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Abstract

Bacterial signal transduction systems are typically activated by the binding of signal
molecules to receptor ligand binding domains (LBDs), such as the NIT LBD. We report
here the identification of the NIT domain in more than 15,000 receptors that were
present in 30 bacterial phyla, but also in 19 eukaryotic phyla, expanding its known
phylogenetic distribution. The NIT domain formed part of seven receptor families that
either control transcription, mediate chemotaxis or regulate second messenger levels.
We have produced the NIT domains from chemoreceptors of the bacterial phytopath-
ogens Pectobacterium atrosepticum (PacN) and Pseudomonas savastanoi (PscN) as indi-
vidual purified proteins. High-throughput ligand screening using compound libraries
revealed a specificity for nitrate and nitrite binding. Isothermal titration calorimetry
experiments showed that PacN-LBD bound preferentially nitrate ( K 5 =1.9uM),
whereas the affinity of PscN-LBD for nitrite (K ; =2.1 M) was 22 times higher than
that for nitrate. Analytical ultracentrifugation experiments indicated that PscN-LBD
is monomeric in the presence and absence of ligands. The R182A mutant of PscN
did not bind nitrate or nitrite. This residue is not conserved in the NIT domain of the
Pseudomonas aeruginosa chemoreceptor PA4520, which may be related to its failure
to bind nitrate/nitrite. The magnitude of P. atrosepticum chemotaxis towards nitrate
was significantly greater than that of nitrite and pacN deletion almost abolished re-
sponses to both compounds. This study highlights the important role of nitrate and
nitrite as signal molecules in life and advances our knowledge on the NIT domain as

universal nitrate/nitrite sensor module.
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1 | INTRODUCTION

The capacity of bacteria to adapt to changing environmental con-
ditions relies on an array of receptors that sense different signals.
The major families of such receptors are sensor histidine kinases;
chemoreceptors; adenylate, diadenylate and diguanylate cyclases;
cAMP, c-di-AMP and c-di-GMP phosphodiesterases; protein kinases
and phosphatases (Galperin, 2018). The canonical way by which
these receptors are stimulated is via the binding of signal molecules
to ligand binding domains (LBDs). Chemoreceptor-based signalling
cascades are among the most complex prokaryotic signal transduc-
tion pathways that mediate chemotaxis, permitting bacteria to effi-
ciently migrate in signal gradients. Typically, chemotactic signalling
is initiated by signal recognition at the chemoreceptor LBD. Ligand
binding causes a molecular stimulus that alters the autokinase ac-
tivity of CheA and, consequently, the transphosphorylation of the
response regulator CheY. In its phosphorylated state, CheY interacts
with the flagellar motor, altering its activity and ultimately resulting
in chemotaxis.

Based on the observation that signal affinities for full-length re-
ceptorsand theirindividual LBDs are similar (Clarke & Koshland, 1979;
Foster et al., 1985; Milligan & Koshland, 1993), LBDs are considered
self-sufficient entities that contain all the requisites for ligand recog-
nition. Hundreds of different LBDs have evolved (Matilla, Velando,
Martin-Mora, et al., 2022; Mistry et al., 2021) and new LBDs are
regularly discovered (Elgamoudi et al., 2021; Martin-Rodriguez
et al., 2022). Members of one given LBD are frequently found in
different receptor families (Shu et al., 2003; Ulrich & Zhulin, 2005),
indicating that LBDs have been exchanged and recombined with dif-
ferent receptor families during evolution.

In 2003, The NIT-type LBD was predicted to be a nitrate-
responsive module in bacterial sensory receptors (Shu et al., 2003).
However, experimental evidence for this prediction is scarce. The
existence of a bacterial LBD dedicated to sensing nitrate may be
justified by the important physiological relevance of this ligand
that was shown to: (i) support bacterial growth as the sole N-
source (Kutvonen et al., 2015); (ii) function as a terminal electron
acceptors for fermentation (Kraft et al., 2011) and (iii) act as a sig-
nal molecule (Gushchin et al., 2017). We have shown previously
that the NIT domain of Pseudomonas aeruginosa chemoreceptor
PA4520 does not bind nitrate/nitrite nor is it involved in mediating
nitrate chemotaxis (Martin-Mora et al., 2019). In contrast, another
study showed that the NIT domain of chemoreceptor Dd15070
from Dickeya dadantii bound nitrate with an affinity that was only
slightly superior to that of nitrite (Galvez-Roldan et al., 2022). NIT
domains are found in more than 1% of chemoreceptors (Sanchis-
Lépez et al., 2021), and the 3D structure of an apo-NIT domain
from the transcription anti-terminator NasR has been reported
(Boudes et al., 2012) (Figure 1).

Here we have studied NIT domains from chemoreceptors of
the plant pathogens Pseudomonas savastanoi pv. savastanoi and
Pectobacterium atrosepticum that are both among the most relevant
phytopathogens (Mansfield et al., 2012). Whereas P. savastanoi pv.

FIGURE 1 Three-dimensional structure of the NIT domain from
the transcription anti-terminator NasR. (a) side view, (b) top view.
The two arginine residues proposed to be involved in nitrate/nitrite
recognition are shown in stick mode (Boudes et al., 2012). The
structure is deposited in the protein data bank with ID 4AKK.

savastanoi is the causal agent of olive knot disease causing aerial
tumours (Ramos et al., 2012), P. atrosepticum is responsible for the
economically important blackleg and soft rot diseases (Toth, 2022).
This research is embedded in efforts to identify the function of
chemoreceptors in plant pathogens of global relevance. Plant
pathogens contain on average 27 chemoreceptors (Sanchis-Lépez
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et al.,, 2021), a number that is significantly above the bacterial av-
erage of 15 (Sanchis-Lépez et al., 2021). Bioinformatic analyses
showed that many of these chemoreceptors are specifically found
in plant-associated bacteria, suggesting that they recognise plant-
derived compounds (Sanchis-Lépez et al., 2021). However, there is
very little information available on the function of phytopathogen
chemoreceptors. In the context of plant infection, chemotaxis to
compounds released from wounds and stomata is required for ef-
ficient plant entry and optimal virulence (Matilla & Krell, 2018). It
was also shown that Interfering with chemotaxis on the leaf sur-
face, by applying chemoattractants or masking existing compound
gradients, reduces virulence (Cerna-Vargas et al., 2019; Tunchai
etal., 2021). The prevention of bacterial stomatal entry is considered
a promising alternative strategy to fight plant pathogens (Sakata &
Ishiga, 2023). None of the 49 chemoreceptors of P. savastanoi pv.
savastanoi NCPPB 3335 has so far been annotated with a func-
tion, but the role of specific chemoreceptors in plant virulence of
this strain has been established (Matas et al., 2012). Alternatively,
three of the 36 P. atrosepticum SCRI1043 chemoreceptors have been
characterised. We have shown that PacA primarily mediates che-
motaxis to the quaternary amines choline, betaine and L-carnitine
(Matilla, Velando, Tajuelo, et al., 2022), which are important osmo-
and thermo-protectants (Caldas et al., 1999; Chen & Beattie, 2008;
Meadows & Wargo, 2015). PacB and PacC were identified as amino

acid-responsive chemoreceptors with a wide or narrow ligand
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profile, respectively (Velando et al., 2023). Both strains possess a
single chemoreceptor with a NIT domain (Gumerov et al., 2020).

In the initial part of this study, we analysed the abundance of
the NIT domains in different receptor families and determined their
phylogenetic distribution. We then conducted a series of biophysical
experiments with the individual NIT domain from chemoreceptors
of P. savastanoi pv. savastanoi and P. atrosepticum. Finally, we con-
ducted quantitative capillary chemotaxis assays to monitor cellular
responses. The data obtained provided novel insights into this abun-

dant but poorly characterised domain family.

2 | RESULTS
2.1 | NIT domains are found in eukaryotic and
prokaryotic receptors

We retrieved the totality of NIT domain-containing proteins from
the Pfam database (Mistry et al., 2021). Of the 15,400 NIT domain-
containing sequences, about 500 were from eukaryotes, distributed
over 19 different phyla (Figure 2, Data S1). NIT domains have been
proposed to be bacterial sensor modules (Shu et al., 2003) and these
data expand the phylogenetic spread of NIT domains. In almost all
cases, the eukaryotic NIT domains formed part of guanylate cyclases
(Pfam family: PF00211) that are enzymes involved in the synthesis
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of the second messenger cGMP (Derbyshire & Marletta, 2012).
Eukaryotic NIT-containing receptors are particularly abundant in
Placozoa, millimetre-sized marine animals considered the simplest
known free-living animals with only six morphologically recognised
cell types (Schierwater et al., 2021; Smith et al., 2014). Placozoa
are an essential taxon to comprehend the origin and evolution of
animal life (Varoqueaux & Fasshauer, 2017). Furthermore, eukary-
otic NIT domains were detected at important levels in Tardigrada
(insects), Heterolobosea (Protista), Annelida (segmented worms),
Echinodermata (the phylum to which sea urchins and starfish be-
long) or Brachiopoda (shells) (Figure 2). NIT domains were identified
in 30 bacterial phyla but were absent from archaea (Figure 2). These
domains were particularly abundant in Actinomycetota that harbour
about 60% of the total number of NIT domains (almost 9300 se-
qguences, Data S1). NIT domains are also found in all major classes of

Pseudomonadota (Figure 2).

2.2 | More than half of all NIT domains form
part of histidine sensor kinases

During evolution, LBDs have been exchanged among different re-
ceptor families (Shu et al., 2003; Ulrich & Zhulin, 2005). We have
classified the NIT domains according to their respective receptor
family (Figure 3). Twenty per cent of NIT domains are present in
chemoreceptors, whereas the majority of NIT domains are found
in two receptor families that control transcription, namely sensor
histidine kinases (about 50%) and transcription anti-terminators
(about 10%) (Figure 3). The remaining receptor families are primarily
involved in the control of the homeostasis of the second messengers
cAMP, cGMP and c-di-GMP (Figure 3). The primary physiological
relevance of chemotaxis is to access nutrients (Colin et al., 2021),
suggesting that this is likely to be the main function of NIT domain-
containing chemoreceptors. However, these data also suggest
that nitrate and nitrite are important signal molecules that control
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FIGURE 3 Relative abundance of NIT domains in different
families of signal transduction receptors. The total number of
NIT domain-containing proteins as recovered from Pfam was
considered 100%.

transcriptional activity and second messenger levels. A number of
bacterial LBD families have been shown to be almost exclusively
present in a given cellular compartment, such as the very abundant
Cache or PAS families, that are either present in the extracytosolic
space or cytosol, respectively (Upadhyay et al., 2016). In contrast,
the NIT domain is present in both cellular compartments. Whereas
transcription anti-terminators are cytosolic proteins, the majority of
the remaining protein families possess extracytosolic NIT domains
(Figure 3) (Shu et al., 2003).

2.3 | NIT domains differ in their ligand preferences
for nitrate or nitrite

The NIT domain of the Dd15070 chemoreceptor from Dickeya da-
dantii had a preference for nitrate and bound nitrite with lower af-
finity (Galvez-Roldan et al., 2022). To assess ligand specificity and
affinity of NIT domains, we have produced the NIT domain of the
chemoreceptor PSA3335_RS14925 from P. savastanoi pv. savas-
tanoi NCPPB 3335 as a purified recombinant protein. To study
ligand binding, we have conducted high-throughput thermal shift
assays using the PM1, PM2A, PM3B, PM4A, PM5 and PM9 com-
pound arrays from Biolog comprising 570 compounds correspond-
ing to different carbon-, nitrogen-, phosphorous-, sulphur sources,
nutrients and osmolytes. These assays determine ligand binding-
induced increases in the protein thermal stability. Increases in
the midpoint of protein folding transition (Tm) greater than 2°C
are considered significant. Of all the compounds screened, there
were only two ligands, nitrate and nitrite, that caused significant
increases in the Tm, as shown in Figure 4a for the 95 compounds
of compound array PM3B. Nitrite caused significantly larger in-
creases than nitrate (Figure 4a). We renamed PSA3335_RS14925
chemoreceptor as PscN (Pseudomonas savastanoi chemoreceptor
for nitrate/nitrite).

We subsequently studied the thermal unfolding of PscN-LBD in
the absence and presence of nitrate and nitrite by differential scan-
ning calorimetry. In analogy to the above data, nitrite induced larger
increases in Tm (Figure 4b,c, Table S1). In addition, unfolding in the
presence of nitrite was of higher cooperativity as compared to nitrate,
as evidenced by a smaller peak width at half height of the unfolding
transition (Table S1). Ligand binding to the NIT domain will induce
structural alterations that trigger downstream signalling. To moni-
tor ligand-induced structural changes, we have conducted far-UV
circular dichroism spectroscopy studies (Figure 4d). The deconvo-
lution of secondary structure elements indicated that the domain
is largely helical (Table S2), consistent with the structures reported
(Boudes et al., 2012). The addition of saturating concentrations of
nitrate and nitrite induced only very minor changes, indicating that
ligand binding does not induce large changes to the protein secondary
structure (Figure 4d, Table S2). We subsequently conducted isother-
mal titration studies to derive the corresponding binding constants
(Figure 5a, Table 1). Whereas the dissociation constant (K},) of nitrite
was 2.1+0.1pM, nitrate bound with an about 22-fold lower affinity
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FIGURE 4 Ligand binding at PscN-LBD studied by thermal shift assays (a), differential scanning calorimetry (b, c) and circular dichroism
spectroscopy (d). (a) Increases in the midpoint of thermal unfolding transition (Tm) in the presence of compounds of the PM3B array

(Biolog, Hayward CA, USA) as compared to the ligand-free protein (Tm=34.7°C). The insert shows the raw data. (b, c) Differential scanning
calorimetry data of the protein in the absence and presence of different concentrations of nitrate and nitrite. The derived thermodynamic
parameters of protein unfolding are provided in Table S1. (d) Far-UV circular dichroism spectra of the protein in the absence and presence of
NaNO, and NaNO,,. The relative abundance of derived secondary structure elements is provided in Table S2.

FIGURE 5 Microcalorimetric titration (@) PscN-LBD (b) PacN-LBD
of the PscN-LBD and PacN-LBD with Time (min) Time (min)
nitrate and nitrite. (a) Titration of 13- 0 25 50 75 100 0 25 50 75 100
19 1M PscN-LBD with 3.2 L aliquots 0od o T ] S
of 400pM NaNO, or 2mM NaNO,. (b) 01 NaNO; | ““ NaNO.
Titration of 20pM PacN-LBD with 3.2uL 0.4 -
aliquots of 1mM NaNO, or 1mM NaNO, g 024 13 ARARAN NaNOs
Upper panels: Raw titration data. Lower % 034 ] % 081 ]
panels: Concentration-normalised and £ 04l ﬂ H Y NaNOs | s 12 |
dilution heat-corrected integrated raw ’
data. The line corresponds to the best fit -0.5 1 E -1.6 B
using the ‘one binding site model’ of the | ]
MicroCal version of ORIGIN. The derived = =
dissociation constants are indicated. 2 1 8 b
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o o
g -6 - NaNO: B g -9__ (;L\:g'_\é?:n) 1
g . 4 (Kp=2.1 pM) ;‘g 124 /L/J |
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Molar Ratio

(Kp =47 +7uM). These data indicate that PscN-LBD is specific for ni-
trate and nitrite, but binds the latter with strong preference.
Considering that the ligand preferences differ between
Dd15070-LBD (Géalvez-Roldan et al., 2022) and PscN-LBD, we
studied the NIT domain of the chemoreceptor ECA_RS02210 from
P. atrosepticum SCRI1043. To this end, we used a similar approach

Molar Ratio

and produced the individual domain as purified protein for its
microcalorimetric analysis. In contrast to PscN-LBD, this domain
bound preferentially nitrate (Ky=1.9+0.1uM) and nitrite with
lower affinity (K;=7.1+0.3uM) (Figure 5b). This chemoreceptor
was named PacN (Pectobacterium atrosepticum chemoreceptor for
nitrate/nitrite).
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TABLE 1 Binding studies of nitrate and

. . . "
Gl S SLEL AU i) nitrite to the individual NIT domains of
PscN-LBD P. savastanoi pv. savastanoi NaNO, 4.6 47+7 chemoreceptors.
NCPPB 3335
PscN-LBD P. savastanoi pv. savastanoi NaNO, 7.4 21+0.1
NCPPB 3335
PacN-LBD P. atrosepticum SCRI1043 NaNO, n.d. 1.9+0.1
PacN-LBD P. atrosepticum SCRI1043 NaNO, n.d. 71+0.3
PscN-LBD R182A P. savastanoi pv. savastanoi NaNO, 0 No binding
NCPPB 3335
PscN-LBD R182A P. savastanoi pv. savastanoi NaNO, 0 No binding
NCPPB 3335
PA4520-LBD P. aeruginosa PAO1 NaNO, n.d. No binding®
PA4520-LBD P. aeruginosa PAO1 NaNO, n.d. No binding®

Note: Increases in Tm values were derived from thermal shift assays and Dissociation constants

(KD) are derived from microcalorimetric titrations.
Abbreviation: n.d., not determined.
@Reported previously in Martin-Mora et al. (2019).

2.4 | PscN-LBD is monomeric in the absence and
presence of ligand

Analyses of different LBDs have shown that there are two different
sensing mechanisms. Some LBDs, like members of the HBM or four-
helix bundle families, are dimeric and recognise their signal at the dimer
interface in a way that the bound signal contacts with both protein
chains. For those domains, ligand binding typically causes dimer sta-
bilisation (Fernandez et al., 2017; Hida et al., 2017; Lacal et al., 2010;
Martin-Mora et al., 2016; Monteagudo-Cascales et al., 2022; Pineda-
Molina et al., 2012). Frequently, ligands bind with negative cooperativ-
ity to both binding sites of the dimer (Biemann & Koshland Jr., 1994;
Ottemann & Koshland, 1997; Yu et al., 2015; Zhang et al., 2005) and it
was proposed that negative cooperativity plays an important role in sig-
nalling since it permits highly ultrasensitive responses and the establish-
ment of pronounced thresholds (Ha & Ferrell, 2016). Other LBDs, such
as members of the dCache domain family, are monomeric and bound
ligands that establish contacts with a single protein chain, in a process
where ligand binding does not trigger domain dimerisation (Gavira
et al., 2018; Rico-Jiménez et al., 2013). However, no information on the
NIT sensing mode is available.

To assess this issue we have conducted analytical ultracentrifu-
gation studies of PscN-LBD in the presence and absence of nitrate
and nitrite. Experiments at different protein concentrations (5-
20puM) in the absence of the cognate ligands showed a single peak
corresponding to a standard sedimentation coefficient of s=2.7S,
independently of the protein concentration (Figure 6; note: this
figure represents the sedimentation-coefficient values recorded in
buffer, whereas standard sedimentation-coefficient values are nor-
malised for migration in water at 20°C). Furthermore, the frictional
ratio of 1.35 reflected that PscN-LBD is an elongated protein. The
molecular weight of 30kDa was derived from the combination of the
sedimentation coefficient and the frictional ratio values. This is very
close to the sequence-derived mass (31.8kDa), showing that the

2.0 1 PscN-LBD 5 uM
PscN-LBD 10 pM
PscN-LBD 20 pM
PscN-LBD 10 uM + 1 mM NaNO,
a 1 5 T PscN-LBD 10 uM + 1 mM NaNO;
[
2
<
0 1.0
(&)
0.5 A1
0.0 T T T T T

—_

2 3 4 5 6
sedimentation coefficient (S)

FIGURE 6 Sedimentation-velocity analytical ultracentrifugation
studies of PscN-LBD. Sedimentation-coefficient profiles at
different protein concentrations in the absence and presence of
NaNO, or NaNO,.

PscN-LBD is monomeric. The addition of saturating concentrations
of nitrate and nitrite did not induce any alteration in the sedimen-
tation coefficient (Figure 6), indicating that ligand binding does not

induce the generation of oligomeric species.

2.5 | R182 of PscN-LBD is essential for ligand
recognition

Following the demonstration that PscN and PacN bound nitrate
and nitrite, we returned to the issue that the NIT domain of P. aer-
uginosa chemoreceptor PA4520 failed to bind any of these ligands
and consequently did not mediate nitrate chemotaxis (Martin-Mora
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FIGURE 7 Binding studies of nitrate (a) (b)
and nitrite Fo PscN-LBD_R182A. (a, b) 1400 - — Noligand 100 -
Thermal shift assays of PscN-LBD_R182A 1200 | — NaNO;
in the absence and presence of 1mM 1000 - — NaNO;
NaNO, or NaNO,. (a) Raw data. (b) 800 |
First derivatives of the raw data. The 2 5

. o < 600 =
minima correspond to the midpoints of 2 -100 1 — No ligand
the protein unfolding transition (Tm). (c) 400 % — NaNO;
Microcalorimetric titrations of buffer 200 -150 1 — NaNOs
and PscN-LBD_R182A with NaNO, and 0 T T T -200 -
NaNO,. 20 ?:mperatutio(gc) 80 250 Temperature (2C)

(c) Time (min)

pcal/sec

-0.5

et al., 2019). The analysis of the NasR structure suggested that R50
and R176 are key residues for nitrate/nitrite recognition (Boudes
et al.,, 2012) (Figure 1). A sequence alignment of the NIT domains
from NasR, PscN, PacN and PA4520 showed that NasR R50 was
fully conserved (Figure S1). In contrast, NasR R176 was conserved
in PscN and PacN, but not in PA4520. To analyse the role of this
residue in ligand recognition, we generated the alanine substitution
mutant of the corresponding residue in PscN (PscN-LBD_R182A).
Three-dimensional models of PscN-LBD and PA4520-LBD gener-
ated with Alphafold (Jumper et al., 2021) illustrate the position of
these arginine residues (Figure S2). Thermal shift assays and iso-
thermal titration calorimetry experiments showed that PscN-LBD_
R182A is devoid of ligand binding (Figure 7). The non-conservation
of this residue in PA4520 may thus be the cause for its failure to
bind nitrate/nitrite. The NIT domain family may thus contain mem-
bers that do not bind nitrate or nitrite, and such proteins could po-
tentially be identified by the lacking conservation of this arginine
residue. To identify the ligand recognised by PA4520-LBD, we have
conducted thermal shift assays using compound arrays PM1, PM2A,
PM3B, PM4A, PM5 and PM9. However, no significant Tm shifts were
observed and further research is required to identify the signal(s)
recognised by PA4520-LBD.

2.6 | PacN-mediated chemoattraction to nitrate is
largely superior to that of nitrite

We have shown previously that P. atrosepticum SCRI1043 performs
strong chemotaxis to nitrate under nitrogen-limiting conditions,
whereas almost no chemotaxis was observed under nitrate-abundant
conditions (Martin-Mora et al., 2019). To determine the role of PacN
in this process, we have generated the corresponding deletion mu-
tant. Initial quantitative capillary chemotaxis assays showed that the

0 20 40 60 80 100 120 140
| ! | ! I ! | ! | ! I ! I !
2 mM NaNO:z into buffer 7

2 mM NaNOz into 20 uM PscN-LBD_R182A |

T Ty

LI 200 B A U B B e S B T B e B e

response of the wild-type and mutant strains to casamino acids, me-
diated by other receptors (Velando et al., 2023), were comparable
(Figure S3). In subsequent experiments, we assessed the response
of the wild-type strain to nitrate and nitrite (Figure 8). Very strong
chemotaxis was observed for nitrate, whereas maximal responses
to nitrite were about 13-fold lower over the entire concentration
range analysed, indicative of a clear preference for nitrate. Under all
conditions, the response of the pacN mutant was significantly lower
as compared to the wild-type strain, indicating that PacN is the pri-
mary nitrate/nitrite chemoreceptor in SCRI1043. The residual ac-
tivity of the mutant strain, particularly pronounced at 5mM nitrate
(Figure 8), suggests the existence of an additional, low-sensitivity

chemoreceptor.

3 | DISCUSSION

In the initial report, NIT domains were identified in prokaryotes
(Shu et al., 2003). Here we show that NIT domains are present in
19 different eukaryotic phyla. A recent study reported the iden-
tification of 12 NIT domain-containing guanylate cyclases in the
eukaryotic phylum Placozoa (Moroz et al., 2020). The homology
model of eukaryotic NIT domains was highly similar to the NIT do-
main structure (Moroz et al., 2020), including the conservation of
two arginine residues required for nitrate sensing mentioned above
(Figure S1) (Moroz et al., 2020), suggesting that these domains also
respond to nitrate/nitrite. Here, we show that Placozoa are by the
far the eukaryotic phylum with the highest abundance of NIT do-
mains. Placozoa are considered the simplest animals. They do not
possess a nervous system, but different cell types were found to
communicate (Varoqueaux et al., 2018). In this context, Placozoa
have a rich receptor repertoire that senses a large number of dif-
ferent signals (Ringrose et al., 2013; Varoqueaux et al., 2018;
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Yanez-Guerra et al., 2022) and NIT domain-containing receptors in
Placozoa were proposed to participate in NO-mediated signalling
processes (Moroz et al., 2020, 2021). In addition, NIT domains are
found in 18 other eukaryotic phyla (Figure 2). In prokaryotic organ-
isms, NIT domains were particularly abundant in Actinomycetotas,
which are Gram-positive bacteria widely present in the soil and
aquatic ecosystems (van Bergeijk et al., 2020). The abundance of
NIT domains in Actinomycetotas may be related to their capacity
to perform anaerobic (Shoun et al., 1998) and aerobic denitrifica-
tion (Zhang et al., 2021). In the initial report, NIT domains have been
identified in four protein families, namely sensor histidine kinases,
chemoreceptors, transcription anti-terminators and diguanylate cy-
clases and phosphodiesterases (Shu et al., 2003). In our study we
have detected NIT domains in two additional families, adenylate/
guanylate cyclases and protein kinases (Figure 3), indicating that
NIT domains-based sensing is involved in different processes such
as chemotaxis, transcriptional regulation and the control of various
second messenger levels.

The NIT domain is an atypical sensor domain. Whereas typically
members of a given extracytosolic sensor domain family bind a va-
riety of structurally different ligands (Matilla, Velando, Martin-Mora

5 mM

et al., 2022), the NIT domain was predicted to be specific for nitrite
(Shu et al., 2003). Our thermal shift assay-based ligand screening
experiments of PscN-LBD confirm this prediction (Figure 4). Of the
570 compounds that we used for ligand screening, only nitrate and
nitrite produced significant shifts. Among the ligands tested were
compounds with a structure very similar to nitrate/nitrite like phos-
phate, thiophosphate, dithiophosphate, sulphate, thiosulfate or tetra-
thionate, among others. Furthermore, the analyses of PacN-LBD and
Dd15070 (Galvez-Roldan et al., 2022) underline the nitrate/nitrite
specificity of NIT domains. However, the failure of both ligands to bind
to the NIT domain of P. aeruginosa chemoreceptor PA4520 indicated
that not all family members bind these ligands. We showed here that
the mutation of one of the arginine residues predicted to be involved
in ligand binding abolished nitrate and nitrite binding (Figure 7). Since
this arginine is not conserved in PA4520 (Figure S1), the lacking con-
servation of this residue may be a way to identify NIT proteins that
do not bind nitrate/nitrite. Unfortunately, ligand screening to identify
PA4520 ligands were unsuccessful and further research is required to
identify the signal that activates this chemoreceptor.

With a maximal response of about 180,000 cells per capillary
(Figure 8), the magnitude of nitrate chemotaxis observed was very
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strong and well superior to the taxis mediated by the other three
characterised P. atrosepticum SCRI1043 chemoreceptors PacA,
PacB and PacC, that was quantified using the same assay. Whereas
PacA-mediated responses to different quaternary amines and proline
(Matilla, Velando, Tajuelo, et al., 2022), PacB and PacC responded to
different amino acids (Velando et al., 2023). For example, maximal re-
sponse for nitrate were 15-fold higher than PacA-mediated responses
and 7-fold higher compared to a strain in which the PacA concen-
tration was increased by overexpressing its gene in trans (Matilla,
Velando, Tajuelo, et al., 2022). The magnitude of nitrate chemotaxis
was also superior to that mediated by the other characterised NIT-
containing chemoreceptor, Dd15070 of D. dadantii (Galvez-Roldan
et al., 2022). The magnitude of nitrate response may indicate a par-
ticular physiological relevance. Chemotaxis experiments also showed
that maximal responses of P. atrosepticum to nitrate were about 13-
fold higher as compared to those for nitrite (Figure 8). In vitro binding
studies showed that the nitrate affinity of the PacN-LBD was only
about three-fold greater than that of nitrite (Table 1), suggesting that
nitrate binding may generate a molecular stimulus that more effi-
ciently triggers downstream signalling. However, the preferential che-
motactic response to nitrate observed for P. atrosepticum may not be
a general feature since chemotactic responses of D. dadantii occurred
with a slight preference for nitrite (Galvez-Roldan et al., 2022).

Taken together, the specificity of the NIT domains for nitrate
and nitrite, as well as the wide phylogenetic distribution of this
sensor domain, highlights the important role of nitrate- and nitrite-
mediated signalling in the regulation of diverse cellular responses in

both eukaryotes and prokaryotes.

4 | MATERIALS AND METHODS
4.1 | Strains, plasmids and oligonucleotides

The strains and plasmids used are detailed in Table S3, whereas oli-
gonucleotides used are provided in Table S4.

4.2 | Bioinformatic analyses

15,428 protein entries were retrieved from the UniProtKB database
(UniProt Consortium, 2023) with a query for the NIT PFAM family
(search term: [xref:pfam-PF08376]). A custom Python3 script was
then implemented to extract all PFAM domains and the Taxonomic
Identifier (taxid) of the host species annotated in each of the NIT
Uniprot entries. The ETE toolkit (Huerta-Cepas et al., 2016) Python
framework was then used to query the Taxonomy Browser (NCBI)
(Schoch et al., 2020) for the full lineage of each species, and protein
entries were then classified by phyla. Phyla with the highest number
of annotated NIT entries (Pseudomonadota and Actinomycetota)
were further classified into their taxonomic classes and the
Actinomycetes class into their orders. To evaluate the abundance
of NIT domain-containing proteins in each taxon, the total number

of entries per taxon was determined by queries in UniProtKB using
the taxon taxid as query term. A taxonomic tree showing the phyla,
Pseudomonadota and Actinomycetota classes, and Actinomycetes
orders that contained at least 1 NIT protein was constructed by the
CommonTree tool of the NCBI Taxonomy Browser and represented
with iTOL vé.

4.3 | Construction of protein expression plasmids

Plasmid pET28_ECA_RS02210-LBD encoding the LBD of chemo-
receptor ECA_RS02210 (PacN) of Pectobacterium atrosepticum
SCRI1043 (residues 28 to 313) was purchased from GenScript. The
DNA fragment encoding the LBD of chemoreceptor PSA3335_
RS14925 (PscN) of P. savastanoi pv. savastanoi NCPPB 3335 (resi-
dues 32 to 297) was amplified by PCR using genomic DNA and
primers specified in Table S4, which contained restriction sites for
Ndel and BamHI. The resulting product was digested with these en-
zymes and cloned into the expression plasmid pET28b(+) to gener-
ate pMAMV248. The insert was confirmed by PCR and sequencing.

4.4 | Generation of a mutantin ECA_RS02210
(PacN)

A chromosomal mutant of P. atrosepticum SCRI1043 was constructed
by homologous recombination using a derivative plasmid of the sui-
cide vector pKNG101. The up- and downstream flanking regions
of the pacN gene were PCR amplified using the primers detailed in
Table S4. The resulting PCR products were digested with EcoRIl and
Pstl and ligated in a three-way ligation into pUC18Not, producing
plasmid pUC18Not-ECA_RS02210. Subsequently, a 2.1kb frag-
ment of this plasmid was subcloned into the marker exchange vec-
tor pKNG101 using Notl, resulting in pKNG-ECA_RS02210. This
plasmid was transferred into P. atrosepticum SRCI1043 by biparental
conjugation using E. coli 2163. Mutant strains were selected by the
failure to grow on 10% (w/v) sucrose-containing agar plates. The in-
tegrity of plasmids was verified by DNA sequencing and the deletion
of the gene was confirmed by PCR.

4.5 | Quantitative capillary chemotaxis assays
Chemotaxis assays were conducted as reported in Martin-Mora
et al., (2019).

4.6 | Overexpression and purification of proteins

4.6.1 | PacN-LBD

Overnight cultures of Escherichia coli BL21(DE3) containing pET28_
ECA_RS02210-LBD were used to inoculate 500-mL LB medium
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supplemented with 50pg/mL kanamycin in 2-I Erlenmeyer flasks.
Cultures were grown at 30°C until an OD,,, of 0.5, at which point
protein production was induced by adding 0.1mM isopropyl-
thiogalactopyranoside (IPTG). The growth temperature was lowered
to 18°C and after overnight growth, cells were harvested by centrif-
ugation at 20,000x g for 1 h and frozen at -80°C. Cells from a 0.6 L
culture were resuspended in 35 mL buffer A (20mM Tris/HCI, 10mM
imidazole, 5% (v/v) glycerol, 150mM NaCl, pH8.0) and broken by
French press treatment at 1000 psi (piston diameter of 2.5 cm). After
centrifugation at 8500x g for 1 h, the supernatant was loaded onto a
5mL HisTrap column (Amersham Bioscience), washed with five col-
umn volumes of buffer A, washed with buffer A containing 40 mM of
imidazole and eluted with a 40-500mM imidazole gradient in buffer
A. The protein was dialyzed into analysis buffer (20mM Tris/HCI,
10% (v/v) glycerol, pH8.0) for immediate analysis.

4.6.2 | PscN-LBD

E. coli BL21-Al was transformed with pMAMV248 and the resulting
strain was grown in 2L Erlenmeyer flasks containing 400 mL LB me-
dium supplemented with 50 pg/mL kanamycin at 30°C. At an OD,,
of 0.5, the growth temperature was lowered to 18°C and protein ex-
pression was induced by adding 0.2% (w/v) L-arabinose and 0.5 mM
IPTG. Growth was continued at 18°C overnight and cells were har-
vested by centrifugation at 20,000xg. Cell pellets derived from a
0.6L culture were resuspended in 35mL buffer B (30mM Tris/HClI,
0.3M NaCl, 10mM imidazole, 10% (v/v) glycerol, pH8.0), broken
by French press treatment at 1000 psi and centrifuged at 8500x g
for 1h. The supernatant was passed through a 0.22 pm cut-off filter
(Whatman) and loaded onto a 5-ml HisTrap HP column previously
equilibrated in buffer B. Protein was eluted by applying a 45mM to
500mM imidazole gradient in buffer B. Pooled fractions were dia-
lyzed into analysis buffer (50mM K,HPO,/KH,PO,, 10% (v/v) glyc-
erol, pH8.0) for immediate analyses.

4.6.3 | PA4520-LBD

The LBD of the PA4520 chemoreceptor from P. aeruginosa PAO1
was purified as reported previously (Martin-Mora et al., 2019).

4.7 | Site-directed mutagenesis

An overlapping PCR approach was used to generate the PscN-
LBD R182A mutant. Briefly, two amplicons were obtained using
the primer pairs RS14925_NIT-Ndel-F /NIT_Arg_R and NIT_Arg-F/
RS14925_NIT_BamHI-R (Table S4) and plasmid pMAMV248 as tem-
plate. These oligonucleotides were designed to replace the codon
CGC (R182) with GCC (A182). Using a mixture of the two resulting
PCR fragments as template, a 801-bp amplicon was obtained using
primers RS14925_NIT-Ndel-F and RS14925_NIT_BamHI-R. This

PCR fragment was subsequently cloned into Ndel/BamHI sites of
the expression vector pET28b(+) to generate pMAMV336. The re-
placement and the absence of further mutations were confirmed by

DNA sequencing.

4.8 | Thermal shift assays

Thermal shift assays were performed using a BioRad MylQ2 Real-
Time PCR instrument. Ligands were prepared by dissolving Biolog
Phenotype Microarray compounds in 50puL of Milli-Q water to ob-
tain a final concentration of around 10-20mM (according to the
information of the manufacturer). Screening was performed with
compound arrays from Biolog Inc. (Hayward, CA, USA). Each 25uL
assay mixture contained 15uM protein in their respective analysis
buffer and SYPRO™ Orange (Life Technologies) at 5x concentra-
tion. Aliquots of 2.5pL of the resuspended Biolog compounds were
added to each well. Samples were heated from 23 to 85°C at a scan
rate of 0.5°C/min. The protein unfolding curves were monitored by
detecting changes in SYPRO™ Orange fluorescence. Melting tem-
peratures were determined using the first derivative values from the

raw fluorescence data.

4.9 | Isothermal titration calorimetry

Measurements were done using a VP-microcalorimeter (MicroCal,
Northampton, MA) at 20°C. Proteins at 13-20 1M were placed into
the sample cell and titrated with 0.4 to 5mM of ligand solutions
prepared in dialysis buffer immediately before use. The mean en-
thalpies measured from the injection of ligands into the buffer were
subtracted from raw titration data prior to data analysis with the
MicroCal version of ORIGIN. Data were fitted with the ‘one binding
site model’.

4.10 | Differential scanning calorimetry

Studies were performed on a capillary VP-DSC differential scanning
calorimeter (Malvern Instruments) with a cell volume of 0.134mL.
Scans were performed at 2-3°C-min™* over a temperature range
of 5-70°C using 20uM protein. In some experiments, NaNO, or
NaNO, were added to a final concentration up to 100uM. Ligand
stock solutions were prepared in the analysis buffer. Several buffer-
buffer baselines were obtained before each protein run to ascertain

proper equilibration of the instrument.
411 | Circular dichroism spectroscopy
Experiments were performed on a Jasco J-715 (Tokyo, Japan)

spectropolarimeter equipped with a thermostatised cell holder.
Measurements of the far-UV CD spectra (260-200nm) were made
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with a 1mm path-length quartz cuvette. NaNO, or NaNO, were
added to a final concentration of 100uM. The resulting spectra were
the average of 5 scans at 100nm/min using 1 nm step resolution, 1sre-
sponse and 1nm bandwidth. The spectra were corrected by the base-
lines obtained from the corresponding buffer. In order to determine
the relative abundance of secondary structure elements, spectra were
deconvoluted using the CDNN software package (Bohm et al., 1992).

4.12 | Analytical ultracentrifugation

Experiments were performed in a Beckman Coulter Optima XL-|
analytical ultracentrifuge (Beckman Coulter, Palo Alto, CA, USA)
equipped with UV-visible absorbance and interference optics de-
tection systems. An An50Ti 8-hole rotor and 12mm path-length
charcoal-filled epon double-sector centrepieces were used. The
experiments were carried out at 10°C, using samples in 50mM
K,HPO,/KH,PO, at pH7.5. Protein at 5uM to 20pM was ana-
lysed in the absence and presence of 1mM NaNO, or NaNO,.
Sedimentation-velocity (SV) runs were carried out at a rotor speed
of 48,000 rpm using 400 pL samples and dialysis buffer as reference.
A laser at 235nm was used in the absorbance optics mode. A least
squares boundary modelling of the SV data was used to calculate
sedimentation-coefficient distributions with the size-distribution
c(s) method (Schuck, 2000) implemented in the SEDFIT v14.1 soft-
ware. The molecular weight was extracted from the sedimentation
profiles, via the Lamm equation solution included in the c(s) model
of SEDFIT. The best-fit values obtained for the sedimentation
coefficient (s, in S or Svedbergs) and diffusion were used to esti-
mate the molar mass of the molecule using the Svedberg equation.
Buffer density (p=1.0071g/mL) and viscosity (=0.01331 Poise)
at 10°C were estimated by SEDNTERP software (Laue et al., 1992)
from the buffer components. The partial specific volume used was
0.7242mL/g as calculated from the amino acid sequence also using
SEDNTERP software. The sequence-derived molecular mass of the
monomer PscN-LBD was 31.8kDa.
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