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ABSTRACT

Nitric oxide (NO) and the greenhouse (GHG) gas nitrous oxide (N2O) contribute significantly
to climate change. In rhizobia, the denitrifying enzyme c-type nitric oxide reductase (cNor),
encoded by norCBQOD genes, is crucial for maintaining a delicate balance of NO and N>O levels.
In the soybean endosymbiont Bradyrhizobium diazoefficiens, maximal expression of norCBQD
genes in response to NO is controlled by NnrR, which belongs to a distinct clade of the
CRP/FNR family of bacterial transcription factors. This protein participates in the FixLJ-FixKo-
NnrR regulatory cascade that induces denitrification genes expression in response to oxygen
limitation and nitrogen oxides. However, the molecular mechanism underpinning NO sensing
by B. diazoefficiens NnrR has remained elusive. Here, we revealed that NnrR induces norCBQD
gene expression in response to NO uncoupled from the superimposed FixK> control. Moreover,
NO-mediated induction by NnrR is dependent on haem, as the expression of a norC-lacZ fusion
was impaired in a hemN> mutant defective in haem biosynthesis. In vitro studies showed that
NnrR bound haem with a 1:1 stoichiometry (monomer:haem), according to titration
experiments of recombinant NnrR protein with hemin performed under anaerobic conditions.
Furthermore, the full UV-Visible spectra of haem-reconstituted NnrR showed a peak at 411 nm
(ferric form), and at 425 nm (ferrous derivative). This latter complex was able to bind NO under
anaerobic conditions. Finally, we performed a functional mutagenesis of specific residues in
NnrR predicted as putative ligands for haem binding. While HI1 was important for norC
expression and Nor activity, a HI 1A-H56A protein variant showed a reduced affinity for haem
binding. Taken together, our results identify haem as the cofactor for NnrR-mediated NO
sensing in B. diazoefficiens denitrification, with HI11 as a key residue for NnrR function,
providing the first insight into the mechanism of an NnrR-type protein. These findings advance
our understanding of how bacterial systems orchestrate the denitrification process and respond

to environmental cues such as NO.

Keywords

Cofactor, CRP/FNR proteins, denitrification, rhizobia, sensing domain, transcription
Abbreviations

CRP/FNR, cyclic AMP receptor protein/fumarate and nitrate reductase regulator; cPTIO, (2-4-
carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide); CBD, chitin-binding domain;

DNR, dissimilative nitrate respiration regulator; GHG, greenhouse gas; IMPACT, intein-
mediated purification with an affinity chitin-binding tag; IPTG, isopropyl pB-D-1-
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thiogalactopyranoside; Nap, periplasmic nitrate reductase; Nir, nitrite reductase; NnrR, nitrite
and nitric oxide reductase regulator; cNor, nitric oxide reductase type c; Nos, nitrous oxide
reductase; OD, optical density; PDB, Protein Data Bank; PSY, peptone-salts-yeast extract;
SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel electrophoresis; UV-Vis, ultraviolet-
visible; WT, wild type; YEM, yeast extract-mannitol; YEMN, yeast extract-mannitol nitrate.
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1. Introduction

Nitric oxide (NO) is a reactive gas that, depending on its concentration, has multiple
functions in biological systems. At low concentrations, NO is a signalling molecule, while at
high concentrations, it becomes highly toxic due to its capacity to react with numerous cellular
targets (Toledo and Augusto, 2012). NO also plays an important role in atmospheric chemistry
and is a precursor of the potent greenhouse gas (GHG) nitrous oxide (N>O).

Denitrification is currently considered to be the main respiratory source of NO. This
molecule is a key intermediate in the denitrification pathway by which nitrate (NO3") or nitrite
(NO2) is sequentially reduced via NO and N>O to molecular nitrogen (N») for respiration under
low-oxygen conditions (Zumft, 1997). The four denitrification steps are catalysed by a
periplasmic nitrate reductase (Nap) or a membrane-associated nitrate reductase (Nar), nitrite
reductases (NirK or NirS), nitric oxide reductases (cNor, qNor or CuaNor) and a nitrous oxide
reductase (NosZ) encoded by the nap/nar, nir, nor or nos genes, respectively (van Spanning et
al., 2007; Richardson, 2011; Bueno et al., 2012; Torres et al., 2016; Salas et al., 2021). All of
these enzymes are linked to the respiratory electron transport chain, of which Nap, NirS and

cNor contain haem as a cofactor (Salas et al., 2021).

As NO is a potent cytotoxin and a source of N2O, both NO-producing (Nir) and NO-
consuming (Nor) enzymes must be very tightly controlled to avoid NO accumulation and N>O
emissions. In this context, several NO-responsive transcription factors have been proposed to
regulate denitrification genes involved in NO balance (Spiro, 2007, 2011; Stern and Zhu, 2014;
Torres et al., 2016). In particular, NnrR (nitrite and nitric oxide reductase regulator) and DNR
(dissimilative nitrate respiration regulator) proteins are distinct clades of the cyclic AMP
(cAMP) receptor protein (CRP)/fumarate and nitrate reductase regulator (FNR) family of
transcription factors that respond to a wide variety of intra- and extracellular cues (Korner et
al., 2003; Dufour et al., 2010; Matsui et al., 2013). In this family of regulators, signal
transduction occurs through an interaction between the specific molecule and the sensory
domain of the protein, which induces a conformational change that leads to the binding of the
active dimer to a specific DNA sequence located at the promoter region of target genes

(Browning and Busby, 2004; Dufour et al., 2010).

Haem has been recognised as a cofactor in many biological molecules due to its versatility.
In particular, b- and c-type haem, derived from protoporphyrinogen IX, are the most common

groups associated with sensor proteins. Often, haem binds to the N-terminus, embedded in a
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hydrophobic pocket that is not accessible to solvents, while the C-terminus contains the
functional domain. The extraordinary redox chemistry of haem is used by bacterial haem-
containing proteins to sense and respond to varying levels of diatomic gas molecules such as
CO, NO, and Oz to play critical roles in biological processes, including respiration, metabolism,
O» transport, regulation of gene expression, and others (Farhana et al., 2012; Fonseca et al.,

2013).

In particular, the perception of NO by Pseudomonas aeruginosa DNR, that triggers protein-
DNA binding and transcription activation of nir and nor genes, requires haem (Castiglione et
al., 2009). Indeed, recombinant DNR is able to bind haem in vitro (Giardina et al., 2008), and
a hydrophobic pocket has been identified in the crystal structure of this protein as a putative
haem-binding site (Giardina et al., 2009). Especially, a histidine residue (H187) located in the
distal part of this haem pocket is directly involved in iron coordination, in combination with a
second residue (probably H14 or H15) required for haem-binding stabilisation (Rinaldo et al.,
2012; Cutruzzola et al., 2014). Similarly, DnrF from Dinoroseobacter shibae, another DNR-
type protein, senses NO via its bound haem cofactor and induces the expression of the NO
reductase genes (norCB) (Ebert et al., 2017). However, the key histidine residues of P.
aeruginosa DNR required for haem coordination and stabilisation are not conserved in D.
shibae DnrF. In contrast to the DNR clade, very little is known about the NO sensing

mechanism by the NnrR clade proteins.

Bradyrhizobium diazoefficiens, the soybean endosymbiont, is considered a model to study
denitrification in rhizobia where is carried out by four enzymatic steps through a Nap, a copper-
containing NirK, a cNor, and a NosZ (Bedmar et al., 2005). In this bacterium, this pathway is
controlled by two interconnected regulatory cascades (FixLJ-FixK>-NnrR and RegSR-NifA),
both of which respond to low-oxygen conditions (Fernandez et al., 2016; Torres et al., 2016;
Salas et al., 2021). Specifically, in the FixLJ-FixK>-NnrR cascade, the low O signal is
perceived by the haem-based sensor protein FixL that autophosphorylates and transfers the
phosphoryl group to the response regulator FixJ, which in turn, activates the expression of the
fixK> gene that encodes the FixK> protein. The NnrR regulator, which is directly controlled by
the superimposed transcription factor FixKs (Jiménez-Leiva et al., 2019), is required for the
maximal expression of the norCBQD genes in response to NO (Bueno et al., 2017), similar to
that described in another rhizobia (Cabrera et al., 2011). Furthermore, recombinant NnrR
protein was able to interact with the norCBQOD promoter in vitro under anaerobic conditions

(Bueno et al., 2017). The mutual dependence of NO and NnrR for norCBQD genes expression
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suggests a role for B. diazoefficiens NnrR as an NO-responsive transcriptional activator.

However, the molecular mechanism underlying NO sensing by NnrR is still unknown.

In B. diazoefficiens, the hemN> gene encodes a coproporphyrinogen III dehydrogenase that
catalyses the conversion of protoporphyrinogen I1I to protoporphyrinogen IX, which is involved
in the haem biosynthetic pathway under anaerobic conditions in this bacterium. Interestingly, a
hemN, mutant failed to fix nitrogen in symbiosis with the soybean host plant and was also
unable to grow under denitrifying conditions and showed reduced levels of NorC (Fischer et
al., 2001). The latter two observations suggest that haem synthesis by HemN> is crucial for

denitrification in B. diazoefficiens.

In the present work, we aimed to improve the understanding of the regulatory mechanisms
governing denitrification in B. diazoefficiens, with a particular focus on the expression of
norCBQOD genes encoding cNor, in response to NO via the NnrR transcription factor. We
therefore applied a multidisciplinary approach in vivo and in vitro which revealed B.
diazoefficiens NnrR as a haem-dependent NO sensor. The molecular mechanism of B.
diazoefficiens NnrR provides insights into other NO-sensing proteins and thus broadens the
range of possibilities on how activity of CRP/FNR-type transcription factors can be modulated.
This knowledge could be leveraged to devise strategies for engineering microbial processes,
including NO consumption and N>O production through denitrification, with a view to
biotechnological or environmental applications that mitigate atmospheric GHG emissions in

agricultural systems.
2. Materials and methods
2.1. Media, and growth conditions

Peptone Salts Yeast extract (PSY) complete medium supplemented with 0.1% L-arabinose
(Regensburger and Hennecke, 1983; Mesa et al., 2008) was used for routine cultures of B.
diazoefficiens strains as it is the standard medium usually employed for this purpose. Cells were
incubated aerobically at 30 °C under vigorous shaking (170 rpm) for 4 days. Yeast extract-
mannitol (YEM) complete medium (Daniel and Appleby, 1972) was selected to cultivate cells
under microaerobic and anaerobic conditions. Cultures for -galactosidase activity assays,
haem-staining experiments, and NO consumption were incubated under microaerobic (2% Oz,
98% N>) or anaerobic conditions (filled tube) basically as described elsewhere (Bueno et al.,

2017; Torres et al., 2017; Cabrera et al., 2021). For B-galactosidase activity assays, 17-ml rubber
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stoppered tubes containing 3 ml (microaerobic conditions) or completely filled of YEM
medium (anaerobic conditions) (Daniel and Appleby, 1972) were employed, while for haem-
staining and NO consumption experiments, the volume of the cultures was 100 ml in 500 ml
Erlenmeyer flasks (microaerobic conditions) or completely filled 100 ml flasks (anaerobic
conditions). After inoculation at an initial optical density at 600 nm (ODsoo) of 0.2, the cultures
were incubated for 24 h, and exposed or not to 50 uM NO for 5 h. When needed, 1 mM of the
NO-scavenger cPTIO (2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide),
hemin (15 pg/ml) or 10 mM KNO3 was added from the beginning of the cultures. Denitrifying
growth was monitored in filled, rubber stoppered 17-ml tubes containing YEM medium
supplemented with 10 mM of KNO; (YEMN) that were inoculated at an initial ODsoo of 0.02.
When required, antibiotics were added at the following concentrations (in pg/ml):
chloramphenicol, 15 (solid medium); spectinomycin, kanamycin and streptomycin, 200 (solid

medium), 100 (liquid medium); tetracycline, 100 (solid medium), 50 (liquid medium).

LB medium was used for routine cultures of E. coli cells incubated at 37 °C. E. coli ER2566
cells for overexpression of B. diazoefficiens NnrR protein derivatives were grown at 30 °C.
When needed, antibiotics were applied at the following concentrations (in pg/ml): ampicillin,

200; kanamycin, 30; spectinomycin, 25; streptomycin, 25; tetracycline, 10.
2.2. Strains and plasmids

The complete list of strains and plasmids used in this work is detailed in Table S1.

Oligonucleotide names and sequences are compiled in Table S2.

Complementation of fixK> and nnrR mutant strains with the nnrR gene was carried out using
two different plasmids. The nnrR mutant was complemented with plasmid pRJ8845, which
contains the nnrR gene expressed from its own promoter. The fixK> mutant was complemented
with plasmid pMB1407, which expresses the nnrR gene under the control of the constitutive
lacZ promoter from the pBBR1IMCS-2 vector. For the construction of this plasmid, a 770-bp
fragment comprising 36 nucleotides upstream of the nnrR coding region, in order to preserve
the genuine ribosome binding site, was amplified by PCR with oligonucleotides
nnrR 7 for/rev. The PCR fragment was digested with Kpnl and BamHI, and cloned into
pBBRIMSC-2, yielding plasmid pMB1407. Next, plasmids pRJ8845 and pMB1407 were
individually transferred by transformation into E. coli S17.1 cells which were used as donors in

individual biparental matings with nnrR and fixK> mutant strains. The verification of the
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presence of each plasmid was carried out by PCR using as primer pairs’ pPP375 for/rev and

M13 for/rev for pRJ8845 and pMB1407, respectively.

The Intein Mediated Purification with an Affinity Chitin-binding Tag (IMPACT) system
(New England Biolabs, NEB) was used to construct a battery of plasmids overexpressing
different NnrR protein derivatives. For the parental NnrR protein, a 740-bp fragment containing
the nnrR gene was amplified by PCR using primers nnrR-8 for/rev. This fragment was then
digested with Ndel and Bcul, and cloned into pTXBI restricted with the same restriction
enzymes, thus yielding plasmid pMB1122. Site-directed mutagenesis was employed to replace
H11 and H56 in NnrR with alanine. For this purpose, plasmid pMB1122 and two sets of
complementary primer pairs’ (nnrR-H11A-for/rev and nnrR-H56A-for/rev) were used, yielding
plasmids pMB1420 and pMB1421, respectively. Plasmid pMB1425 encoding the H11A-H56A
NnrR protein variant was generated by site-directed mutagenesis using nnrR-H56A-for/rev

primers and plasmid pMB1420.

The point mutations in NnrR were also prepared for introduction into B. diazoefficiens. First,
the same site-directed mutagenesis strategy for the construction of the expression plasmids was
applied using plasmid pJCR002 as template. This resulted in plasmids pMB1422 and
pMB1423, encoding H11A and H56A NnrR protein derivatives. The construction of plasmid
pMB1424 harbouring the nnrR gene with the double H1 1A/H56A mutation was based on the
pMB1422 plasmid. Next, 1806-bp Xbal-Hindlll fragments from pMB1422, pMB1423, and
pMB1424 were individually cloned into the pK18mobsacB suicide vector cut with the same
restriction enzymes, resulting in plasmids pMB1418, pMB1419, and pMB1426. These three
plasmids were then individually transferred by conjugation from E. coli S17-1 cells to B.
diazoefficiens AnnrR for markerless mutant construction using the sacB-system, and the
selection of candidates was performed as described by Cabrera and colleagues (2016). The
desired mutations were verified by PCR and sequencing. Three strains were thus obtained:
110spc4-001-1418 (encoding H11A NnrR), 110spc4-001-1419 (encoding H56A NnrR),
110spc4-001-1426 (encoding H1 1A-H56A NnrR).

In all cases, the fidelity of the amplified PCR fragments, the plasmid inserts, and the desired

mutations was verified by sequencing.
2.3. p-galactosidase activity determination

The activity of NnrR in vivo was determined indirectly by measuring -galactosidase activity

of a norC-lacZ fusion in a series of B. diazoefficiens strains and conditions according to the

9
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protocols described elsewhere (Miller 1972, Cabrera et al., 2021). The presence of the plasmid

in the strains complemented in trans was verified by PCR at the end of each assay.

2.4. Haem c proteins analyses

NorC levels were estimated indirectly by detection of c-type membrane-bound cytochromes
by the haem-staining methodology essentially as described by Jiménez-Leiva and coworkers
(2019). Briefly, B. diazoefficiens cells were harvested and subsequently lysed using a French
Press to obtain crude cell extracts. After ultracentrifugation, membrane fractions were obtained.
Ten (10) ug of membrane suspensions were resolved on 14% SDS-PAGE gels and then
transferred to a nitrocellulose membrane using a Trans-Blot Turbo System (Bio-Rad). Haem ¢
proteins were detected based on their haem-dependent peroxidase activity using a ChemiDoc
XRS+ System (Bio-Rad). The Image LabTM 6.1 software (Bio-Rad) was used for image

analysis.

2.5. NO consumption activity

To determine NO consumption rates, B. diazoefficiens cells were subject to centrifugation at
7500 xg for 10 min at 4 °C, followed by two washes with 25 mM phosphate buffer at pH 7.4.
The cell pellet was then resuspended in 1 ml of the same buffer to obtain a cell suspension with
a protein concentration of 4-5 mg/ml. NO consumption was measured using a 2-mm ISONOP
NO electrode APOLLO 4000® (World Precision Institute) under controlled temperature (30
°C) and continuous stirring. The 2 ml-reaction chamber was loaded with 1.36 ml of 25 mM
phosphate buffer (pH 7.4), 90 ul of 1 M sodium succinate, 100 pl of 320 mM glucose, 300 pl
of the cell suspension, and 100 pl of an enzyme mixture containing 40 U/ml of Aspergillus
niger glucose oxidase and 250 U/ml of bovine liver catalase (Sigma-Aldrich). A stable baseline
was established before the addition of 50 pl of a saturated NO solution (1.91 mM at 20 °C) to
initiate the reaction. The assay was followed until NO detection dropped to zero, indicating

complete consumption of NO.
2.6. Overproduction and purification of untagged NnrR proteins

Tag-free NnrR proteins were overexpressed and purified with the IMPACT system (NEB)
following basically the protocol previously described (Cabrera et al., 2021; Tomas-Gallardo et
al., 2024). Firstly, E. coli ER2566 competent cells were individually transformed with plasmids
pMB1122, pMB1420, pMB1421, and pMB1425. For NnrR-Mxe-Intein-CBD proteins

overproduction, cells were grown until an ODgoo of 0.7 - 0.8, when 0.1 mM isopropyl-B-D-

10
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thiogalactopyranoside (IPTG) was added, and then incubated for 2 h at 30 °C. Cells harvest and
protein purification were performed as described elsewhere (Tomés-Gallardo et al., 2024). The

purity of the NnrR proteins was analysed by SDS-PAGE (Fig. S1).
2.7. Haem titration of NnrR protein

The analysis of haem-NnrR binding in vitro was performed using UV-Vis spectroscopy, a
well-established technique for the characterisation of haem-bound proteins that offers high
sensitivity and rapid data acquisition (Nienhaus and Nienhaus, 2005). This method exploits the
distinct spectral properties of haem, which has characteristic absorption peaks in the visible
region, allowing precise determination of haem binding and its redox state. To subtract
background absorbance, a buffer sample is treated under identical conditions to the
experimental samples and its spectrum is also recorded. The experiments in this study were run
under anaerobic conditions, essentially following the protocol described by Giardina and
coworkers (2008). Solutions at 10 pM and 20 pM of apoprotein NnrR (monomeric form) in
reconstitution buffer (40 mM sodium phosphate, pH 7.5, 300 mM NaCl) were titrated
individually with increasing amounts of 0.5 mM reduced hemin solution. Prior to the titration
experiments, bovine hemin (Fluka) was dissolved in 0.1 mM NaOH and reduced with 3 mM
sodium dithionite (Na2S204) under anaerobic conditions. The hemin concentration in the
protein solution increased after the addition of 22 aliquots of 2 pl. After each hemin addition, a
full ultraviolet-visible (UV-Vis) spectrum (250 — 650 nm) was recorded in a spectrophotometer

(WPA Biowave II).

The titration was carried out inside an anaerobic glove box under an inert N> atmosphere.
All the solutions in rubber stoppered bottles were gassed with N> prior to introduction in the
glove box (10 min for 25 ml volume or 45 min for larger volumes). The protein solution (1 ml)

was gassed for only 3 min, to avoid excessive drying of the sample.

To determine the stoichiometry of NnrR:haem binding, the absorbance data at 427 nm were
plotted against the haem concentration and a linear fit was performed using a double reciprocal
plot. This fit allows the determination of the maximum OD427, which corresponds to the point
where the free haem concentration approaches zero, i.e., the maximum haem concentration
bound to the protein, thus enabling the calculation of the stoichiometry of the haem-protein

complex.

2.8. NnrR-haem reconstitution

11
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The NnrR-haem reconstitution was performed following the methodology described by
Giardina et al. (2008). Apo-NnrR protein was mixed with a 1:3 excess of hemin (NnrR:hemin).
All solutions were gassed with N> to achieve anoxia prior to the experiment. After two hours
of incubation of the mixture, the excess of hemin was removed by dialysis using a 3500 Da
pore cassette (Slize-A-Lyzer, Thermo Fisher Scientific) against 1 L of reconstitution buffer (40
mM phosphate buffer, 300 mM NaCl, pH 7.5) overnight. After collecting the sample, a full
UV-Vis spectrum of the protein bound to haem in its ferric form was performed. Then, the
haem was reduced with an excess of 3 mM sodium dithionite and the full spectrum of
NnrR:ferrous haem complex was collected. Finally, to determine the binding of NO to the
NnrR:ferrous haem complex, NO gas solution (1.5 mM) was added in 1:1 ratio, and the full
spectrum was determined again. UV-Vis spectra of haem-reconstituted NnrR were recorded on

a UV1800 Shimadzu spectrophotometer, using a 1-cm quartz cuvette.

2.9. Biocomputing tools

De novo prediction of the NnrR protein structure was carried out with the ColabFold v1.5.5:
AlphaFold2 using MMseqs2 (Mirdita et al., 2022), accessed on 14 November 2023. The
Discovery Studio 2021 Client v21.1 software (BIOVIA, San Diego, Dassault Systémes, 2021)
was used for visualisation, analysis, and representation of the structures. The T-Coffee multiple
sequence alignment server mode Expresso (https://tcoffee.crg.eu/apps/tcoffee/do:expresso,
accessed on 26 June 2024) (Armougom et al., 2006; Di Tommaso et al., 2011) was used to
generate an alignment of a selection of CRP/FNR proteins providing its sequences. Expresso
server identified close homologues of the sequences within the Protein Data Bank (PDB)
database through a BLAST, selecting the best hit based on a threshold of >30% identity over
>50% of the query sequence. After assembling the library, the standard T-Coffee algorithm was
used to generate the alignment. The resulting data for the phylogenetic tree was exported in a
dnd  file, which was then  visualized wusing MEGA 5.1 software

(https://www.megasoftware.net/).
2.10 Statistical analysis

Mean values are presented + standard errors of at least three independent biological replicates,
each performed in triplicate. Inferential statistics were performed using parametric analysis of
variance (ANOVA) for unpaired data. A post-hoc Tukey HSD test at P <0.05 was then
performed using SPSS (v29) software. These analyses were undertaken assuming normal

distribution and homoscedasticity of the raw data.

12
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3. Results

3.1. NnrR activates norCBQD gene expression in response to NO in a FixK;-independent

manner

In B. diazoefficiens, NnrR is required for the maximal expression of norCBQD genes,
which takes place under low-oxygen conditions in the presence of NO (Bueno et al., 2017). To
analyse the effect of NO per se on norCBQD gene expression, the influence of addition of the
NO scavenger cPTIO on the activity of a norC-lacZ transcriptional fusion and on NorC protein
levels in cells cultured microaerobically and subsequently incubated with NO was investigated.
As expected, norC-lacZ expression levels were basal in B. diazoefficiens wild type (WT) and
nnrR and fixK> mutants in the absence of NO (Fig. 1A). Addition of NO increased norC-lacZ
expression in wild-type cells compared to that found in the absence of NO (463 + 17.4 versus
50.4 + 14.3; Fig. 1A), but not in the nnrR and fixK> mutants, where p-galactosidase activity
levels did not change upon addition of NO. Interestingly, the induction of norC-lacZ expression
observed in the WT in the presence of NO was abolished when cPTIO was added to the growth
medium, reducing it to near basal levels (87.6 £ 6) (Fig. 1A). In the same line, NorC protein
levels in wild-type cells measured by c-type haem staining assays showed a similar behaviour
to that observed for norC-lacZ expression (Fig. 1B). These results confirmed that NO is the
signalling molecule that triggers maximal expression of norCBQD genes, and that signal

perception is dependent on both FixK; and NnrR.

Since nnrR is a direct target of FixKo, the question of whether or not the NnrR protein is able
to activate norCBOD expression uncoupled from FixK: control was investigated. For this
purpose, we determined B-galactosidase activity of the norC-lacZ fusion and NorC protein
levels in a fixK> mutant strain complemented in trans with the nnrR gene expressed from the
constitutive lacZ promoter (Fig. 1A and C). In the complemented fixK> strain, norC-lacZ
expression was restored to wild-type levels when NO was added to the cultures (Fig. 1A).
Indeed, the same expression profile was observed in an nnrR mutant complemented in trans
with the gene expressed from its genuine FixKo-dependent promoter, which was used as a
positive control in our experiments (Fig. 1A). Furthermore, NorC protein levels in the
complemented strains incubated in the presence of NO correlated with the expression profile of
the norC-lacZ fusion (Fig. 1C). Taken together, these results indicate that NnrR induces

norCBQD gene expression in response to NO independently of the FixK, protein.

3.2. Haem is the cofactor for B. diazoefficiens NnrR
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In B. diazoefficiens, a mutant in hemN; was unable to grow under denitrifying conditions
and also showed reduced levels of NorC (Fischer et al., 2001). Therefore, our hypothesis was
that if haem is also the cofactor for B. diazoefficiens NnrR to sense NO, then the mutation in
hemN> would affect NnrR activity, and therefore the expression of norCBQOD genes. To verify
this, the expression of the norC-lacZ fusion and NorC protein levels were monitored in the WT
and a hemN; mutant cultured under anaerobic conditions and incubated with or without 50 uM
NO (Fig. 2). In the hemN> mutant, B-galactosidase activity from the norC-lacZ fusion was 1.5
and 3.5-fold lower than that measured in the WT, both in the absence or in the presence of NO,
respectively (Fig. 2A). The addition of hemin to semN: mutant cells incubated with NO
increased norC-lacZ expression similar to WT levels of f-galactosidase activity. Analysis of
NorC protein levels confirmed the norC-lacZ expression results, showing that the NorC profile
was restored to wild-type levels in a szemN> mutant upon addition of hemin (Fig. 2B). These
data confirmed that haem synthesised by the pathway involving HemN> could be the cofactor

for NnrR function in vivo.

The ability of NnrR to bind haem was also analysed spectroscopically in vitro (Fig. 3). For
this purpose, titration experiments of recombinant NnrR apoprotein with hemin were performed
under anaerobic conditions. Aliquots of reduced hemin were added to two independent NnrR
protein solutions at a concentration of 10 pM and 20 uM (monomeric form). After each addition
of hemin, a full UV-Vis spectrum (250-650 nm) was recorded (Fig. 3). Data analysis and
normalisation of each spectrum, compared with the control titration on buffer, revealed three
peaks; one at 280 nm, corresponding to the protein, and two prominent peaks at 427 nm and
560 nm, characteristic of the haem-bound NnrR complex. The peak at 427 nm represents the
Soret band, a typical feature of haem proteins, and its position indicates the presence of a
hexacoordinated low-spin ferrous haem. The appearance of this Soret band at 427 nm, together
with the peak at 560 nm, is likely to result from ligand-to-metal charge transfer transitions
within the haem protein complex. These spectral features strongly suggest that the haem iron
in NnrR is coordinated by both axial ligands, probably a histidine residue from the protein and

a potential exogenous ligand such as NO.

In order to calculate the stoichiometry of the NnrR:haem complex, absorbance values at 427
nm of each of the normalised spectra versus hemin concentration (Fig. S4) were analysed
through a double reciprocal plot (Fig. 3, insert). The maximum OD427 values were 0.39 and
0.21 for the titrations of NnrR at 20 pM and 10 pM, respectively, which yielded hemin values
of 22.8 uM (blue data) and 11.6 uM (pink data). These results suggest an NnrR:haem complex
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stoichiometry of approximately 1 mol of haem per mol of NnrR monomer. The slight
overestimation of the haem concentration compared to the actual protein concentration might

be attributed to an underestimation of the initial haem concentration used in the titrations.
3.3. NnrR-ferrous haem complex is responsible for NO binding in vitro

To analyse whether the NnrR:haem complex can bind NO, the apo-NnrR was reconstituted
with hemin under anaerobic conditions and a full UV-Vis absorption spectroscopic analysis
performed. As shown in Fig. 4 (green line), the resulting holo-NnrR with the bound haem in its
ferric form showed a prominent peak at 411 nm. Reduction of the bound haem to its ferrous
form by the addition of an excess of the chemical reductant sodium dithionite, resulted in two
peaks: one at 427 nm, and the other at 560 nm (Fig. 4, red line). The addition of NO gas to the
NnrR-ferrous haem complex (1:1 stoichiometry) shifted the peak at 427 nm to 400 nm, which
indicates binding of NO (Fig. 4, blue line). The results suggest that ferrous haem is the cofactor
for NnrR to detect NO in vitro.

3.4. Histidine 11 is a relevant residue for NnrR function

The recorded spectra of B. diazoefficiens NnrR fitted to those of haem proteins with
histidines as ligands, including NO-sensing regulators. Specifically, in P. aeruginosa DNR,
H187 has been implicated in haem coordination, while H14 and H15 would play a role in
protein-haem complex stabilisation (Giardina et al., 2008; Rinaldo et al., 2012; Cutruzzola et
al., 2014). In order to identify the specific residues of NnrR that are involved in haem binding,
i.e., in the formation of the active holoprotein that triggers transcription activation of norCBQD
genes, a de novo prediction of the quaternary structure of NnrR was performed using ColabFold
v1.5.5: AlphaFold2 using MMseqs2 (Mirdita et al., 2022), accessed on 14 November 2023. The
model showed that two histidine residues at the N-terminal domain of the protein, i.e., H11 and
H56, are located in a hydrophobic pocket and they could act as haem ligands (Fig. 5A and B).
Indeed, H56 is a fairly well conserved residue in other NnrR protein orthologues (Fig. 5C).
Therefore, H11 and H56 residues were first replaced by alanine, individually or simultaneously,
yielding HI1A, H56A and HI1A-H56A NnrR derivatives. The subsequent effects of each type

of mutation were then analysed both in vitro and in vivo.

For the in vitro approach, the histidine mutant NnrR derivatives were overexpressed and
purified as untagged proteins using the IMPACT system, following a protocol similar to that
for the parental NnrR protein. After verifying the purity of each derivative (over 98%; Fig. S1),

all proteins were reconstituted with hemin under anaerobic conditions as for the wild-type
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protein, and the spectroscopic properties in the UV-Vis region were monitored (Fig. 6). The
spectral properties of the single mutants HI 1A, and HS6A were not different from those of the
wild-type protein (comparison of Fig. 6 with Fig. 4), since the typical profiles for the ferrous
(red line, peaks at 427 and 560 nm) and for the ferrous-NO binding (blue line, peak at 400 nm)
proteins were still observed. However, in the case of H11A-H56A NnrR, a shoulder at 389 nm
was detected in the ferrous form, indicating that a portion of free hemin is not bound to the

protein derivative during reconstitution (Fig. 6, red line).

For the in vivo approach, B. diazoefficiens strains encoding NnrR protein derivatives with
HI1A, H56A and H11A-H56A mutations were constructed. Single or simultaneous alanine
substitutions in H11 and H56 did not affect the ability of any of the mutant strains to grow under
denitrifying conditions, as they exhibited the same behaviour as the WT (Fig. S5). However,
the expression of a norC-lacZ fusion in the strains encoding H1 1A NnrR and H11-H56 NnrR
was reduced to approximately half of the B-galactosidase activity determined in wild-type cells
(Fig. 7A). This expression profile correlated with the reduction in NorC protein levels detected
in both HI1A and H11A-H56A NnrR encoding strains according to cytochrome c staining
analysis (Fig. 7B). Similarly, a significant reduction (approximately 60%) in cNor enzyme
activity, as determined by measuring NO consumption, was also observed in both the H11A
NnrR and the H11A-H56A NnrR mutants (Fig. 7C). Since the behaviour of the HS6A NnrR-
encoding strain was similar to that of the WT in terms of nor expression and NorC levels and

cNor activity (Fig. 7), we can conclude that H11 in NnrR is a relevant residue for NnrR function.
4. Discussion

Legumes are a rich source of protein and, due to their capacity to establish biological N»-
fixing symbiosis with rhizobia, they can safe huge amounts of environment polluting N
fertilisers, which are important sources of NO and N>O emissions, provoking a significant
impact on climate change. However, rhizobia contribute to the production and consumption of
NO and N2O under both free-living and in symbiotic association with legumes (Torres et al.,
2016; Sanchez and Minamisawa, 2019; Salas et al., 2021). These gases are intermediates of
denitrification, being cNor encoded by the norCBQOD genes, the key enzyme that reduces NO
to the GHG N2O. In this study, we have deepened in the regulatory mechanisms that control
the expression of the norCBQOD genes by the NnrR regulator in response to NO. This knowledge
will be the basis for developing strategies to mitigate both NO and N2O from legumes.
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NnrR belongs to the CRP/FNR family of bacterial transcription factors, which differ in the
signal they sense and therefore, have distinct molecular properties (Korner et al., 2003; Matsui
et al., 2013). In the denitrification pathway, the reactions of NO>" reduction to NO and the
subsequent detoxification through NO reduction to N>O are often closely coupled and co-
regulated. Within the CRP/FNR family, members of the DNR and NnrR clades are involved in
the control of these tandem reactions in response to NO (Fig. 8). Whereas DNR-like proteins
are mainly associated with y-proteobacteria, and induce the expression of cd;-type Nir-encoding
genes, NnrR-like proteins are present in o-proteobacteria and activate genes that code for
copper-containing Nir enzymes (Mesa et al., 2003; Matsui et al., 2013). Both DNR and NnrR
clades remain poorly characterised despite their global importance in regulating the removal of
NO as well as the synthesis of the GHG N2O. Understanding the mechanism by which the
synthesis and consumption of these gases occurs will be important in the context of a better

knowledge of how to mitigate against their release in agricultural systems.

To date, biochemical studies have been limited to two NO-sensing CRP/FNR transcription
factors: namely, DNR from P. aeruginosa (Giardina et al., 2008) and DnrF from D. shibae
(Ebert et al., 2017), both of which belong to the DNR subgroup. However, the knowledge about
how the members of the NnrR subgroup respond to NO remains unexplored. Here, to advance
in the understanding of the molecular mechanism of members of the NnrR clade to perceive
NO, we performed a series of in vivo and in vitro experiments for the characterisation of the

NnrR regulator of the soybean endosymbiont B. diazoefficiens.

As for other denitrifiers including rhizobial species, NO is the signalling molecule needed
for maximal induction of the B. diazoefficiens norCBQOD gene cluster (Bueno et al., 2017). This
requirement was confirmed in the present work (Fig. 1). Specifically, the addition of an NO
scavenger significantly reduced the expression of a norC-lacZ fusion and NorC protein levels
in the WT cultured microaerobically and incubated in the presence of NO. These results also
confirmed that NO-mediated induction of the norCBQOD genes is dependent on both FixK> and
NnrR, as reported elsewhere (Bueno et al., 2017). However, since nnrR is a direct target for the
superimposed FixK> protein in the hierarchical FixLJ-FixK:-NnrR regulatory cascade
(Jimenez-Leiva et al., 2019), we could not dissect which regulator is responsible for the
maximal activation of norCBQD. The complementation in trans of a fixK> mutant strain with a
plasmid constitutively expressing the nnrR gene, restored norC-lacZ expression and NorC
protein levels to wild-type levels in response to NO (Fig. 1). Thus, NnrR is the direct activator

for norCBQOD genes expression in a manner that is independent of FixKs. These findings are

17



529
530
531
532

533
534
535
536
537
538
539

540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557

558
559
560
561

consistent with those reported by Bueno and coworkers (2017), where recombinant NnrR
protein interacted with the promoter of norCBQOD genes in vitro. Therefore, the reduced
expression of norCBQOD genes in the fixK> mutant is an indirect effect due to the dependence

of nnrR transcriptional activation on FixKo.

In other rhizobial species such as Rhizobium etli and Sinorhizobium meliloti, NnrR-type
proteins are also involved in NO-mediated induction of norCBQOD (Meilhoc et al., 2010;
Cabreraetal., 2011; Gomez-Hernandez et al., 2011). In R. et/i, the control by NnrR is integrated
into a microaerobic-responsive alternative cascade and depends on FixKf, a FixK-like
orthologue. However, in S. meliloti, NnrR integrates the NO signal for norCBQD activation
uncoupled from FixK (Meilhoc et al., 2010; Cabrera et al., 2011; Zamorano-Sanchez and
Girard, 2015).

NO perception in both DNR from P. aeruginosa (Giardina et al., 2008) and DnrF from D.
shibae (Ebert et al., 2017) occurs via ferrous haem as a cofactor. To explore whether this is the
case for B. diazoefficiens NnrR, expression of a norC-lacZ fusion and analysis of NorC protein
levels were determined in a strain lacking hemN:, a gene encoding the HemN; protein which is
involved in haem biosynthesis under denitrifying conditions (Fischer et al., 2001). Both
norCBQOD expression and NorC protein levels were reduced in the AemN, mutant cultured
anaerobically and incubated in the presence of NO and restored to near wild-type levels when
hemin was added to the cultures (Fig. 2). This suggests a role for HemN> in the production of
haem required for NO sensing and NnrR activity in vivo. Indeed, Fischer et al. (2001) previously
showed that the impairment of the semN> mutant to grow under denitrifying conditions can be
complemented by exogenous hemin, so it can enter to the cells, probably, by a haem transport
system (Nienaber et al., 2001). Furthermore, hemN: belongs to the FixK: regulon under
microaerobic conditions and indeed, it is a direct target for this transcription factor (Mesa et al.,
2005; Mesa et al., 2008). The expression of hemN: is also downregulated in an nnrR mutant
cultured under denitrifying conditions (Jiménez-Leiva et al., 2019). Thus, a scenario can be
proposed in which both hemN> and nnrR are initially induced by FixK: under microaerobic
conditions and that, under denitrifying conditions, the holo-NnrR protein boosts hemN>

expression, thereby controlling its own activity.

These results added an additional role for haem to those that have been described so far in
rhizobia, such as NO detoxification, as a cofactor of haemoglobins (Salas et al., 2021). In
particular, in S. meliloti, a flavohaemoglobin encoded by 4mp plays a role in NO resistance in

free-living cells (Meilhoc et al., 2010) and in symbiosis with Medicago truncatula (Cam et al.,
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2012). In B. diazoefficiens, a single-domain haemoglobin (designated Bjgb) is also involved in
NO detoxification (Cabrera et al., 2016) as well as in the modulation of NO levels in soybean
nodules (Salas et al., 2020). Furthermore, haem is also the cofactor of the cytochrome ¢ oxidase
cbbs which is essential to support microaerobic respiration for nitrogen fixation (Bueno et al.,

2012; Salas et al., 2021).

That haem is the cofactor for B. diazoefficiens NnrR was also confirmed in vitro. Titration
assays showed that NnrR binds hemin with a 1:1 stoichiometry (NnrR monomer:haem) (Fig.
3). Furthermore, the full UV-Visible spectra of haem-reconstituted NnrR showed the typical
spectroscopic properties of a haem-protein complex able to react with NO: (i) the oxidised
(ferric) form (peak at 411 nm), (ii) the reduced (six-coordinated ferrous) form (peaks at 427 nm
and 560 nm), and the ferrous form bound to NO (peak at 400 nm) (Fig. 4). These spectroscopic
features are similar to those previously observed for both P. aeruginosa DNR and D. shibae

DnrF (Ebert et al., 2017; Giardina et al., 2008).

Within the CRP/FNR family members, alternative NO sensing mechanisms have been
described (Korner et al., 2003; Spiro, 2007; Matsui et al., 2013; Tinajero-Trejo and Shepherd,
2013). This is the case of Escherichia coli FNR, which in addition to being an archetype that
responds to low oxygen conditions, it is also capable of sensing NO. In particular, FNR is
inactivated by NO under anaerobic conditions by nitrosylation of the oxygen-sensitive [4Fe-
4ST** cluster, yielding a mixture of monomeric and dimeric dinitrosyl-iron-cysteine species
(Cruz-Ramos et al., 2002; Crack et al., 2008). NssR from Campylobacter jejuni (Elvers et al.,
2005) constitutes another example of a CRP/FNR-type regulator that mediates the NO response
by an alternative mechanism. Although not proven, it has been proposed that nitrosative stress
conditions trigger nitrosylation of the single cysteine or nitration of one of the several tyrosine

residues present in the structure of NssR (Smith et al., 2011).

P. aeruginosa DNR is an extremely flexible protein that adopts several conformational
changes from the inactive (OFF) (Fig. 9) to the active (ON) conformation (Rinaldo et al., 2012).
This reorganisation leads to the building of a hydrophobic pocket for haem binding where
residues H14, H15 and H187 are located. While either of the two first residues are involved in
haem-binding stabilisation, H187 is directly involved in iron coordination (Cutruzzola et al.,
2014; Rinaldo et al., 2012). As yet, no experimentally-derived structure of a member of the
NnrR clade has been solved. This makes it difficult to predict the residues of B. diazoefficiens
NnrR, which a priori, might be involved in haem binding. However, de novo prediction using

ColabFold showed a model of B. diazoefficiens NnrR as a homodimer, whose monomers
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interact with each other through an a-helix (Fig. 5SA). This modelling also allowed us to infer a
hydrophobic cavity in the N-terminal region of NnrR that can act as a potential haem-binding
pocket (Fig. 5B). Within this pocket, two histidine residues, H11 and H56 could be important
for the functionality of NnrR since histidines are more typical haem-binding residues (Li et al.,
2011). Furthermore, H56 is a conserved residue in other NnrR orthologues (Fig. 5C). Although
single alanine substitutions of H11 and H56 in NnrR had no effect on the ability of NnrR to
bind haem (Fig. 6), the spectroscopic properties of the H11A-H56A NnrR protein derivative
indicated that the ferrous haem-protein complex appeared to be more unstable, as a shoulder
was detected at 389 nm in the ferrous form (Fig. 6). However, in both the H11A NnrR and
HI11A-H56A NnrR encoding strains, the expression of norCBQOD in response to NO was
reduced to half of wild-type levels. A similar reduction in NorC levels and cNor activity was
also observed (Fig. 7). Our hypothesis is that, in vitro, under hemin excess conditions, the
phenotype could only be observed in the double HI 1A-H56A NnrR mutant variant, whereas in
vivo, under physiological levels of hemin, the phenotype is already detected in the single H11
NnrR mutant. Thus, both H11 and H56 residues contribute to the stability of the haem-loaded
NnrR protein, whereas H11 seems to be an important residue for the optimal activity of this

regulator.

Carbon monoxide (CO)-sensing regulators belonging to the CRP/FNR family have evolved
together with the NnrR clade from an ancestral FNR-type protein (Matsui et al., 2013; Fig. 8).
These CO sensors also bind haem as a cofactor through a central (proximal) histidine residue
of one monomer and a non-specifically defined N-terminal (distal) residue of the other
monomer. Whereas in Rhodospirillum rubrum CooA these residues correspond to H77 and P2
(Lanzilotta et al., 2000; Fig. 9), H82 and M1 are the equivalent amino acids in
Carboxydothermus hydrogenoformans (Borjigin et al., 2006) (Fig. 9). So, stabilisation of haem
might be a major role of the N terminus of CooA. The comparison of the predicted B.
diazoefficiens NnrR structure with that of CooA of R. rubrum and of C. hydrogenoformans
revealed that the equivalent residue to the proximal histidine residue in these proteins would
correspond to M86 or Y93 in NnrR (Fig. 9). Then, the N-terminal H11 residue in B.
diazoefficiens NnrR would play a role in the stabilisation of the protein-haem complex, while
either M86 or Y93 might bind directly to this cofactor. This hypothesis sounds plausible, since
alternative residues such as methionine or tyrosine have been proposed as typical ligands for

haem binding (Li et al., 2011). Thus, a functional mutagenesis of M86 and Y93 in NnrR will

20



627
628

629
630
631
632
633
634
635
636
637

638

639
640
641
642
643
644
645
646
647
648
649

650

651

652

653

654

655

be an interesting approach for future investigations, which we believe is beyond the scope of

this work.

Taken together, based on the results with the NnrR of B. diazoefficiens, we provide strong
evidence supporting that the NnrR clade binds haem as a cofactor to sense NO. These findings
also constitute the first insights into the molecular mechanism of an NnrR-type protein and
further advances into the biochemical and cellular functions of a rhizobial NO-sensing
regulator. By gaining a comprehensive understanding of how the NnrR protein functions, we
can strategically manipulate microbial processes, such as denitrification, with the aim of
advancing biotechnological and environmental applications. This knowledge can serve as a
basis for developing strategies to mitigate the emissions of the potent GHG NO triggered by

rhizobial species from agricultural soils.
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Figure captions

Fig. 1. NnrR activates norCBQOD genes expression in response to NO uncoupled from FixK>
control. B-galactosidase activity of a norC-lacZ fusion (A) and c-type haem staining (B and C)
were determined in a battery of B. diazoefficiens strains cultured in YEM medium under
microaerobic conditions (2% O:) for 24 h, in the presence or the absence of 50 uM NO, added
to the cultures 5 h before of the assays. 1| mM of the NO-scavenger cPTIO was added to some
of the cultures. Values + standard errors in A are the means of a representative experiment
assayed in quadruplicate. At least three independent biological replicates were performed.
Different capital or lower-case letters indicate that values are statistically different according to
a post-hoc Tukey HSD test at p <0.05. Capital letters show comparisons between strains while
lower case letters indicate comparisons between the three conditions assayed: without NO, with
NO and with NO and cPTIO. Full scan of the Coomassie blue-stained SDS-PAGE gel after

protein transfer for haem-staining (B and C) are shown in Fig. S2.

Fig. 2. Induction of norCBQOD genes is dependent on hemN.. B-galactosidase activity of a norC-
lacZ fusion (A) and c-type haem staining (B) were determined in B. diazoefficiens WT and a
hemN> mutant in the presence and the absence of NO. Hemin (15 pg/ml) was added to a set of
cultures of the ~emN> mutant. Cells were cultured for 24 h under anaerobic conditions in YEM
medium and 50 uM NO was added 5 h before activity determination, when indicated. Values +
standard errors in A are the means of a representative experiment assayed in triplicates. At least
three independent biological replicates were performed. Different capital or lower case letters
indicate that values are statistically different according to a post-hoc Tukey HSD test at p <0.05.
Capital letters show comparisons between strains while lower case letters indicate comparisons
between conditions (absence or presence of NO). Full scan of the Coomassie blue-stained SDS-

PAGE gel after protein transfer for haem-staining (B) is shown in Fig. S3.

Fig. 3. NnrR binds haem in vitro. Spectral changes of 20 uM NnrR protein (monomer) upon
titration with increasing concentration of reduced hemin, ranging from 0 to 40 uM, under
anaerobic conditions. The data were normalised to the wavelengths of 281 nm and 650 nm. The
insert panel shows the double reciprocal plot of the absorbance values at 427 nm versus hemin
concentration, obtained from each of the NnrR titrations at 10 uM (pink) and 20 uM (blue). The
corresponding equations of the lines and their R? values are also presented. A minimum of three

independent experiments were performed.
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Fig. 4. Spectroscopic properties and reactivity of holo-NnrR with NO. Full UV-visible
absorption spectra (250-650 nm) of the haem-reconstituted NnrR protein in three oxidation
states: ferric (green line), ferrous (red line), and ferrous bound to nitric oxide (NO) (blue line)
were recorded under anaerobic conditions. Ferric holo-NnrR was obtained by addition of an
excess of hemin (1:3) which was reduced by addition of 3 mM of sodium dithionite yielding
the ferrous form. Then, NO gas solution (1.5 mM) was added in 1:1 ratio resulting in the ferrous

NO-bound complex. At least three independent experiments were performed.

Fig. 5. Structure of B. diazoefficiens NnrR and its hydrophobic pocket. (A) Ribbon
representation of the predicted structure of NnrR dimer generated by ColabFold v1.5.5:
AlphaFold2 using MMseqs2 (Mirdita et al., 2022), accessed on 14 November 2023. Each
monomer is coloured differently (pink and fuchsia). The H11 and H56 residues are highlighted
in green. (B) Hydrophobic surface representation of NnrR, highlighting a putative hydrophobic
pocket (indicated with a red circle). (C) Multiple sequence alignment of NnrR from B.
diazoefficiens (accession no. BAC52349) with homologues from Sinorhizobium meliloti 2011
(accession no. AGG70365), Rhodopseudomonas palustris CGAO009 (accession no.
AVTS83001), Neorhizobium galegae bv. orientalis (accession no. CDZ63311), and
Pseudomonas sp. G-179 (accession no. AAB96771). The alignment was generated using
Clustal Omega (https://www.ebi.ac.uk/jdispatcher/, accessed on 20 May 2021). The H11 and

H56 residues are marked with a green square.

Fig. 6. Spectral properties of a series of NnrR derivatives. Full UV-Visible spectra (250-650
nm) of holo-NnrR protein derivatives in their ferrous form (red line) and ferrous form bound to
NO (blue line) were recorded under anaerobic conditions. HI1A, left; HS6A, middle; H11A-
H56A, right. The profile of the ferrous form of the double the H11-H56 NnrR mutant protein
showed a shoulder at 389 nm (marked with an arrow), indicating a lower stability of the protein-
DNA complex so that a portion of the free hemin is not bound to this protein variant. At least

three independent experiments were performed.

Fig. 7. The H11 residue is important for NnrR function in vivo. B-galactosidase activity of a
norC-lacZ fusion (A), c-type haem staining (B) and cNor activity (C) determined in different
B. diazoefficiens strains. Parental (WT), and H11A, H56A and H11A-H56A nnrR point
mutation strains were cultured in YEMN medium under microoxic conditions (2% O>) for 24
h. Values in (A) and (C) are means + standard errors from a representative experiment

performed in quadruplicate. Different lower case letters indicate that values are statistically
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different according to a post-hoc Tukey HSD test at p <0.05. Full scan of the Coomassie blue-
stained SDS-PAGE gel after protein transfer for haem-staining (B) is shown in Fig. S6.

Fig. 8. Phylogenetic tree of a selection of CRP/FNR-like transcriptional regulatory proteins.
Amino acid sequences were aligned using structural information with the T-COFFEE Expresso
server (https://tcoffee.crg.eu/apps/tcoffee/do:expresso; accessed on 11 March 2024), and
phylogenetic analyses were visualised with MEGA 5.1 software
(https://www.megasoftware.net/). The different clades within the CRP/FNR family are shown
at the right. The scale bar represents a distance of 0.02 substitutions per position. Accession
numbers of individual protein sequences are indicated in parentheses beside the corresponding
name of the following proteins: P. aeruginosa DNR; D. shibae Dnr; R. rubrum CooA; C.
hydrogenoformans CooA; B. diazoefficiens NnrR; R. palustris NnrR; S. meliloti 2011 NnrR; S.
meliloti 1021 NnrR; Rhizobium phaseoli Ch24-10 NnrR; R. etli CNF42 NnrR; Pseudomonas
sp. G-179 NnrR; N. galegae bv. orientalis NnrR; Cereibacter sphaeroides (Rhodobacter
sphaeroides 2.4.1) NnrR.

Fig. 9. Haem binding pocket and key residues in a selection of CO or NO sensing CRP-FNR
transcription factors. Both CooA of C. hydrogenoformans (PDB: 2FMY) and of R. rumbrum
(PDB: 4K8F) were solved as dimeric holo-proteins (haem cofactor in red) being H82 and H77
of one monomer the axial haem-binding residues, and M1 and P2 of the other monomer the
haem stabilising residues. Shown are the positions of residues H14, H15 and H187 in P.
aeruginosa DNR solved protein (PDB:3DKW) and H11, H56, M86, and Y96 in B.
diazoefficiens NnrR predicted structure (ColabFold), which might have a role in the interaction
with haem as cofactor. For a matter of simplicity, the structure of one of the monomers is shown

transparent.
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