate cyclase
activity, while NO and CO binding had minimal effects on catalysis, demonstrating that SA3GCS exhibits greater
ligand selectivity for cyclase activation than many other diguanylate cyclase-containing GCSs. Small angle X-ray
scattering analysis of dimeric SA3GCS identified movement of the cyclase domains away from each other, while
maintaining the globin dimer interface, as a potential mechanism for regulating cyclase activity. Comparison of
the Shewanella ANA-3 wild type and SA3GCS deletion (ASA3GCS) strains identified changes in biofilm formation,

demonstrating that SA3GCS diguanylate cyclase activity modulates Shewanella phenotypes.

1. Introduction

The Shewanella species are a diverse group of facultative anaerobic
bacteria that are widely distributed in aquatic environments. The
greatest asset of many Shewanella species is the ability to utilize a diverse
set of electron acceptors that include toxic elements and insoluble metals
[4]. The remarkably diverse respiratory versatility allows for survival in
an array of environmental conditions. As such, these bacteria have been
shown to facilitate bioremediation and in bioengineering applications
[5,6]. In addition, Shewanella species typically form robust biofilm in
diverse environments, such as on green algae [7] and mineral surfaces
[8]. Biofilms are three dimensional bacterial communities that form on
surfaces and provide protection from predation and environmental
stressors, and, in the case of pathogenic bacteria, can be required for
successful infection [9].

Bacterial biofilm formation is modulated by extracellular signals
[10], including oxygen (O3). As Shewanella species can respire both
aerobically and anaerobically, the bacteria must be able to change the

terminal oxidant used in metabolism based on their environment [11].
In addition to Shewanella altering metabolism in response to O levels,
many other bacteria have been shown to alter biofilm formation (surface
attached bacterial communities), motility, and virulence, suggesting
that O, levels are monitored by many bacterial species [12-16].

A class of widely distributed heme proteins, termed globin coupled
sensors, may be serving as environmental O sensors within bacteria and
allowing for response to changing gas levels [15,17-19]. Globin coupled
sensor (GCS) proteins consist of a N-terminal globin domain that is
linked to a C-terminal output domain by a variable middle domain and
activity of the output domain is modulated by diatomic gaseous ligands.
GCSs contain many types of output domains [20-22], such as digua-
nylate cyclase domains [15-17,23,24], which are responsible for syn-
thesizing 3',5"-cyclic dimeric guanosine monophosphate (c-di-GMP). C-
di-GMP is a ubiquitous bacterial secondary messenger that plays a reg-
ulatory role in several cellular pathways and processes, such as biofilm
formation [10,24]. Low levels of c-di-GMP have been shown to regulate
the motile-sessile transition of bacteria and typically result in increased
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motility. Conversely, high levels of c-di-GMP production have shown to
promote surface attachment and biofilm formation [25].

Diguanylate cyclase-containing GCS proteins have been identified
across different bacterial genomes, suggesting widespread importance in
regulating Os-dependent bacterial phenotypes. While the sensor globin
and diguanylate cyclase domains of GCS proteins typically exhibit
sequence homology, the middle domains of predicted GCS proteins vary
in length (from ~13-140 amino acids). To date, the majority of work on
diguanylate cyclase (DGC)-containing GCS proteins has focused on those
with long (~130-140 amino acid) middle domains, such as the GCS
proteins from Bordetella pertussis (BpeGReg; causative agent of whooping
cough), Escherichia coli (EcDosC), and Pectobacterium carotovorum
(PccGCS; soft rot plant pathogen) [17], while only one diguanylate
cyclase-containing GCS with a shorter middle domain (~40 amino
acids) has been characterized (HemDGC from Desulfotalea psychrophila)
[16]. Characterization of the ligand-dependent enzyme activity,
conformation, and physiological role of a globin-coupled sensor from
Shewanella sp. strain ANA-3 (SA3GCS), which is predicted to contain an
N-terminal sensor globin connected by a ~ 40 amino acid middle
domain to a C-terminal diguanylate cyclase domain, has provided
further insights into the role shortened middle domain on GCS signaling.

2. Materials and methods
2.1. SA3GCS protein expression and purification

The Escherichia coli codon-optimized gene encoding SANA3GCS was
inserted into a previously created pHis-maltose binding protein (MBP)
vector [26], containing a tobacco etch virus (TEV) protease cleavage site
and an MBP tag, using polymerase incomplete primer extension (PIPE)
cloning (Table S1). Plasmid pHis-MBP-Sana3GCS was transformed into
E. coli strain Tuner (DE3) pLysS (Lucigen). The cells were overexpressed
in a yeast extract expression media [27] containing ampicillin (100 pg
mL™Y) and chloramphenicol (30 pg mL 1y at 37 °C, 225 rpm to an
ODgoo ~ 0.3. The temperature was dropped to 18 °C and enough
d-aminolevunlinic acid was added to reach a final concentration of 500
pM. Protein expression was induced when the ODggo reached 0.7 by the
addition of 100 pM IPTG and the cultures were incubated at 18 °C with
shaking overnight. Cells were harvested by centrifugation (3500 xg,
4 °C, 20 min) and stored at —80 °C.

To purify MBP tagged SA3GCS, the cell pellets were suspended in a
buffer consisting of 50 mM Tris at pH 8.0, 300 mM NaCl, 300 mM
imidazole, and 5% glycerol (v/v). Cells were lysed by sonication in the
presence of the protease inhibitors, benzamidine HCl and Pefabloc at
60% amplitude for 30 s on/off for a total of 12 min. The lysate was
clarified by centrifugation (Beckman Optima L-90x ultracentrifuge) at
130,000 x g, 4 °C for 1 h. The supernatant was applied to a pre-
equilibrated HisPur Ni column (Fisher Scientific). SA3GCS eluted in a
buffer consisting of 50 mM Tris at pH 8.0, 300 mM NaCl, and 250 mM
imidazole at a flow rate of 1.0 mL min .

The cleavage of MBP is necessary to obtain SA3GCS with high
enzymatic activity. S219V TEV protease (expression/purification con-
ditions below) was added to MBP tagged SA3GCS in a ODyg( ratio of
5:100 with sufficient dithiothreitol and ethylenediaminetetraacetic acid
to reach final concentrations of 1 mM and 0.5 mM, respectively. The
mixture was dialyzed for three hours, twice, against a buffer consisting
of 50 mM Tris at pH 8.0, 300 mM NaCl, and 5% glycerol (v/v) at 4 °C.
Enough imidazole was added to the dialyzed protein to reach a con-
centration of 20 mM and the protein was loaded onto a HisPur Ni-NTA
column equilibrated with a buffer consisting of 50 mM Tris, 300 mM
NaCl, 20 mM imidazole, and 5% glycerol (v/v) at pH 8.0. Following
protein loading, the column was washed with the same buffer described
above. The protein was collected and concentrated via ultrafiltration
(YM-10, 10 kDa MWCO filter, Milipore). Purified SA3GCS was desalted
and further purified by size exclusion chromatography (SEC) using a
S200 gel filtration column (GE Healthcare) equilibrated with a buffer
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consisting of 50 mM Tris at pH 8.0, 50 mM NaCl, 1 mM DTT, and 5%
glycerol (v/v; Buffer A) at a flow rate of 1.0 mL min~'. Fractions con-
taining SA3GCS were collected and concentrated via ultrafiltration,
flash frozen, and stored at —80 °C until use. Protein purity was assessed
by sodium dodecyl sulfate-polyacrylamide gel electrophoreses (SDS-
PAGE) (Fig. S1), and concentrations were determined using the Bradford
Microassay (Bio-Rad Laboratories).

2.2. TEV protease expression and purification

S219V TEV protease vector pRk793 was a gift from Prof. Michael
Marletta (UC- Berkley). The plasmid was transformed into E. coli BL21
DE3 cells and cells grown in LB media containing 100 pg mL ! ampi-
cillin and 30 pg mL™! chloramphenicol at 37 °C with shaking to an
ODgoo ~ 0.6. TEV expression was induced with 1 mM IPTG and then
cells were incubated with shaking at 37 °C for four hours. The cells were
harvested after centrifugation (3500 xg, 4 °C, 20 min) and stored at
—-80 °C.

To purify TEV protease, the cell pellets were resuspended in buffer
consisting of 20 mM NaPi and 300 mM NacCl at pH 7.5. Cells were lysed
by sonication (QSonica) in the presence of the protease inhibitors ben-
zamidine HCl (Dot Scientific) and Pefablock (Sigma-Aldrich) at 60%
amplitude for 30 s on/off for a total of 6 min on. The lysate was clarified
by centrifugation (Beckman Optima L-90x ultracentrifuge) at 130,000 x
g, 4°Cfor 1 h. The supernatant was applied to a HiTrap HP 5 mL column
(GE Healthcare) equilibrated with a buffer, which consisted of 20 mM
NaPi and 300 mM NacCl at pH 7.5, using a NGC Chromatography system
(Biorad). The loaded column was washed with a gradient from 0 mM
imidazole to 40 mM imidazole over 2 column volumes and eluted at 200
mM imidazole. The purified protein was dialyzed against a buffer con-
sisting of 20 mM NaPi and 300 mM NacCl at pH 7.5 for three hours, two
times. Purified protein was collected, concentrated, flash frozen, and
stored at —80 °C for future use.

2.3. UV-visible absorption spectroscopy

UV-visible absorption spectroscopy spectra were acquired from 800
to 200 nm using an Agilent Cary 100 spectrophotometer. Spectra were
recorded in a 1 cm path length quartz cuvette. Preparation of complexes
were carried out as previously described. [28,29] Briefly, SA3GCS was
transferred into the anaerobic chamber (Coy) and incubated with so-
dium dithionite (Millipore Sigma) for 30 min. The mixture was then
desalted using a PD-10 column (GE Healthcare) that was equilibrated
with Buffer A and checked using the spectrophotometer for the fully
reduced Fe(II) ligation state. For the Fe(II)-NO sample, 5 pL of 10 mM
DEA-NONOate (Cayman Chemical) dissolved in anaerobic 0.1 M NaOH
was added to the protein. For the Fe(II)-O, state, reduced SA3GCS was
removed from the anaerobic chamber and mixed with aerobic or O,
saturated Buffer A. The CO complex was generated by introducing CO
gas into the headspace of an anaerobic cuvette (Starna Cells) containing
Fe(II) SA3GCS.

2.4. Enzyme kinetics

Enzyme kinetic assays were performed to determine the diguanylate
cyclase activity of SA3GCS with the EnzChek pyrophosphate kit (Life
Technologies) [30]. Prior to kinetic measurements, SA3GCS and EcDosP
[31], which was expressed and purified as previously described, were
reduced and various SA3GCS complexes were formed as previously
described. [28,29] The ligation/oxidation state of the heme was deter-
mined by UV-visible spectroscopy before each enzyme assay. Enzyme
kinetics with all Fe(II), Fe(Il) - CO, and Fe(II) — NO ligation states were
measured in an anaerobic chamber (Coy Laboratories). The EnzCheck
pyrophosphate kit instructions were followed with the exception that
SA3GCS and a phosphodiesterase, EcDosP, were added and the reactions
were initiated with varying concentrations of GTP (Sigma). Briefly,
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inorganic pyrophosphate (PPi) is converted to inorganic phosphate (Pi)
via inorganic pyrophosphatase (IP). Pi is used to enzymatically convert
2-amino-6-mercapto-7-methylpurine ribonucleoside (MESG) to ribose
1-phosphate and 2 -amino-6-mercapto-7-methylpurine. The enzymatic
conversion of MESG results in a shift in its absorbance maximum from
330 nm to 360 nm.

The assays were performed in triplicate in 96 well plates (Corning)
containing 4 protein concentrations (0.05-0.4 pM) and 6 GTP concen-
trations (0-500 mM). EcDosP was included at a 3-M excess to eliminate
inhibition of cyclase activity by the produced c-di-GMP. The entire plate
assay (including triplicates) was monitored at 360 nm every 30 s for 180
min using an Epoch2 plate reader and Gen5 software (Biotek). The as-
says were repeated at least twice with different protein from different
expressions/purifications to account for protein batch variability. Ana-
lyses to determine enzymatic rates were performed using Igor Pro
(Wavemetrics).

2.5. 0 dissociation measurements

O, dissociation measurements were performed as previously
described [17,27,28], with the following modifications. SA3GCS Fe(I)-
O, ligation state was formed as described above. A 10 mM sodium
dithionite trap was prepared in anaerobic Buffer A in an anaerobic
chamber (Coy Labs). CO was not used as part of the trap. The dissoci-
ation of Oy from the heme was monitored using an SX20 stopped flow
equipped with diode array detector and fit globally using Pro-KII
(Applied Photophysics). Additional fitting analysis of raw data was
performed using Igor Pro (Wavemetrics) (Fig. S2). Amplitudes of each
fitted rate constant were calculated by fitting the data using a biexpo-
nential equation in Igor Pro. Amplitudes of each phase were used to
calculate the percentage of each rate constant by dividing the amplitude
of kj or kz by the sum of the amplitudes and multiplying by 100.

2.6. Size Exclusion Chromatography (SEC)

SA3GCS oligomers were detected via size exclusion chromatography
using an Agilent 1200 infinity system with a Sepax SEC-300 (7.8 mm X
300 mm, 300 10\) and diode array detector (simultaneous detection at
214, 280, 416, and 431 nm), as previously described. [17] SA3GCS and
MBP-SA3GCS were reduced in an anaerobic chamber and then allowed
to bind O, following mixing with aerobic buffer. A UV-visible spectrum
was collected to determine the ligation state of the heme. The mobile
phase for all experiments consisted of a 150 mM NaPi buffer at pH 8.0.
Spectra were collected for each peak during the SEC run to confirm that
the heme remained in the Fe''-O, ligation state. Globular proteins
(Sigma-Aldrich) consisting of thyroglobulin (640 kDa), y-globulin (155
kDa), ovalbumin (47 kDa), and ribonuclease A (13.7 kDa) were used as
molecular weight standards for calibration curves.

2.7. Circular Dichroism (CD) spectroscopy

The secondary structure of SA3GCS at different ligation states were
assessed using circular dichroism (CD) spectroscopy. Triplicate samples
of 0.1 mg/mL Fe(Il) and Fe(Il) - O, MBP-SA3GCS were prepared as
described above in 10 mM potassium phosphate (KPi) pH 8.0 and loaded
into a 1 mm path length quartz cuvette. For anaerobic CD measurement,
the cuvette was sealed in the glove box. The UV CD spectra were
collected with a Jasco J-1500 CD spectrometer at room temperature
setting, bandwidth of 1nm, response time of 1 s, standard sensitivity,
wavelength scan range from 260 to 185 nm with a scan rate of 50 nm/
min and 0.5 nm data interval (Fig. S3) and a three-scan accumulation
(averaged at the end). The spectra for the samples were normalized by
subtracting a spectrum of the buffer alone under the same conditions.
Data analysis and the determination of the standard error were done
using Microsoft Excel. The secondary structure was estimated using the
BestSel program [32].
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2.8. Dynamic Light Scattering (DLS)

Purified Fe(I1)-O, MBP-SA3GCS protein was checked for its quality
and size distribution with a DLS run prior to the small-angle X-ray
scattering (SAXS) experiment. DLS was performed on 0.5 mg/mL Fe(I[)—
O, MBP-SA3GCS in Buffer A using a Viscotek802 DLS instrument at 293
K. The DLS data were processed by the OmniSIZE 3.0 software to get an
estimate of the hydrodynamic radii and sizes of the sample population.
The estimated Rh of the two major peaks were 87 and 707 A and the
polydispersity of peaks was 0.29 and 0.288, respectively (Fig. S4). The
hydrodynamic radii suggested that at room temperature a mixed pop-
ulation of dimers, higher order oligomeric states and larger aggregates
(>100 nm) appear in the size distribution intensity existed in solution.
This necessitated the use of inline SEC-SAXS to separate and study the
dimers individually.

2.9. SAXS measurement and modeling

Synchrotron SEC-SAXS data of Fe(II)-O MBP-SA3GCS was collected
on the BioSAXS beamline (ID7A1) at the Cornell High Energy Syn-
chrotron Source (CHESS) using a Superdex 200 10/300 GL column (GE
Healthcare). Fe(II)-O2 MBP-SA3GCS samples were prepared in a buffer
consisting of 50 mM Tris, 50 mM NacCl, 1 mM DTT, and 5% glycerol (v/v)
at pH 8.0. The sample was centrifuged at 30 psi for 20 min on a tabletop
ultracentrifuge. A 100 pL volume at a concentration of 25 pM protein
was loaded onto the SEC column and injected. SAXS data was collected
sequentially with 2 s exposures with a flow rate of 0.5 mL min . Syn-
chrotron beam was centered on a capillary sample cell with 1.5 mm path
length and 25 pm thick quartzglass walls (Charles Supper Company,
Natik, MA). The sample cell and full X-ray flight path, including beam
stop, were kept in vacuo (< 1 x 1073 Torr) to eliminate air scatter.
Temperature was maintained at 4 °C. Data were collected at 293 K using
a dual PILATUS 100 K-S SAXS/WAXS detector and a wavelength of
1.264 A. The sample capillary-to-detector distance was 1508.0 mm and
was calibrated using silver behenate powder (The Gem Dugout, State
College, PA). The useful g-space range (4nSin6/A with 20 being the
scattering angle) was generally from qmin = 0.008 A-1 to qmax = 0.27
A-1 (g = 4nsin(8)/2, where 20 is the scattering angle). The energy of the
X-ray beam was 9.808 keV, with a flux of 3 x 10! photons/s and a
diameter of 250 pm x 250 pm. The synchrotron storage ring was
running at 50 milliamps positron current. Details of the SAXS data
collection and model parameters are listed in Table S2.

The BioXTAS RAW software was used for SEC data collection, data
reduction and background buffer data subtraction [33]. SAXS data were
carefully chosen for averaging from frames that had the same radius of
gyration across the dimer peak as from the UV plot of the SEC flow-
through (Fig. S5). Image integration, normalization, and subtraction
was carried out using the RAW program. Radiation damage was assessed
using the CORMAP criterion as implemented in RAW’s built-in aver-
aging function. Sample and buffer solutions were normalized to equiv-
alent exposure before subtraction using beam-stop photodiode counts.
The forward scattering 1(0) and the radius of gyration (Rg) were calcu-
lated using the Guinier approximation, which assumes that at very small
angles (q < 1.3/Ry) the intensity is approximated as I(q) = I(0)exp.[-1/
3(qRg) [2]]. The molecular mass was estimated using a comparison with
glucose isomerase and lysozyme standard protein data in the RAW
software. Guinear analysis and Kratky plots from the ATSAS program
suite were performed to calculate the radius of gyration (Ry), scattering
intensity extrapolated to zero angle I(0), maximum dimension Dj,q, and
pair distance distribution P(r) (Fig. S6). GNOM [34] was used to
calculate P(r), from which the Dmax and Rg were determined
(Table S2). Ab initio low-resolution solution models were reconstructed
using DAMMIN [35] for data in the range (0.012 < ¢ < 0.4 10\’1) and
with no symmetry. Ten models were generated from each program and
averaged using DAMAVER [36]. The normalized spatial discrepancy
parameter (NSD) obtained from DAMAVER indicated the similarity
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between models used for average calculations. NSD values <1.0 were
obtained as expected for similar models. The theoretical scattering
profiles of the constructed models were calculated and fitted to experi-
mental scattering data using CRYSOL. [37]

Individual domains of the MBP-SA3GCS protein with the MBP,
globin, middle-domain and cyclase sequences and the dimer structures
of the globin and cyclase domains were generated using homology
modeling in the Swissmodel software. The models were scrutinized and
validated by checking against high resolution protein structures of
diguanylate cyclase and globin domain [38-42]. Possible tertiary and
quaternary structures of MBP-SA3GCS were built manually into the
SAXS solution envelope using the Pymol graphics software [43]. The
overall dimer model was generated using the high scoring individual
domain homology models of the MBP monomer, globin dimer, mid
domain monomer and diguanylate cyclase dimer and merged. The fit of
these sub-structures into the SAXS solution envelope was unambiguous
due to the distinct features of the large MBP domains and the differences
in the many domain and dimer sizes. The complete MBP-SA3GCS dimer
model hence built was energy minimized using the Chimera [44] soft-
ware. To evaluate the conformational flexibility of the individual do-
mains in the manually fit dimer, SREFLEX [3] software was used with
the domains and dimers refined as independent rigid bodies. This ATSAS
program uses normal mode analysis to estimate the flexibility of high-
resolution models and improves their agreement with experimental
SAXS data. The theoretical scattering was calculated for each generated
model by CRYSOL. The Chi [2] fit for the MBP-SA3GCS dimer generated
for the wild type and variants was close to 1.0, supporting the robustness
of the SAXS models.

2.10. Shewanella putrefaciens ssp. ANA3 GCS deletion strain

An internal portion of the SANA3 GCS gene was amplified by PCR
and cloned into suicide vector pKO2.0 [45] to generate a vector pKO:A
SANA3GCS. ASANA3GCS was transformed into donor strain $-2155 A
pir [46] and confirmed by DNA sequencing. pKO:ASANA3GCS was
transferred into SANA3 by conjugation and single colonies were selected
on media containing gentamycin (15 pg mL™1). Single colonies were
confirmed by PCR with primers SANA3GCSDTF and SANA3GCSDTR
(Table S3).

2.11. Quantitative biofilm assay

Congo Red assays were conducted as previously described. [47] In-
dividual colonies of Shewanella ANA-3 (SANA3) and SANA3 AGCS from
LB-agar plates were inoculated into 5 mL LB and cultured overnight in
15-mL plastic culture tubes. The overnights were inoculated 1:40 into 7
mL of LB containing 0.0025% Congo Red and aliquoted in 1.6 mL tubes
(sterile, polypropylene; 1 mL per tube). For aerobic analysis, triplicates
of WT and AGCS cultures had the lids left loose for gas exchange and
were loosely covered in Saran Wrap to prevent contamination; samples
for anaerobic analysis were placed within a glass box with a seal and an
AnaeroPack (BD Biosciences) was added to yield an O,-free atmosphere.
The cultures were incubated for 24 h at 30 °C with shaking at 100 rpm.
For biofilm quantification, samples were centrifuged at 12000 g for 15
min and 200 pL of supernatant were transferred to a 96-well microplate
(Corning Costar; sterile, non-treated, polystyrene). The absorbance at
500 nm was recorded using a microplate reader. For normalization to
cell growth, each culture was resuspended by pipetting and 200 pL were
transferred to a 96-well microplate prior to recording the ODggg using a
microplate reader.

3. Results and discussion
3.1. SA3GCS binds heme and gaseous ligands

Shewanella sp. ANA-3 (SANA3) encodes a putative globin coupled
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sensor protein (GCS; Shewana3_0022, AOKR48; Fig. 1) that is composed
of a N-terminal globin domain linked to a C-terminal GGDEF diguany-
late cyclase domain. As heterologous expression of SA3GCS yielded red
protein with characteristic Fe(II)-O2 heme absorption spectrum, the
ability of SA3GCS to bind gaseous ligands at the heme was probed by
UV-visible absorption spectroscopy. SA3GCS Fe(II) has a Soret band
Amax at 425 nm and can bind O, CO, and NO, resulting in blue shifts to
414, 419, and 416 nm, respectively (Fig. 2). The Q-band regions show
the expected for each of the ferrous ligation states and the spectra in the
various ligation states are similar to previously described GCS proteins
[17,48], demonstrating that SA3GCS contains a functional sensor globin
domain.

To further investigate Oy binding to SA3GCS, the O, dissociation rate
constants were measured using stopped-flow UV-vis spectroscopy
(Fig. S1, Table 1). The measured progress curves are biphasic, described
by two rate constants (k; = 1.96 s~ %; ky = 73.4 51, suggesting that there
are at least two conformations of the heme pocket involved in sensing O4
[38,49-51]. SA3GCS remains in the Fe(II)-O, state while the protein is in
an aerobic environment and oxidation of the Fe(II)- O, state to Fe(III) is
not observed over the course of multiple hours of analysis. GCS proteins
typically have very fast Oq association rates; the association rate con-
stants for the GCS proteins from B. pertussis and P. carotovorum are ~7
uM ! s71 [17]. Rapid O, association generally results in Kps for O, in the
mid-nM to low pM range, resulting in the proteins being fully O, bound
under aerobic conditions.

In comparison to BpeGReg and PccGCS, SA3GCS exhibits faster
dissociation rate constants, especially for k,. The GCS protein HemAT-
Bs, which contains a methyl accepting chemotaxis protein output
domain, has fast O, dissociation rate constants (k; = 87 s * and k3 =
1900 s~ 1), proposed to arise from an apolar distal pocket [51]. However,
recent studies on the bifunctional GCS DcpG, which contains DGC and c-
di-GMP phosphodiesterase output domains, found that the protein also
exhibits fast O, dissociation and that O dissociation rate constants are
dependent on a heme edge histidine, with no other obvious differences
in the heme pocket [52,53]. Both HemAT-Bs and DcpG contain a heme
edge histidine and have at least one O, dissociation rate > 70 s1, while
BpeGReg and PccGCS contain a heme edge tryptophan and have
maximal O, dissociation rate constants <10 s\ In contrast, SA3GCS
contains a heme-edge tyrosine at the homologous position but otherwise
similar heme pocket, suggesting that the heme edge position strongly
regulates affinity for Oo. The heme edge residue in DcpG was previously
mutated, the H- > Y variant resulting in ~4-fold lower k», the H- > W
variant resulting in ~17-fold decrease in kp, and the H- > F variant
resulting in ~44-fold decrease in kp O, dissociation rate constants [53].
These data suggest that O, dissociation rate constants are modulated by
the hydrogen bonding capacity, hydrogen bond strength, and pK, of the
heme edge residue, potentially by modulating electronic properties of
the heme.

3.2. Oxygen activates SA3GCS diguanylate cyclase activity

As previously characterized GCSs exhibit different diguanylate
cyclase kinetics based on heme ligation state, SA3GCS diguanylate
cyclase activity in response to different ligation states of the heme in the
globin was determined. Initial studies compared the activity of Fe(I[)-O4
MBP-SA3GCS and SA3GCS constructs to determine if the MBP tag
interfered with enzyme activity. MBP-SA3GCS was found to have a kcq;
of 1.88 + 0.054 min ! and a Ky of 32 + 4 pM; in comparison, SA3GCS
had a k.4 of 3.05 + 0.11 min~! and Ky of 62 £+ 15 pM (Table 2). As the
removal of the MBP tag from SA3GCS resulted in ~1.5-fold larger viax
under the same conditions, further enzymatic assays were performed on
the MBP-cleaved SA3GCS construct.

Similar to previous work on BpeGReg and PccGCS [16,17,23,48],
cyclase activity of SA3GCS was the lowest for the Fe(II) unligated state
(22% of maximum kc) and highest for the Fe(II)-O, ligation state
(100% of maximum kc,; Table 3). SA3GCS cyclase activity increased
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Fig. 1. SA3GCS sensor globin sequence alignment (A.) and homology model (B.). Residues discussed in the text are highlighted by arrows in A. and side chains shown
in B.
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Fig. 2. UV-visible spectra of SA3GCS Fe(Il) unligated and ligated species.
Black, Fe(Il) (424, 550 nm); red, Fe(Il) — O, (414, 544, 577 nm); blue, Fe(II) —
CO (419, 537, 565 nm); green, Fe(II) - NO (416, 543, 572 nm). The inset shows
an expanded view of the Q-band region for clarity. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Rate constants for O, dissociation from GCS proteins. %k; and ks refer to the
percentage of total amplitude due to each dissociation rate constant.

Protein ki (s™YH k2 (s™Y) % ky % ko
SA3GCS 1.96 + 0.06 73.4 +£1.04 21.4 78.6
PccGCS [17] 0.641 + 0.003 3.98 + 0.03 56.3 43.7
BpeGReg [17] 1.23 £ 0.01 7.50 £+ 0.06 36.2 63.8
DcpG [53] 12.07 87.3 17.8 82.2
HemAT-Bs [51] 87 1900 N.D. N.D.
EcDosC [23] 13 - - -
N.D. Not determined.
Table 2
Ligation state-dependent enzyme kinetics.
Protein Ligation keat Ky (pM) Kear/Ky (M1
state (min~ ) min~ 1)
SA3GCS Fe(1l) 0.67 + 0.08 60 + 12 11,167 + 2601
Fe(Il) — O, 3.05 +0.11 59 +£11 51,695 + 9817
Fe(Il) - CO 0.65 £+ 0.05 82+15 7927 + 1573
Fe(II) - NO 0.83 £+ 0.08 74 + 20 11,216 + 3218
BpeGReg
[13]
Fe(1D) 0.18 120 + 1500
11
Fe(Il) — O, 0.59 57+8 10,350
Fe(Il) - CO 0.23 ND -
Fe(II) - NO 0.38 ND -
PccGCS [13]
Fe(1D) 0.29 62+3 4677
Fe(Il) - Oy 0.73 31+6 23,548
Fe(Il) - CO 0.43 N.D. -
Fe(Il) - NO 0.51 N.D. -

N.D. Not determined.

Table 3
GCS diguanylate cyclase percent relative activities based on initial rates of c-di-
GMP product or ket

Protein Fe(II) Fe(I)-0, Fe(I)-NO Fe(II)-CO Fe(III)

SA3GCS 22 100 27 21 N.D.
BpeGReg [17] 31 100 64 39 N.D.
PccGCS [17] 40 100 70 59 N.D.
EcDosC [23] 1.5 33 1.5 33 100
HemDGC [16] 0.9 100 0 0.6 0

N.D. Not determined.
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only slightly in the Fe(II)-NO ligation state (27% of maximum k) and
the Fe(II)-CO state did not cause significant changes in cyclase activity
(21% of maximum kc,¢). These results suggest that SA3GCS is selective
for O, compared to other gaseous ligands. In comparison to other DGC
containing GCS proteins, SA3GCS exhibited faster cyclization kinetics in
the Fe(II)-O4, ligation state (Tables 2 and 3); SA3GCS was approximately
5-fold and 4-fold greater than GCS proteins with larger middle domains
BpeGReg [17] and PccGCS [17], respectively. HemDGC, which also has a
shorter middle domain and a heme edge tyrosine (Fig. 2), has maximum
cyclase activity in the Fe(II)-O3 (100% activity) and < 1% activity in the
Fe(II)-unligated, Fe(II)-CO state, and Fe(II)-NO states (Table 3) [16].
In contrast, BpeGReg and PccGCS, which both contain longer middle
domains and heme edge tryptophan residues, exhibit ~40% and 70%
maximal activity in the Fe(I)-CO and Fe(II)-NO states, respectively.
These results suggest that GCS proteins with a shorter middle domain
and heme edge tyrosine exhibit greater ligand selectivity for the Fe(II)-
O, state to increase diguanylate cyclase activity. SA3GCS also does not
exhibit ligation state-dependent differences in Ky, as compared to
PccGCS and BpeGReg, which exhibit 2-3-fold changes in Ky between Fe
(II) and Fe(II)-O, states. Although Michaelis-Menten parameters were
not calculated for HemDGC, results from SA3GCS studies suggest that
the middle domain length of GCSs, and potentially the identity of the
heme edge residue, modulate Os-dependent rearrangements of the cat-
alytic domains that result in improved catalytic turnover of the digua-
nylate cyclase without significant rearrangement of the GTP binding
pocket.

3.3. Structural insights into SA3GCS

To investigate the Oy-dependent activation, the oligomeric states of
MBP-SA3GCS and SA3GCS constructs were determined in the Fe(II)-O,
ligation state by analytical gel filtration HPLC. SA3GCS and MBP-
SA3GCS were predominantly a single oligomeric state, with calculated
molecular weights of 156 (monomer, 46.7 kDa) and 353 kDa (monomer,
93 kDa), respectively. The SA3GCS oligomeric state is calculated as
being either a tetrameric or trimeric state, likely due to an elongated
conformation, while the MBP-SA3GCS was primarily tetrameric,
regardless of concentration (Fig. 3, S7). However, the blue native gel of
MBP-SA3GCS suggests that a small percentage of MBP-SA3GCS exists in
the dimeric state (Fig. S8). These data suggest that both constructs form
larger oligomeric states, as seen with several other GCS proteins
[16,17,50].

Secondary structure changes were monitored to probe the effect of
O,-dependent activation on MBP-SA3GCS. The Fe(Il) ligation state of
MBP-SA3GCS contained 77 £ 10% helices, 5 4= 1% turns, and 18 & 4%
others (bend, loop; Fig. S3). Upon the addition of O, the secondary
structure changed to 58 + 7% helices, 5 + 1% B-strand, 7 + 2% turn,
and 30 + 5% other. The changes in the secondary structure between the
Fe(II) and Fe(II)-O, ligation states suggest that O binding causes
conformation changes to the enzyme that result in a decrease in the

e 15% kDa 13 i kDa

670 kDa 44.3kDa

Time (min)

Fig. 3. Analytical gel filtration chromatogram of SA3GCS. The major peak
(~150 kDa) corresponds to a tetramer of SA3GCS.
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helical content and an increase in the beta strand and random loop
structures, as well as increased cyclase activity. The globin and cyclase
domains individually are well folded as seen in the many homologous
crystal structures [38-40]. Therefore, it is likely that these domains stay
folded in the Fe(II) and Fe(II)-O, forms of the protein and the secondary
structural changes seen in the CD experiment correlate to the changes in
the middle domain. These data suggest that Oy binding within the globin
domain could result in a structural transition in the middle domain
where helices unwind and allow for increased cyclase function.

To obtain further structural information about SA3GCS, DLS and
SAXS were performed on Fe(II)-O, MBP-SA3GCS. The MBP-tagged
protein was studied to ensure that 1) SA3GCS remained soluble and
stable during the relatively long analysis times and 2) gain insight about
mechanisms to decrease GCS diguanylate cyclase activity. The ~1.5-fold
lower activity of MBP-SA3GCS vs. SA3GCS provided an opportunity to
identify protein conformational changes involved in modulating GCS
diguanylate cyclase activity. As characterized GCS proteins (Table 3)
often exhibit only ~2.5-3-fold differences in cyclase activity between
the “on” and “off” states of the enzymes, the difference in cyclase ac-
tivity of MBP-SA3GCS and SA3GCS suggested that the MBP tag was
potentially able to similarly alter GCS conformation to modulate cata-
lytic activity without changing the ligation state of the heme iron.

Large aggregates (>100 nm) appeared in the size distribution of
intensity in a DLS run of MBP-SA3GCS. Additionally, there appeared to
be higher order oligomeric states present indicating the redistribution of
oligomers after purification and over time. Therefore, inline-SEC was
used for SAXS data collection of Fe(II)-Oo MBP-SA3GCS run to remove
any higher oligomers and protein aggregation that may have occurred
with sample storage and travel to the synchrotron. Based on the peak
intensities in the SEC trace (Fig. S5), we chose to focus on analysis of the
dimer structure.

Due to a low starting concentration and five-fold dilution after the
size exclusion column, the SEC-SAXS scattering signal was found to be
weak, limited to a q-range of between 0 and 0.15 A~ as shown in
Fig. S6. However, this was not limiting for further analysis and was
found to be sufficient for low resolution structural information. The
radius of gyration calculated through Guinear analysis was determined
to be 51.05 A and corresponded to that of a dimer, as expected. Based on
the scattering intensity extrapolated to zero angle I(0), the molecular
weight was calculated to be 230 + 50 kDa, supporting a dimeric state of
MBP-SA3GCS (93 kDa). A solvent envelope reconstruction of MBP-
SA3GCS, generated using the SAXS data input into the DAMMIN soft-
ware, confirmed the dimensions and fit to a dimer model. The overall
dimer model was generated by fitting and merging high scoring ho-
mology models of the MBP monomer (two copies), globin dimer, mid
domain monomer (two copies) and diguanylate cyclase dimer into the
DAMMIN generated solvent envelope.

Analysis of the model suggests that the orientation of each monomer
of MBP-SA3GCS causes the observed lower cyclase activity, as compared
to SA3GCS. It has been previously shown that DGC proteins require
dimer formation for catalytic activity, with the active sites of each
monomer facing each other and binding to one GTP molecule each and
the cyclization reaction occurring across the dimer interface
[41,42,54-56], regardless of their regulatory domain. The initial cyclase
dimer modeled in SAXS was in its closed active-form with the two
diguanylate cyclase active site halves proximal to each other, a
requirement for enzymatic activity for the conversion of GTP to c-di-
GMP. However, after refinement with SREFLEX (improvement of cor-
relation coefficient from 0.94 to 0.99), the two monomers of the cyclase
moved apart and formed an open structure with altered orientation of
the two cyclase domains within the SAXS envelope that did not position
the active sites at an optimal distance. The distance between cyclase
domain active sites should result in lower enzymatic activity, as was
observed for MPB-SA3GCS compared to SA3GCS (Table 1), suggesting
that hinging of the diguanylate cyclase domains could serve as a
mechanism to regulate enzymatic activity while maintaining the dimer
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through globin domain interactions. This movement of diguanylate
cyclase domains regulating enzyme activity is similar to those observed
for DcpG, which contains both diguanylate cyclase and phosphodies-
terase output domains [53], and may be a conserved method of enzy-
matic regulation in GCS proteins.

In agreement with the CD data, the middle domain homology model
was modeled as a helix-turn-helix in the open inactive state and a flex-
ible unstructured loop in the open active state. The middle domain
hence could help in the reorientation of the diguanylate cyclase mono-
mers as it changes from open to closed states. A model of the potential
active cyclase conformation was developed (Fig. 4C), highlighting
possible domain movements. The protein quaternary structure could be
controlled by the crucial middle-domain as it transitions between two
related dimeric states, inactive (open) and active (closed) (Fig. 4A and B;
and 4C, respectively). In addition, the cyclase could also transition be-
tween the open-closed states upon substrate binding to the active site.

3.4. GCS impacts biofilm formation of Shewanella ssp. ANA3

As ¢-di-GMP produced by diguanylate cyclases has been shown to
regulate biofilm formation [57], the function of the globin-coupled
sensor was elucidated by deleting the GCS from SANA3 (AGCS). The
biofilm formation of both the wild-type and the deletion strains were
monitored under aerobic and anaerobic conditions. Under both condi-
tions, SANA3 AGCS exhibited decreased biofilm formation, as compared
to WT SANA3 (Fig. 5). While diguanylate cyclase activity, which results
in ¢-di-GMP production, is typically linked with increasing biofilm for-
mation, recent work has demonstrated that diguanylate cyclases can
control many additional cellular phenotypes [10,25]. Shewanella sp.
ANA-3 encodes for 60 proteins predicted to contain diguanylate cyclase
(GGDEF) domains, although some of the domains may be catalytically
inactive, suggesting that c-di-GMP signaling likely controls many other
cellular pathways and phenotypes, in addition to biofilm formation.
Furthermore, the increased biofilm formation observed under anaerobic
conditions is likely controlled by an a different diguanylate cyclase, as
the SANA3 AGCS strain is still exhibits Os-dependent biofilm formation.
However, as the relative increase in biofilm formation under anaerobic
vs. aerobic conditions is slightly attenuated in the SANA3 AGCS strain
(6.7-fold for WT and 5.5-fold for AGCS), SA3GCS may be involved in
regulating additional cellular processes involved in adapting to envi-
ronments with different Oy concentrations. Overall, these results
demonstrate that SA3GCS is active in vivo and affects Shewanella sp.
ANAS3 biofilm formation, as well as suggest that SA3GCS may be
involved in regulating other c-di-GMP-dependent pathways in response
to O levels, such as metabolism, growth, or motility.

4. Conclusion

In summary, the results have demonstrated that SA3GCS serves as a
globin coupled sensor that exhibits ligand-dependent diguanylate
cyclase activity and plays a role in biofilm formation of Shewanella sp.
ANA3 in vivo. Using SAXS, we have developed a model of MBP-SA3GCS
and identified possible rearrangements involved in ligand-dependent
regulation of cyclase activity. Based on CD and SAXS data, the middle
domain is involved with the conformational changes required for signal
transduction from the globin to the cyclase domain, allowing for con-
version between inactive and active forms of the enzyme. Furthermore,
the heme edge tyrosine may be involved in transmitting the heme ligand
identity through the protein to regulate enzyme activity. This work
suggests a potential mechanism for Oj-dependent conformational
changes in regulating GCS protein activity by changing cyclase domain
orientation and in modulating bacterial biofilm formation.
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Fig. 4. SA3GCS SAXS model. A.) Dammin generated bead model (in grey) superimposed with the MBP-SA3GCS dimer model cartoon and B.) a 90° rotated view of
the MBP-SA3GCS dimer model. The dimer model was generated using the modeling software Swissmodel. [1] C.) Final SAXS model of SA3GCS dimer, omitting the
MBP domains. Monomer colors (green, purple) vary by domain. The diguanylate cyclase domain active sites (GGDEF) are highlighted in orange and are ~18 A apart.
High scoring individual domain models were generated for the globin dimer, mid domain and diguanylate cyclase dimer and merged as shown in D.) as a closed
active site dimer (active sites ~8 A apart). When this merged model was refined against the SAXS data using normal mode analysis in the ATSAS [2] suite SREFLEX
[3], the diguanylate cyclase dimer moved apart from each other to form an inactive/open dimer shown as black arrows. E.) Model for regulation of diguanylate
cyclase activity based on the SAXS data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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