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Abstract

Bacteria sense and adapt to environmental changes using two-component systems. These signaling pathways
are formed by a histidine kinase that phosphorylates a response regulator (RR), which finally modulates the
transcription of target genes.
The bacterium Brucella abortus codes for a two-component system formed by the histidine kinase NtrY and

the RR NtrX that participates in sensing low oxygen tension and generating an adaptive response. NtrX is a
modular protein with REC, AAA+, and DNA-binding domains, an architecture that classifies it among the NtrC
subfamily of RRs. However, it lacks the signature GAFTGAmotif that is essential for activating transcription by
the mechanism proposed for canonical members of this subfamily. In this article, we present the first crystal
structure of full-length NtrX, which is also the first structure of a full-length NtrC-like RR with all the domains
solved, showing that the protein is structurally similar to other members of the subfamily.
We also report that NtrX binds nucleotides and the structures of the protein bound to ATP and ADP. Despite

binding ATP, NtrX does not have ATPase activity and does not form oligomers in response to phosphorylation
or nucleotide binding. We also identify a nucleotide sequence recognized by NtrX that allows it to bind to
a promoter region that regulates its own transcription and to establish a negative feedback mechanism to
modulate its expression. Overall, this article provides a detailed description of the NtrX RR and supports that it
functions by a mechanism different to classical NtrC-like RRs.

© 2017 Elsevier Ltd. All rights reserved.
Introduction

Bacteria need to sense fluctuating environmental
conditions and respond adequately in order to
survive. For this, microbes use signaling pathways
known as two-component systems (TCSs), which
are formed by a histidine kinase (HK) and a response
regulator (RR). Upon detection of a specific signal,
the HK autophosphorylates and then transfers the
phosphoryl group to the RR. The phosphorylated
RR is activated to perform an output response that
involves, in most cases, binding to DNA and modulat-
ing gene transcription [1].
TCSs are of particular importance in pathogenic

bacteria such as Brucella spp. since they are a key
er Ltd. All rights reserved.
factor for allowing bacteria to adapt to harsh condi-
tions during the infection process. Brucella is the
causative agent of brucellosis, one of the most
important zoonotic diseases worldwide, causing
abortion and sterility in domestic animals and undulant
fever in humans [2]. Brucella codes for a TCS formed
by the HK NtrY and the RR NtrX that participates
in sensing low oxygen tension and in the adaptive
response generated by activating the expression
of denitrification enzymes and high-oxygen-affinity
cytochrome oxidases [3,4]. The NtrY/X TCS is also
present in other microorganisms and it has been
involved in a variety of functions. These include
nitrogen fixation and metabolism in Azorhizobium
caulinodans [5]; inhibition of lysosomal fusion and
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regulation of proline and glutamine metabolism in
Ehrlichia chaffeensis [6,7]; expression of respiratory
enzymes in Neisseria gonorrhoeae [8]; and succino-
glycan production, motility, and symbiotic nodulation
in Sinorhizobium meliloti [9]. It is noteworthy that
ntrX was reported to be conditionally essential for
Caulobacter crescentus [10].
NtrX is predicted to have three domains: (1) an

N-terminalRECdomain, (2) a central AAA+ (ATPases
associatedwith various cellular activities) domain, and
(3) a C-terminal DNA-binding domain (DBD) with a
predicted helix-turn-helix (HTH) motif (Fig. SI1). Such
architecture indicates that NtrX belongs to a subfam-
ily of RRs in which the most extensively characterized
member is NtrC [1]. Besides, some microorganisms
(including Brucella abortus) code for NtrX in the
same transcriptional unit as NtrC. Other members
of the NtrC subfamily are Aquifex aeolicus NtrC1
and NtrC4, and S. meliloti DctD. These RRs act as
bacterial enhancer-binding proteins (bEBPs), which
are transcriptional regulators that activate the ex-
pression of σ54-dependent genes. The postulated
mechanism to explain the activation of NtrC-like RRs
proposes that upon phosphorylation, these proteins
form hexamers that hydrolyze ATP and couple the
released energy with conformational changes that
allow them to interact differentially with the σ54 factor
of the RNA polymerase and initiate the transcription
of target genes [11]. In these modular proteins, the
N-terminal REC domain regulates the activity of the
protein, while the central AAA+ domain participates
in nucleotide binding, hydrolysis, oligomerization,
and σ54 contact. In all the reported cases, the phos-
phorylation of the REC domain controls the AAA+
oligomerization, either promoting the formation of
an oligomer (as in NtrC) or disrupting repressive
interactions between the regulatory and central
domains that leads to hexamerization (as in NtrC1
and DctD) [11]. The analysis of NtrX sequence
indicates that several motifs of the AAA+ domain
[11,12] are conserved (Fig. SI1). Some examples are
the Walker A motif and the Sensor II that usually
participate in ATP binding, the Walker B motif and
arginine fingers that are involved in nucleotide
hydrolysis, and the Sensor I that couples ATP
hydrolysis with conformational changes linked to
transcriptional activation. However, NtrX has not
conserved a GAFTGA motif, considered a
bEBP-specific structural element whose mutations
produce severe defects in the ability to contact σ54 or
activate transcription [11] (Fig. SI1). In some bacterial
species (likeB. abortus), the corresponding sequence
in NtrX has been deleted; meanwhile, in other
microorganisms, the sequence is present, but it has
not been conserved (Fig. SI2). Some NtrC-like RRs
that lack a functional GAFTGA, such as Rhodobacter
capsulatus NtrC and HupR, have been classified in
an unusual group that regulates transcription at σ70

promoters [13,14].
Despite all the knowledge regarding the cellular
processes regulated by NtrX that was generated by
genetic approaches in different microorganisms,
little structural and biochemical information is avail-
able on how the RR functions. Our group has
previously reported the structures of a truncated
construct of NtrX REC domain in its apo state and
bound to beryllofluoride (BeF3

- ) [15]. However,
structural information on full-length NtrX that could
provide details about the organization and interplay
between the three domains is still lacking. In this
article, we present the structure of NtrX in its apo
and nucleotide-bound forms, obtained through X-ray
crystallography, showing for the first time the archi-
tecture and relative organization of the REC, AAA+,
and DBDs. This represents not only the first structure
of an NtrX ortholog but also the first structure of a
full-length NtrC-like RR with all the domains solved.
Our results indicate that NtrX is structurally similar to
A. aeolicus NtrC1 and NtrC4, but unlike them, it is not
able to hydrolyze ATP or form oligomers. Moreover,
we identified a nucleotide sequence recognized
by NtrX that allows it to bind to a promoter region
that regulates its own transcription, and we demon-
strated that NtrX acts as a repressor at this promoter,
establishing a negative feedback mechanism to
modulate its expression. Overall, our results provide
a detailed description of the NtrX RR and support
that it functions by a mechanism different to classical
bEBPs.
Results

NtrX crystal structure—overall description

In order to determine the structure of an NtrX
ortholog, we cloned and expressed the full-length
sequence of NtrX from B. abortus. The purified
protein was crystallized through the integrated crys-
tallization pipeline of the High Throughput Crystalli-
zation Laboratory of the EMBL Grenoble Outstation,
including the steps of screening, optimization of
crystal conditions, and automated crystal mounting
and cryo-cooling using the CrystalDirectTM Technol-
ogy [16]. The resulting crystals were analyzed for
diffraction at the macromolecular crystallography
beamlines of the ESRF. Several crystal forms for
apo NtrX were identified, and one of them showed
diffraction to a resolution of 2.2 Å in the orthorhom-
bic space group C2221. The final structure was
solved from a native dataset by experimental phasing
using crystals derivatized with ytterbium (Fig. 1a and
Table 1).
Two chains were found in the asymmetric unit

(A, B) with an RMSD value of 0.90 Å (378 residues
aligned), forming a dimer with a buried surface
area (BSA) of 9000 Å2. The electron density maps



Fig. 1. NtrX crystal structure. (a) Structure of NtrX represented in cartoon, with its three domains in different colors
(REC, pink; AAA+, light blue; DBD, green). (b) Side view of the NtrX structure. (c) Superposition of the two chains
found in the asymmetric unit (A, orange; B, green) with a dashed-line oval to highlight the asymmetry in the C-terminal
helices.
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allowed tracing almost the complete backbone and
side chains of each one, except residues 137–141
in chain A, and residues 136–142 and 389–399 in
chain B. The three domains can be clearly observed
in the crystallographic structure (Fig. 1a and b). The
REC domain corresponds to residues 1–135 and
presents an α/β topology, as has been previously
reported for a truncated construct (PDB 4D6X) [15],
with an RMSD of 0.60 Å between both structures.
A long linker (linker 1, residues 136–146) connects
the REC domain to the AAA+ domain, and its
structure could not be modeled due to low electron
density, possibly as a consequence of high flexibility
in this region. The AAA+ domain includes residues
147–369 and is formed by an N-terminal α/β sub-
domain and a C-terminal helical subdomain, in accor-
dance with other crystallographic structures reported
for other AAA+ domains [12]. Another long linker
(linker 2, residues 370–399) connects the central
domain to the DBD (residues 400–451). The structure
of this loop could be determined for chain A, possibly
due to the presence of some interactions that reduce
flexibility (E386-R364′, D341-Q400′, G388-H401′), but
the electron density corresponding to most of the
residues in chain B was absent.
The DBD presents an HTH motif formed by four

helices: A (dimer buttress), B (dimerization helix),
C (first helix of the HTH), and D (recognition helix,
which typically binds to the major groove in the
DNA) [17] (Fig. SI3a). In the case of NtrX, the dimer
buttress helix is very short (four residues), as has
been reported for NtrC4 (Fig. SI3b) [18]. As has been
mentioned above, NtrX crystallized as a dimer in
which the superposition of both chains resulted very
well for residues comprising the REC and AAA+
domains. However, the C-terminal helices could not
be aligned (Fig. 1c), and therefore, the orientation of
the dimeric DBD introduced asymmetry in the overall
structure of the protein.

NtrX resembles thegeneral arrangement of typical
NtrC-like RRs

A PDBeFold server search [19] revealed that the
best fits for NtrX correspond to the RRs NtrC1
and NtrC4 from A. aeolicus, which also belong to
the NtrC subfamily. Two structures are available for
NtrC1: one of them was obtained using a full-length
construct, but only weak and diffuse density was
observable in the region corresponding to the DBD,
so it was not possible to interpret any of that density
with a structuralmodel (PDB4L4U); the other structure
corresponds to a REC-AAA construct crystallized with
ADP (PDB 1NY5). Also, a REC-AAA construct was
crystallized in the presence of ADP to solve the
structure of NtrC4 (PDB 3DZD). Therefore, in this
article, we are presenting not only the first structure
of an NtrX ortholog but also the first structure of a
full-length NtrC-like RR with all the domains solved.
Comparison betweenNtrX andNtrC1orNtrC4 reveals
that the REC and AAA+ domains have the same
general arrangement, showing that the three proteins
form homodimers with contacts between each domain
(REC-REC, AAA-AAA, and REC-AAA), generating a
similar overall structure (Fig. SI4a–c). Like NtrC1, and
in contrast to NtrC4 that has a short unstructured
connector, NtrX preserves the C-terminal portion of
the long α5 helix from the REC domain. The structural
alignments of individual RECandAAA+domains from
NtrX with those of NtrC1 have RMSD values close to
1.25 Å and 1.50 Å, respectively. However, the whole
REC-AAA chains do not align so well (RMSD around
3.90 Å) because of the relative orientations of theREC
and AAA+ domains.

Image of Fig. 1


Table 1. Data collection and refinement statistics

Statistics NtrX NtrX -ATP NtrX -ADP

PDB code 5M7O 5M7N 5M7P
Data collection
Synchrotron source ESRF ESRF ESRF
Beamline ID29 MASSIF-1 MASSIF-1
Number of frames 1500 900 1280
Oscillation step (deg) 0.1 0.2 0.1
Detector distance (mm) 393.56 234.93 302.88
Wavelength (Å) 0.9762 0.9660 0.9660
Exposure per frame (s) 0.4 0.6 0.4
Indexing and scaling
Cell parameters a (Å) 124.78 116.86 116.97

b (Å) 191.23 191.61 190.84
c (Å) 111.85 111.70 111.88
α (deg) 90.00 90.00 90.00
β (deg) 90.00 90.00 90.00
γ (deg) 90.00 90.00 90.00

Space group C2221 C2221 C2221
Resolution limit (Å) 2.20 2.90 2.36
Number of total reflections 381,336 189,409 248,337
Number of unique reflections 67,838 28,263 51,562
Average multiplicitya 5.6 (5.4) 6.7 (6.5) 4.8 (4.8)
b I/σ(I)N 8.0 (0.8) 7.4 (1.4) 14.7 (2.0)
Rmeas 0.167 (2.804) 0.197 (1.170) 0.077 (0.835)
Completeness (%) 99.8 (99.5) 99.9 (100) 99.7 (98.8)
Monomers per asymmetric unit 2 2 2
Solvent content (%) 59.40 61.82 61.76
B-factor (Wilson plot, Å2) 35.4 35.4 35.4
Refinement
Resolution range (Å) 50.02–2.20 29.84–2.90 29.87–2.36
Number of protein atoms 6823 6615 6693
Number of ligand atoms 2 64 56
Number of water molecules 122 98 293
R 22.74 20.10 19.9
Rfree 26.90 23.80 22.9
Rms deviations from ideal valuesb

Bond lengths (Å) 0.012 0.010 0.009
Bond angles (deg) 1.56 1.14 1.07

B-factor (average, Å2) 58.36 61.23 54.70
MolProbity validationc

Clashscore 2.33 4.20 1.48
Poor rotamers (%) 0.14 1.17 0.72
Ramachandran plot

Favored (%) 97.25 97.07 98.26
Allowed (%) 2.75 2.93 1.74
Disallowed (%) – – –

a Values in parentheses correspond to the highest resolution shell.
b Engh & Huber, 1991.
c Chen, 2010.
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An important difference between NtrX and NtrC1/
NtrC4 structures is that the last two proteins have
the signature GAFTGA motif in their AAA+ domains.
In B. abortus NtrX, this specific sequence is not
presentm but the structure in this region is similar,
with an insertion in a helix that forms a shorter loop
and has two glycine residues (G218 and G219) that
close the tip (denoted here as “MDGG loop”) (Fig. 2a).
Given the strict requirement for the GAFTGA conser-
vation to interact with the σ54 factor, the modification
in several NtrX orthologs (Fig. 2b) would preclude
contacting this factor, but preserving the loop could
have functional implications (see Discussion).
Several interfaces are involved in the stabilization
of a dimeric structure

Analysis of NtrX crystal structure indicates an
extensive interface (1900 Å2) between the unpho-
sphorylated REC domains, which includes its sec-
ondary structure elements α4-β5-α5 (Fig. 3a). This
finding is in agreement with the structures of non-
activated REC domains from other RRs such as
NtrC1 [20], NtrC4 [21], and DctD [22], but it is in
striking contrast with the reported interface for a
construct of the NtrX REC domain that includes
residues 1–126 but lacks the last 9 amino acids of the



Fig. 2. (a) Structural alignment of the MDGG loop in NtrX (orange) with the GAFTGA-containing loop in NtrC1 (blue) and
NtrC4 (green). (b) Multiple sequence alignment of several NtrX orthologs from B. abortus, Rhizobium leguminosarum,
Agrobacterium tumefaciens, Sinorhizobium meliloti, Azorhizobium caulinodans, and Caulobacter crescentus, with NtrC1
and NtrC4 from Aquifex aeolicus. The sequences correspond to the region illustrated in panel (a), indicating above the
alignment the residues that are part of the helical region and those that belong to the protruding insertion. The red box
indicates the GAFTGA motif in canonical bEBPs, highlighting the deletion of residues in the different NtrX homologs.
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α5 helix [15]. In this case, the BSA of the interface is
dramatically reduced (to 400–600 Å2) since only the
α4-β5 elements are part of it (Fig. 3b). Given that the
backbone of the REC domain in full-length NtrX
superposes very well with the truncated construct
Fig. 3. Interfaces involved in the stabilization of dimeric NtrX
chain in a different color (A, orange; B, light green) and the
indicated. (b) Truncated REC domain (PDB 4D6X, residues 1–
green) and the secondary elements involved in the interface
full-length NtrX (orange) with the same chain from the truncate
for clarity, are not shown). The arrow indicates the rigid-bod
(d) Detailed interactions between the residues that participate i
interactions between the residues that participate in the REC-A
with triangles the interface formed between the REC and AAA
(RMSD value of 0.60 Å for 119 aligned residues),
eliminating the C terminus of the α5 helix leads to a
rigid body movement of one of the chains (Fig. 3c)
that distorts the interface. Using the PDBeFold server,
a rotation–translationmatrix was obtained to calculate
. (a) View of the REC domains in full-length NtrX, with each
secondary structure elements involved in the interface

126) with each chain in a different color (A, wheat; B, dark
indicated. (c) Overlay of chain B from the REC domain in
d domain (green) obtained after aligning chains A (which,
y movement caused by the different dimeric assembly.
n the REC domain interface in full-length NtrX. (e) Detailed
AA interface. (f) Surface representation of NtrX indicating
+ domains from different chains.

Image of Fig. 3
Image of Fig. 2
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that there is a 66° movement in chain B between the
REC domain in full-length NtrX and in the truncated
construct.
Several salt bridges (D101-R118′, E104-R111′,

E121-K126′, E128-R133′) and hydrogen bonds
(Y100-Y100′, T122-T122′) stabilize the interface
between chains of the REC domains (Fig. 3d).
Also, the C termini of the α5 helices cross each other
and present a group of hydrophobic amino acids
(L125, V129, L132) that make a pseudo coiled-coil.
Despite that the analysis of the α5 helix sequence
using programs that predict coiled-coils (PairCoil2,
COILS) gives scores under the threshold value, it is
possible to find two heptad repeats (Fig. SI5). The
first one is an imperfect heptad because position a
(in coiled-coil nomenclature) is not occupied by a
hydrophobic amino acid (as is expected) but by
a polar residue (T122). The second repeat has a
canonical pattern, with hydrophobic residues in
positions a and d (V129, L132) and charged residues
ineandg (R133,R135).Notably, the charged residues
in position e from both repeats form salt bridges with
the charged amino acid in position g’ from the previous
heptad (Fig. SI5).
The analysis of a possible interface between the

AAA+ domains using the PDBePISA server [23]
indicates that it is not likely that these domains form a
stable complex. Probably, this is due to the low
number of salt bridges (K334-D241′) and hydrogen
bonds (T201-A328′, R356-Q330′, N360-N360′,
N360-E363′) formed between chains. However,
the AAA+ domain of one monomer and the REC
domain from the opposite chain establish salt bridges
(E28-H230′, D44-K266′) and several hydrogen bonds
(N43-R261′, Q73-R221′, K72-G218, A46-E227′,
R45-K269′;Fig. 3e) that involve atoms from side
chains, the backbone, or both and create an inter-
action surface (Fig. 3f). The residues are, in their
majority, part of the α2 and α3 helices from the REC
domain and of the helix with the insertion that contains
the MDGG loop, this loop itself, and the loop 2, from
the opposite AAA+ domain. This interface buries a
considerable area (BSA of 655 Å2) and has been
previously reported in NtrC1 [20] and NtrC4 [21],
where it was suggested that it maintains the central
domain in an “off” conformation because it masks
the region that is necessary for the oligomerization of
NtrC1 and NtrC4 [20].
Finally, the helices that form the DBD from different

chains are held together, generating an interface
that buries 930 Å2. This dimeric structure is stabilized
by a salt bridge (R411-E415′, helix B) and several
hydrogen bonds: L407-Y418′ (helix B), L405-V437′
(helices B and C, respectively), L405-Y418′, M403-
Q422′ (helices A and B, respectively;Fig. SI6). Also,
helix B presents hydrophobic residues that contribute
to dimerization (i.e., F414) and position helix C. This
dimeric ensemble that has the recognition helices
exposedmust be highlighted since it might allow DNA
binding even in the absence of phosphorylation. In
fact, there is a good superposition (RMSD of 1.2 Å
for 47 residues aligned) between NtrX DBD and
NtrC4 DBD crystallized in the presence of its binding
sequence (PDB 4FTH; Fig. SI3c), supporting our
previous hypothesis.

NtrX binds ATP but does not hydrolyze it

RRs that belong to the NtrC subfamily usually
bind ATP and are able to hydrolyze it, coupling the
released energy from this reaction with conforma-
tional changes that ultimately lead to transcriptional
activation of σ54-dependent promoters [11]. Binding
of nucleotides and enzymatic activity reside in the
AAA+ domain, which has specific motifs (such as
Walker A and Walker B, among others) that are
also present in NtrX sequence (Fig. SI1). Therefore,
in order to understand how NtrX might act as a
transcriptional regulator, it is of high relevance to
determine whether it is able to bind ATP and hydrolyze
it. To this end, we performed a photolabeling experi-
ment [24]. NtrX was incubated with γ-32P-ATP, and
the mix was irradiated with UV light to promote the
crosslinking of ATP and the protein. Then, an aliquot
was run on SDS-PAGE gels, and the radioactivity
was detected by autoradiography. As a negative
control, the experiment was also performed using
the truncated REC domain from NtrX. A strong band
was observed in the radiography film in the lanewhere
the NtrX sample was loaded, but no radioactivity
was detected in the lane corresponding to the REC
domain (Fig. 4a), indicating that NtrX is an ATP
binding protein.
A limited proteolysis assay was performed in the

absence and presence of ATP to evaluate possible
conformational changes upon nucleotide binding and
confirm the previous results. Incubation of the protein
with the nucleotide produces a different proteolysis
pattern, with protection of fragments of higher molec-
ular weight (Fig. 4b), supporting that NtrX is able to
bind ATP.
In order to study the binding reaction in solution,

we employed fluorescence spectroscopywith a probe
called Mant-ATP. The Mant group is sensitive to the
chemical environment, and when it binds to a protein,
it increases its fluorescent emission due to Fluores-
cence Resonance Energy Transfer (FRET). In
a preliminary experiment, the spectra of free NtrX
and Mant-ATP were obtained (setting the excitation
wavelength to 290 nm), observing low emission at
448 nm (Fig. 4c). In the presence of the protein,
the Mant-ATP emission peak increases significantly,
an effect that can be reverted by the addition of ATP
(Fig. 4c).
The fluorescent probe was also used in titration

experiments to determine the affinity for ATP and ADP,
using a previously describedmethod [25]. Titration with
the probe in the presenceof a constant concentration of



Fig. 4. NtrX is an ATP binding protein. (a) Samples of NtrX and its truncated REC domain (control) were incubated with
γ-32P-ATP and irradiated with UV light. Aliquots of each sample were analyzed by SDS-PAGE using a molecular weight
marker (MWM) as reference. The gels were revealed by autoradiography. (b) Limited proteolysis assay. Samples of NtrX
and of the protein preincubated with ATP (NtrX + ATP) were treated with trypsin. At the indicated times, aliquots were
taken to be analyzed by SDS-PAGE. The gels were also loaded with a sample of the untreated protein (-trypsin) and were
stained with Coomassie Blue to visualize the different bands. (c) Fluorescence spectra (λexc: 290 nm) of NtrX (5 μM), free
Mant-ATP (50 μM), Mant-ATP in the presence of NtrX, and Mant-ATP with NtrX and ATP (300 μM). (d) Titration curves of
NtrX (5 μM) with different concentrations of Mant-ATP in the absence of nucleotides or with constant concentrations
(200 μM) of ATP or ADP. ΔF448 is the fluorescence intensity at 448 nm after the addition of Mant-ATP to NtrX corrected
by the fluorescence of the free probe at each concentration. The curves were fitted to a specific binding model using the
Hill coefficient.
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ATP (Fig. 4d) gave a Kd value of 71 μM for the
nucleotide, which is similar to those reported for other
proteins with AAA+ domains that participate in
transcriptional regulation, such as NtrC (Kd = 105 μM,
[26]) and PspF (KdATPϒS = 34 μM, [27]). Finally, the
titration was performed in the presence of a constant
concentration of ADP (Fig. 4d), and the binding model
estimated a Kd of 70 μM. In all the cases, fitting of the
curves resulted in a Hill coefficient close to 1, indicating
that there is no cooperativity for binding thenucleotides.
Having established that NtrX binds ATP, we

wondered if the nucleotide could be hydrolyzed.
Since most of the RRs that belong to the NtrC
subfamily require phosphorylation to exhibit ATPase
activity [28], we verified first that NtrX can be
phosphorylated in vitro using the small-molecule
phosphodonor acetyl phosphate (AcP) [29]. The
protein was incubated with AcP and Mg2+; samples
were taken at different times and they were analyzed
in SDS-PAGE gels prepared with Phos-tag™, a tag
that polymerizes with the acrylamide and decreases
the migration speed of phosphorylated proteins. The
results show that as time passes, there is an in-
crease in the intensity of a low mobility band (which
corresponds to phosphorylated NtrX, NtrX~P) and
a decrease in the amount of protein in the unpho-
sphorylated band (Fig. SI7a), validating the use
of AcP to phosphorylate NtrX. Also, to determine
if there are global conformational changes linked
to NtrX phosphorylation, we performed a limited pro-
teolysis assay. Samples of the unphosphorylated
protein or NtrX preincubated with AcP were treated
with trypsin, and at different times, aliquots were
removed and analyzed by SDS-PAGE. The poly-
acrylamide gels revealed that the proteolysis pat-
tern is different when the protein is treated with AcP
(Fig. SI7b). In this case, bands of high molecular
weight are more resistant to the action of the
protease; meanwhile, the unphosphorylated protein
is completely degraded after 20 min (Fig. SI7b). It
can be concluded that treating NtrX with AcP leads
to the phosphorylation of the protein and to confor-
mational changes that alter the accessibility to the
protease.

Image of Fig. 4


Fig. 5. ATP binding site. (a) Cartoon representation of
the AAA+ domain with ATP (light green) bound to a cavity
between the α/β and helical subdomains. (b) Detailed
interactions between the ATP molecule (light green) and
the residues in the AAA+ domain.
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Finally, ATPase assayswere performed, and neither
unphosphorylated NtrX nor NtrX preincubated with
AcP produced an increase in hydrolyzed ATP,
indicating that this RR does not present ATPase
activity (Fig. SI8). This finding is in accordance with
other NtrC-like RRs that do not have a GAFTGA motif
and do not hydrolyze ATP, such asR. capsulatusNtrC
[13], and HupR [30].

Crystal structure of NtrX in complex with ATP
and ADP

NtrX crystals were soaked with ATP and ADP
using the CrystalDirectTM chemical diffusion tech-
nology [16], leading to the crystal structures of NtrX
in complex with both nucleotides.
The crystal structure of NtrX-ATP was solved at a

resolution of 2.90 Å. The initial electron density map
established the presence of the nucleotide in the
ATP binding pocket of the AAA+ domain, and it was
clearly visible the occupancy and density of the
gamma phosphate, indicating that the ATP had not
been hydrolyzed. However, no electron density in
the AAA+ domain could be interpreted as the Mg2+

ion (the Mg2+ was present only in the REC domain).
The ATP molecule locates in a cleft between the
α/β and helical subdomains of the AAA+ domain
(Fig. 5a). The binding is stabilized by interactions
between residues from the linker 1 (V143) and the
adenine ring, from the Walker A motif (G173, A174,
G175, K176, E177) and the phosphate atoms
(involving mostly the backbone, but also the side
chain of K176), and arginine residues that belong to
the sensor 2 motif (R356 and R359) and the gamma
phosphate and the ribose (Fig. 5b). Also, the side
chain of R370 from the opposite monomer forms a
salt bridge with the gamma phosphate.
In the presence of ATP, the overall structure of the

NtrX dimer is very similar to the conformation of the
apoprotein (Fig. SI9a), with an RMSD value of 2.25 Å
(838 residues aligned). Individual chains of the REC
domain in the free and nucleotide-bound forms align
well (RMSD b0.70 Å), and the dimeric arrangement
superposes with an RMSD value of 1.40 Å between
both states. Inspection of this superposition indicates
that there is a slight rearrangement of the interface in
the structure with the nucleotide, with a 13° move-
ment of one chain with respect to the apo state (Fig.
SI9b). Despite this difference, the number of contacts
involved in the interface is conserved, and the BSA is
only 100 Å2 smaller compared to the dimeric domain
in the absence of ATP. In the AAA+ domain, there is a
change in the relative position of the helical sub-
domain with respect to the α/β subdomain upon
nucleotide binding (Fig. SI9c). Nevertheless, this does
not have an impact on the number of interactions
between chains or with the REC domain.
The NtrX–ADP complex structure was solved at a

resolution of 2.4 Å. The interactions that participate
in ADP binding are also present in the ATP complex,
with only a few exceptions: in the structure with ADP,
the absence of the gamma phosphate allows the
R356 to form a salt bridge with oxygen atoms from
the beta phosphate; besides, R356 and R359 do
not interact with ribose oxygens. The overall struc-
ture of NtrX does not present important differences
between each one of the nucleotide-bound forms,
since superposing the complexes results in an RMSD
value of 0.32 Å with 868 residues aligned.
Through the analysis of bEBP structures with dif-

ferent nucleotides, some common features have been
proposed to participate in the conformational transi-
tions that couple nucleotide hydrolysis with the
position of the GAFTGA loop [11,31]. One of such
features is called “Asn-Glu Switch”, according to
which in the ATP state, the Glu residue of the Walker
B motif interacts with a conserved Asn residue;
meanwhile, after hydrolysis (ADP bound), the Glu
interacts with a Thr residue via a water molecule. In
NtrX structure, it is not the Walker B Glu that interacts
with the conserved Asn (N198), but the Asp residue

Image of Fig. 5


Fig. 6. SEC profiles of different samples of NtrX:
unphosphorylated, bound to ATP, preincubated with AcP
(NtrX~P), and preincubated with AcP in the presence of
the nucleotide. The SLS signal at 90° was also recorded
(data not shown) and used, along with the corresponding
absorbance at 280 nm, to determine the average MM.

Table 2. NtrX hydrodynamic diameter under different
conditions obtained by dynamic light scattering (DLS)

[NtrX]
(μM)

-ATP
-AcP

+ATP
-AcP

+ATP
+AcP

160 7.831 ± 0.209 8.287 ± 0.115 7.571 ± 0.170
95 7.303 ± 0.279 7.364 ± 0.255 6.813 ± 0.327
48 7.059 ± 0.275 7.174 ± 0.099 6.806 ± 0.228

The results are expressed as the mean ± SD.
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(D237;Fig. SI9d). In the apo state, both amino
acids are 3.1 Å apart, while in the presence of ATP,
they are at a distance of 2.8 Å and with ADP at 4.1 Å
(Fig. SI9d). The Walker B glutamate (E238) interacts
with the side chain of the conserved Thr (T278) in the
absence and presenceof both nucleotides (Fig. SI9d).
This indicates that the conserved residues involved
in the “N-E switch” present a different network of
interactions in NtrX with respect to canonical bEBPs
that hydrolyze nucleotides.
Also, it has been proposed that the positions of

loop 1 (GAFTGA) and loop 2 of the AAA+ domain
respond to the nucleotides bound by a bEBP [11,31].
The ATP-bound structures of bEBPs indicate that
both loops are in a raised conformation, while after
hydrolysis, the loops 1 and 2 adopt a closed
conformation. In NtrX, binding of either nucleotides
led to increased flexibility in the MDGG loop (loop 1)
that caused weak electron density that did not
allow the modeling of some residues of the loop.
Nevertheless, the structure of the first residues of
the insertion where it is located indicate that the tip
of the loop moves with respect to the apo state, but
no differences were observed between the ATP and
ADP states (Fig. SI9e).

NtrX is a dimer in solution

bEBPs are typically dimeric in their inactive state
and in response to a stimulatory signal the oligomer-
ization of the bEBP is facilitated [11]. This self-
association must occur in order to form the functional
activator. For this reason, oligomerization of the
transcriptional regulator is an important target to
control its activity [11]. Therefore, we decided to
determine the quaternary structure of NtrX and the
influence exerted by nucleotide binding and phos-
phorylation using light scattering techniques.
First, a sample of unphosphorylated NtrX was

injected in a size-exclusion chromatography (SEC)
column and analyzed by static light scattering (SLS).
The protein eluted as a single peak (Fig. 6) with a
molecular mass of 104 kDa, indicating that NtrX is a
dimer in solution (the molecular mass expected for
a monomer would be 53 kDa). This finding is in
agreement with the crystallographic dimer reported
above and is consistent with the general concept of
NtrC-like RRs organized as dimers in their inactive
state. Another sample of NtrX was preincubated
with AcP and then analyzed by SEC-SLS. In this
case, NtrX also eluted as a single peak in a volume
slightly increased with respect to the unphosphory-
lated protein (Fig. 6) and with a molecular mass of
101 kDa, suggesting that phosphorylation does not
alter the quaternary structure of NtrX. The addition of
ATP to the protein and the SEC buffer did not modify
substantially the elution profile (Fig. 6), producing
only a modest increase in the average molecular
mass estimated by SLS (117 kDa). NtrX was treated
with AcP in the presence of ATP and eluted from the
SEC column in a slightly increased volume (Fig. 6)
with a molecular mass of 101 kDa, indicating that the
nucleotide does not influence the oligomeric state of
the phosphorylated protein. As a control, aliquots
of the peaks from the samples treated with AcP
were run on gels with affinity for phosphoproteins,
demonstrating that at least 50% of the protein was
phosphorylated (data not shown).
Since SEC is a technique that dilutes the protein

sample, it is possible that a potential oligomer
is formed, but it could be dissociated during the
chromatography. To overcome this limitation, we
measured the hydrodynamic diameter of NtrX (at
different concentrations) by dynamic light scattering
(DLS;Table 2). AdditionofATP to theprotein produced
only a slight increase in the diameter (Table 2), while
preincubation with AcP and the nucleotide led to a
modest decrease in comparison to the unphosphory-
lated apoprotein (Table 2). Neither of the treatments
increased significantly the hydrodynamic diameter,
as would be expected if NtrX formed an oligomer,
supporting that ATP binding and phosphorylation
do not alter the quaternary structure. Nevertheless,

Image of Fig. 6
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the hydrodynamic properties of the protein are slightly
modified, in accordance with the different elution
volumes in the SEC.

NtrX binds to its own promoter in a sequence
that overlaps the ATG codon of the ntrY gene

There are only a few reports of operons whose
transcription is directly regulated byNtrX. Among them,
some examples are the puf operon fromR. capsulatus
[32] and the putA and glnA operons fromE. chaffenssis
[7]. However, there is no sequence in the B. abortus
genome that has been reported to be a target of NtrX,
and therefore, we decided to identify promoters with
NtrX binding sites.
Taking as a precedent that the NtrY/X TCS

regulates the expression of denitrification genes in
B. abortus [3], we designed probes for the promoters
of the nitrite reductase and the nitric oxide reductase
operons. These DNA fragments were used in elec-
trophoretic mobility shift assay (EMSA) experiments
to assay the ability of NtrX to bind them, but the
mobility of the probes was not modified by the protein
(data not shown), indicating that NtrX does not
bind directly to the nitrite reductase and nitric oxide
reductase promoters.

Since many TCS are autoregulated, we decided
to test the binding of NtrX to an internal promoter
of its operon, which is upstream of the ntrY gene
(Fig. SI10a). A probe for this promoter was con-
structed (designated pYX) and incubated with
different amounts of NtrX. At concentrations higher
than 0.5 μM, the protein reduced the electrophoretic
mobility of the probe (Fig. 7a), indicating that
unphosphorylated NtrX binds pYX. Besides, the
protein concentration required to produce the probe
retardation is higher than that typically reported for
other RRs, suggesting that the pYX promoter contains
low affinity binding sites. Also, increasing concentra-
tions of NtrX produce complexes that migrate at
different positions, but only one band is observed at
eachprotein concentration. Such unusualDNAbinding
properties could be a consequence of the partial
dissociation of the protein–DNA complexes during the
electrophoresis [33] due to a weak interaction.
As a control, a promoter that is not expected to be

recognized by NtrX (pDOQU) was incubated with the
protein (Fig. 7a). The specificity of pYX recognition
was further assayed by competition experiments, in
which the binding reactions were performed using a
fixed concentration of the protein and the pYX probe
and using different amounts of a specific (unlabeled
promoter) or unspecific (unlabeled pDOQU) com-
petitor. Unlike pDOQU, the unlabeled promoter
displaced the probe, increasing the proportion of
free pYX (Fig. SI10b) and demonstrating that NtrX
binds specifically to pYX.
Phosphorylation of E. chaffensis NtrX leads to

higher affinity for the promoter regions of the glnA
and putA operons [7]. In order to establish if phos-
phorylation has an effect on the affinity toward pYX,
EMSA experiments were done with the radiolabeled
probe and NtrX preincubated with AcP. The protein
concentration at which a shift in pYX migration is
observed is the same despite the preincubation with
AcP (Fig. 7b), suggesting that the affinity for this
DNA fragment is not modified by phosphorylation. It
would be interesting to determine if binding affinity
responds to protein phosphorylation in promoters
with tighter interaction sites.
Having identified pYXas a target of NtrX, wewanted

to establish the nucleotide sequence that is recog-
nized by the RR and to determine if the phosphory-
lation alters the binding site within the promoter. For
this, DNAse I footprinting assays were performed with
unphosphorylated NtrX and the protein preincubated
with AcP. Preliminary experiments were conducted
to define the best probe to be used, which was
finally designed with 100 nt upstream of the ntrY
initiator ATG and 70 nt downstream of this site
(Fig. SI10a). This probe exhibited different digestion
patterns in the presence of NtrX, with protected and
hypersensitive sites (Fig. 7c). Sequencing of these
regions allowed us to determine the binding site,
which is approximately 50 bp long and presents
a palindromic sequenceand an upstream hemisite
(Fig. 7d). Analysis of the digestion pattern suggests
that unphosphorylated NtrX binds to the hemisite;
meanwhile, the protein preincubated with AcP binds
to the hemisite and the palindromic sequence (Fig. 7c
and d). It is important to highlight that the sequence
recognized by NtrX overlaps the ATG initiator codon
of the ntrY gene, and it includes a part of its coding
sequence.

NtrX represses transcription from the
pYX promoter

As has beenmentioned, an important feature of the
NtrX binding site is that it overlaps with the coding
sequence of the ntrY gene. This could indicate that
the binding of the RR is an obstacle to the advance
of the RNA polymerase during transcription, estab-
lishing a mechanism to repress its own expression.
To test this hypothesis regarding the regulatory role
of NtrX, we performed an in vivo reporter assay.
For this, two plasmids were constructed: a reporter
plasmid with the lacZ gene cloned under the control
of the pYX promoter, and an expression plasmid
in which full-length NtrX was introduced under the
control of the promoter of the T7RNApolymerase. As
controls, an expression plasmid with the truncated
REC domain of NtrX and a plasmid with no construct
were used. Then, the reporter plasmid was cotrans-
formed with each of the expression plasmids in
Escherichia coli BL21 pLys. We chose this organism
because it was not possible to obtain a B. abortus
strain with the ntrX gene deleted, andE. coli does not



Fig. 7. DNA binding experiments and transcriptional activity of NtrX. (a) EMSA performed with different concentrations
of NtrX (indicated) and the probes pYX and pDOQU (control). (b) EMSA with increasing amounts of unphosphorylated
NtrX or NtrX preincubated with AcP (NtrX~P) and the radioactive promoter pYX. (c) Footprinting assay to determine the
binding site of pYX. The probe was digested with DNAse I in the absence of NtrX (-NtrX) or after the addition of either the
unphosphorylated RR (4 μM) or NtrX preincubated with AcP (NtrX~P). Sequencing reactions were carried out and loaded
in the same gel (G, A, T, C). Protected regions are indicated to the right of the gel with a vertical line; meanwhile,
hypersensitivity sites are indicated with an arrow. The sequence corresponding to each section is written to the right.
(d) Fragment of the pYX probe with the coding sequence of the ntrY gene in red letters and non-coding nucleotides in
black. Underlined letters correspond to the protected regions obtained in the footprinting assay, while the bold nucleotides
are the hypersensitive sites. Green boxes indicate the identified binding sites for unphosphorylated and phosphorylated
NtrX, while the yellow boxes highlight those sites bound by the RR preincubated with AcP. Analysis of this fragment shows
the presence of a palindromic sequence (opposite arrows on top) and an upstream hemisite. (e) In vivo reporter assay. The
β-galactosidase activity (expressed in Miller Units) of different strains of Escherichia coli BL21 pLys was measured
in uninduced cultures (blue bars) or after the addition of IPTG (red bars). Each strain contained a reporter plasmid, in
which the lacZ gene was cloned downstream of pYX, and an expression plasmid that had a T7 promoter directing the
transcription of a particular construct (indicated) or that had an empty polylinker (-).
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code for NtrX, avoiding possible interference from an
endogenous gene.
The cotransformed strains were grown, and the

β-galactosidase activity was measured in cultures
that had not been induced and others that were
incubated with IPTG. The high activity observed in
cultures of all the strains in the absence of IPTG
demonstrates that the pYX promoter is active in
E. coli and that in the absence of the inducing
agent, all the strains express comparable levels of

Image of Fig. 7
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the enzyme (Fig. 7e). Addition of IPTG causes a
slight decrease in the β-galactosidase activity in
the strain transformed with the expression plasmid
that does not contain a construct, reaching 86% of
the activity in the presence of the inducing agent
compared with the uninduced culture (Fig. 7e).
However, this reduction was more dramatic when
the bacteria were cotransformed with the expression
plasmid containing NtrX (60%; Fig. 7e). In the strains
transformed with the REC domain, the decrease in
the activity levels upon induction was similar to that
observed in the strain with no construct (Fig. 7d),
demonstrating that the repression observed with
NtrX is not caused by the overexpression of a
recombinant protein per se.
Then, it can be concluded that the induction of the

cultures with IPTG leads to the expression of NtrX,
which binds to pYX and produces a significative
decrease in the expression of the β-galactosidase
enzyme. Therefore, NtrX acts as a repressor of the
transcription from the pYX promoter.
Discussion

In this article, we report the first crystal structure
of full-length NtrX, a member of the NtrC subfamily
of RRs, which is also the first structure in this
subfamily where the relative organization of the DBD
is revealed in a full-length protein. Strikingly, despite
being an atypical member of the NtrC subfamily,
NtrX has a general organization that resembles
those of NtrC1 and NtrC4 in their unphosphorylated
states, with interfaces between the REC domains
and the REC-AAA domains from opposite chains.
NtrX REC domains form an interface that involves
the α4-β5-α5 elements, as described in DctD [22],
NtrC1 [20], and NtrC4 [21]. Also, the first two and
NtrX have a long extension of the α5 helix that
presents a pseudo coiled-coil that participates in the
dimerization surface. Such interface is different from
the dimerization surface described for a truncated
construct of the isolated NtrX REC domain. In this
case, the protein encompasses residues 1–126 and
the interface is formed by the α4-β5 elements [15].
It is interesting to note that not only the secondary
structure elements of the interface changed upon
truncation of the REC domain but also the nature
of the surface, since in full-length NtrX, numerous
polar residues are involved, while the isolated REC
domain presents an interface that is mostly hydro-
phobic [15]. The difference between the interface of
the truncated construct and the full-length protein
might reside in the absence of the last residues of the
α5 helix, a hypothesis that is supported by evidence
reported on the activation of DctD and NtrC1. Studies
performed with these RRs have proved that muta-
tions that weaken the α4-β5-α5 dimer (characteristic
of the inactive and unphosphorylated state) lead to a
partially active RR, and it has been postulated that
the isolated and activated REC domains from those
RRs form an α4-β5 dimer [22,34,35]. In NtrX, the
truncation of the REC domain eliminated several
stabilizing forces of the α4-β5-α5 dimer, particularly
two salt bridges (E121-K126′ and E128-R133′) and
the hydrophobic patch of the pseudo coiled-coil.
Therefore, comparing NtrX with DctD and NtrC1
leads us to postulate that the C-terminal extension of
the α5 helix acts as a structural “Velcro” that holds an
α4-β5-α5 dimer that can be disrupted by truncating
the REC domain in those residues that form the
pseudo coiled-coil.
The previous analogy amongDctD,NtrC1, andNtrX

might also suggest that all of them share a similar
activation pathway. However, the current model to
understand DctD and NtrC1 activation postulates
that the phosphorylation of theRECdomains changes
the dimerization surface (from α4-β5-α5 to α4-β5, as
has been mentioned) and allows the AAA+ domains
to relocate in order to form a hexamer. Several
experiments were conducted here to evaluate the
potential oligomerization of NtrX, and our results
indicate that this protein is a dimer in solution that
does not undergo further oligomerization. Given that
conserved determinants responsible for promoting
the oligomerization of bEBPs have not been identified
yet, it is hard to explain the reasons for this difference.
Nevertheless, the structure of NtrX revealed a surface
of interaction between the REC and AAA+ domains,
similar to that found in other NtrC-like RRs. Therefore,
it is possible that upon activation, NtrX undergoes the
same changes as DctD or NtrC1 in the REC domain
interface, but instead of coupling them to an oligo-
merization process, they are transduced to the AAA+
domain, allowing the movement of motifs that could
participate in different protein–protein interactions.
Such interactions could involve accessory proteins,
since there are many cases of RRs that utilize them
to mediate signal integration, scaffolding, allosteric
regulation, etc. [36]. One candidate to participate in
those interactions might be the MDGG loop. Despite
the lack of theGAFTGAmotif, the loopwhere it should
be located is present in NtrX, and it interacts with
residues in theRECdomain, raising the possibility of a
functional role.
Another feature that NtrX has in common with

canonical bEBPs is that it binds ATP. Some charac-
teristic differences have been observed in a bEBP
called PspF among the apo, ATP, and ADP-bound
states obtained by soaking nucleotides into crystals
[31]. Specific positions for a conserved asparagine
and a conserved glutamate have been reported
(postulating the existence of an “Asn-Glu switch”)
and also the movements of the GAFTGA-containing
loop and the motif called loop 2. It has been pro-
posed that these elements communicate changes
in the nucleotide binding pocket to the GAFTGA
motif in order to allow differential interactions with the
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σ54 factor. In NtrX, the corresponding Asn and Glu
residues (N198 and E238) arrange in a different
fashion, and their position is the same in the ATP-
and ADP-bound forms. Also, the MDGG loop and
loop 2 do not change between both states. Since
NtrX does not have a GAFTGA motif, it is possible
that such conformational changes are not needed
and there is no coupling between them and the
nucleotide binding pocket.
Unlike classical bEBPs, NtrX does not hydrolyze

ATP. This finding has also been reported for other
RRs that lack a conserved GAFTGA, such as
R. capsulatus NtrC and HupR. In the latter case,
the binding of ATP has not been investigated, and
the absence of activity was attributed to Walker A
and B motifs that do not conserve critical residues
[37]. In the case of R. capsulatus NtrC, binding of
ATP was proved and it was demonstrated that it is
necessary to activate transcription at σ70 regulated
genes [13]. Therefore, even though NtrX does not
have ATPase activity, the binding of nucleotides
might have an important role in its mechanism of
action.
It is broadly accepted that AAA+ ATPases usually

function as higher-order oligomers and that oligo-
merization allows the formation of the catalytic active
site at the interface between adjacent subunits of the
oligomer [38]. Therefore, controlling the oligomeri-
zation of the bEBPs is a common strategy employed
to regulate their ATPase activity [11]. In this context,
we speculate that the absence of ATPase activity in
NtrX is a consequence of the inability of the protein
to form an oligomer, even in the phosphorylated
state and in the presence of ATP. In this regard, the
quaternary structure of R. capsulatus NtrC has not
been determined yet, but taking into consideration
our results, it would be interesting to establishwhether
this atypical bEBP (that does not hydrolyze ATP)
forms oligomers in solution.
Other feature that has been highlighted in NtrX

structure is that the DBD forms a dimer and that the
DNA recognition helices in the DBD are exposed,
suggesting that the unphosphorylated RR is able to
bind DNA. This was confirmed by gel-shift experi-
ments that also allowed us to identify an internal
promoter of the operon that codes for NtrX (pYX) as
a target sequence. Binding of unphosphorylated
NtrX to the DNA was also observed in the ortholog
fromE. chaffeensis, particularlywith theputAandglnA
promoters [7]. However, in this case, the phosphory-
lation of the RR increased the affinity toward DNA
[7], a result that could not be reproduced using
B.abortusNtrXand thepYXpromoter.On the contrary,
differences were obtained here in the footprinting
experiments performed with unphosphorylated and
phosphorylated NtrX. It is difficult to speculate on a
possible communicational pathway between the REC
domain and the DBD because the crystal structure of
NtrX did not show an extensive interdomain interface
that involved the DBD and could enable the transmis-
sion of conformational changes. In fact, it has been
suggested that the linker that connects the DBD with
the rest of the proteinmight act as a flexible tether [39].
Our structure shows few contacts that stabilize the
linker and lead to an asymmetric position of the DBD
with respect to the remaining domains. This configu-
ration could have some role in the interaction with
the DNA since it has been recently described that
asymmetry plays an important role in stabilizing the
complex between the RR KdpE and its binding site in
the DNA [40]. Nevertheless, it is also probable that the
contacts of the linker arose as a consequence of the
crystal packing, and their functional relevance should
be tested in vivo.
In light of the previous discussion, some hypothesis

can be proposed to interpret the pattern obtained in
the footprinting experiment with the phosphorylated
protein. In the first place, it is possible that upon
phosphorylation, NtrX binds to pYX with higher
cooperativity but with the same affinity toward the
promoter. In this case, phosphorylation of the REC
domain could be transduced into conformational
changes at the AAA+ domain (a different position in
the MDGG loop, for example) that facilitate interac-
tions with another NtrX dimer that is recruited in the
context of the DNA binding site, but such interactions
are not strong enough to facilitate the oligomerization
of the protein in solution. It has been reported that the
binding at neighboring DNA sites occurs with positive
cooperativity for NtrC in the unactivated state and
that the cooperativity constant increases dramatically
upon phosphorylation [41]. Similar propositions have
been postulated for DctD on the basis of the increase
in the cooperative binding detected using a truncated
and constitutively active protein [42].
Other explanation for the results obtained in the

footprinting assay could be that phosphorylation
changes NtrX conformation in a way that a part of the
protein “covers” the probe, altering the accessibility
of DNAse I to the cleavage sites. This hypothesis
would also sustain that the linker that connects the
DBD is not merely a tether and has defined con-
figurations and that the asymmetry in the location of
this domain is regulated, playing a role in the inter-
action with the DNA or other accessory proteins. On
the other hand, it cannot be ruled out that phosphor-
ylated NtrX binds to its target sequence in a fashion
that changes the DNA topology altering the pattern in
the footprinting experiment.
Through DNA binding assays, we showed that NtrX

recognizes a sequence that overlaps the first ATG
codon of the ntrY gene, suggesting that protein
binding might become an obstacle to the RNA
polymerase. This notion was supported by an in vivo
assay that showed that NtrX overexpression led to a
repression of the transcription from the pYX promoter.
Similar results were reported studying R. capsulatus
NtrX and the puf promoter, since the RR binds to a
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50-bp-long region that overlaps the translation initia-
tion codon, and it was also demonstrated that NtrX
regulates negatively this transcriptional unit [32]. This
could indicate that the mechanism of transcriptional
repression proposed for pYX by hindrance to the
RNA polymerase advancemight be extended to other
operons negatively regulated by NtrX, independently
of which sigma factor is necessary for its expression.
Many transcriptional regulators can act as activa-

tors and repressors depending on the nature and
location of their binding sites in their target genes
[43,44]. For example, in addition to being a bEBP,
NtrC can repress transcription in different bacteria
[45–47]. Another example is the TyrR protein, an
unusual bEBP that lacks a GAFTGA motif, which
can be a repressor or an activator at σ70 promoters
[48]. Therefore, although we have presented
B. abortus NtrX as a transcriptional repressor, it
could act as an activator at other promoters. In fact,
E. chaffeensis NtrX has been associated with the
induction of genes involved in amino acids metab-
olism [7]. This raises questions on whether tran-
scriptional activation is also performed by B. abortus
NtrX and if it could be achieved through the same
mechanism as canonical bEBPs. Finding answers
to these matters will require the discovery of other
targets bound and activated by this RR and will
require to determine which sigma factor regulates
their transcription. At first glimpse, NtrX conserves
important motifs in its AAA+ domain, and the overall
structure of the full-length protein resembles those of
the classic members of the NtrC subfamily of RRs.
However, NtrX does not have the structural signa-
ture motif GAFTGA, and our results indicate that
the protein neither forms an oligomer in solution nor
has ATPase activity. Also, the structure of NtrX in
complex with nucleotides showed that conserved
residues do not relocate upon nucleotide binding, as
it occurs in typical bEBPs to communicate confor-
mational changes from the nucleotide binding site.
Altogether, these results would point toward a
potential mechanism of transcriptional activation
that might be different from the one proposed for
bEBPs. Another reason that sustains this idea is
that E. chaffeensis encodes only two sigma factors
(σ32 and σ70) [49] and three TCSs (PleC-PleD,
CckA-CtrA, and NtrY-NtrX) [6]. It seems likely that
given the absence of a functional σ54, E. chaffeensis
has preserved only transduction pathways that do
not depend on this sigma factor to promote transcrip-
tion, and it would be reasonable to presume that
the mechanism of action of different NtrX orthologs is
conserved.
In summary, we have provided the first crystal

structure of NtrX, which indicates that the architec-
ture of the REC and AAA+ domains is similar to
other members of the NtrC subfamily of RRs that act
as bEBPs. However, the biochemical data indicate
that NtrX can act as a transcriptional repressor and
that it does not perform several fundamental actions
required to activate transcription at σ54 promoters.
This suggests that phosphorylation of the REC
domain is coupled to conformational changes at the
AAA+ domain that are different from those proposed
for bEBPs and point toward a different mechanism of
signal transduction. Further efforts will be needed to
establish whether B. abortus NtrX is also a transcrip-
tional activator, to identify induced targets and the
corresponding sigma factor that directs their tran-
scription, in order to provide a complete model for
NtrX-dependent transcriptional regulation.
Materials and Methods

DNA manipulations

DNA encoding full-length NtrX was amplified by
PCR from B. abortus 2308 genomic DNA using the
primers 5′-ATATGGAAAACCTGTATTTTCAGGGC
ATGGCGGCCGATATTCTTGTTGTTGATGAC-3′
(which added a Tobacco Etch Protease (TEV)
cleavage site upstream of the protein coding
s e q u e n c e ) a n d 5 ′ - G C C G G A T C T C A
GTGGTGGTGGTGGTGGTGCCTCGAGTT
ATACGCCGAGAGACTTCAGCTT-3′. The resulting
PCR product was used as a template in a second
PCR reaction with primers 5′-AGCAGCGGCCTGG
TGCCGCGCGGCAGCCATATGGAAAACCTG-
TATTTTCAGGGC-3′ and 5′-GCCGGATCTCAGTG
GTGGTGGTGGTGGTGCCTCGAGTTATACGCC-
GAGAGACTTCAGCTT-3′. Finally, this product was
inserted into the pET28 vector (Novagen) by the
restriction-free cloning method [50], using it as a
megaprimer in aPCR reactionwith pET28as template,
followed by digestion with the enzyme DpnI. The final
pET28-NtrX plasmid, the quality of which was checked
by DNA sequencing, includes a 6-residue-long
N-terminal His-tag separated from NtrX coding se-
quence (453 residues) by a TEV protease cleavage
site.
The plasmids encoding NtrX with a C-terminal

His-tag in the pET24 vector and the truncated REC
domain (residues 1–126) were prepared as described
before [3,15].

Protein overexpression and purification

BL21(DE3)pLys cellswere transformedwith pET28-
NtrX and grown at 37 °C in 3 l of LB media with the
appropriate antibiotic until absorbance (at 600 nm)
reached 0.6. At this point, IPTG was added to a
final concentration of 1 mM, and the culture was
incubated for another 4 h at 28 °C with agitation. The
bacteria were centrifuged at 7000 rpm for 10 min at
4 °C. Pellets were resuspended in lysis buffer
[20 mM Tris–HCl, 200 mM NaCl, 30 mM imidazole,
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and 1 mM PMSF (pH 8)], sonicated, and then centri-
fuged at 45000 rpm in a Beckman Coulter L7-65
ultracentrifuge for 45 min at 4 °C. The supernatantwas
incubated with 1 ml of nickel nitrilotriacetic acid-
agarose resin (Qiagen) during 1 h with agitation in a
cold room. Then, the mixture of the supernatant and
resin was loaded in a plastic column (Bio-Rad) and
washed twice with 25 ml of washing buffer [20 mM
Tris–HCl, 200 mM NaCl, and 30 mM imidazole
(pH 8)]. The protein was eluted with elution buffer
[20 mM Tris–HCl, 200 mM NaCl, and 500 mM imid-
azole (pH 8)], and different 1-ml fractions were
collected. They were analyzed by SDS-PAGE and
Coomassie Blue staining to determine the samples
with the highest amount of recombinant protein. The
pooled fractions were mixed with TEV protease in a
protein:protease ratio of 1:70 and dialyzed against
buffer [20 mM Tris–HCl, 100 mM NaCl, 30 mM
imidazole, and 1 mMPMSF (pH 8)] at 4 °C overnight.
After that, the dialyzed protein was incubated with
nickel nitrilotriacetic acid-agarose resin at 4 °C with
agitation for 1 h. Then, the mix was loaded in a plastic
column, and the flow-through (containing the protein
without tag) was collected and further purified by
gel-filtration chromatography on a Superdex 200
column (GE Healthcare) with isocratic elution in buffer
[20 mM Tris–HCl, and 100 mMNaCl (pH 8)], yielding
a major peak at around 79 ml, which was collected in
different fractions. Samples of each fraction were
analyzed by SDS-PAGE, and those with the highest
purity were pooled and concentrated by centrifuga-
tion in Amicon Ultra-4 devices (Millipore) and stored
at −70 °C. The protein concentration was calculated
from the measured absorbance at 280 nm and the
extinction coefficient obtained from the ProtParam
tool [51]. All the informed concentrations refer to the
protein as a monomer.
The REC truncated domain was expressed and

purified as reported previously [15].

Crystallization

Crystallization trials were performed at the High
Throughput Crystallization Laboratory of the EMBL
Grenoble Outstation‡, using the sitting-drop vapor
d i f fus ion method [52 ] . Drops of 100-n l
sample and 100-nl crystallization solution were set
up in CrystalDirectTM plates (MiTeGen, Ithaca, USA)
using a Cartesian PixSys robot (Cartesian Technol-
ogies, Irvine, USA). The experiments were incubated
at 20 °C in a RockImager system (Formulatrix Inc.,
Bedford, USA). Initially, NtrX crystallized at a concen-
tration of 10 mg/ml in 4 M sodium formate using
Classics Suite Screen (Qiagen, Hilden, Germany).
After a round of refinement, better crystals were
obtained with 3.36 M sodium formate in the crystal-
lization reservoir.
Automated high-throughput crystal cryo-cooling and

harvesting was performed with the CrystalDirectTM
Technology as described elsewhere [16,53], and crys-
tals were stored in liquid nitrogen for data collection.
For the derivative crystals, lantanide compounds
(Lanthanide Phasing Kit, Jena Bioscience, Jena,
Germany) were soaked using the CrystalDirect
technology for chemical delivery through diffusion, by
adding 50-nl phasing agent to a 200-nl crystallization
drop and incubating for 30 min.
For the crystals with nucleotides, solutions of ATP

or ADP (35 mM) and MgCl2 (35 mM) were soaked
using the CrystalDirect technology, by adding 50 nl
of the nucleotide solution to a 200-nl crystallization
drop with grown crystals and incubating for 20 min.
After the incubation, the crystals were harvested and
cryopreserved as already mentioned. Follow-up and
management of crystallization, crystal harvesting,
and data collection experiments were done through
the Crystallization Information Management System
(CRIMS§).
Diffraction data were collected at the European

Synchrotron Radiation Facility (ESRF Grenoble,
France) either at ID29 [54] or at the fully automated
MASSIF-1 beamline [55].

Structure determination

Crystallographic data reduction and scaling were
performed with the XDS software [56]. An initial
dataset at 2.8-Å resolution from an ytterbium-soaked
NtrX-apo crystal was used for initial phasing and
model building using SHELX [57,58] and automated
chain tracing with Buccaneer. This partial model
was used as a search model for molecular replace-
ment with a 2.2-Å resolution native dataset with
Phaser [59]. Successive rounds of automatic refine-
ment and manual building were carried out with
BUSTER [60] and COOT [61]. Rfree values [62] were
computed from 5% randomly chosen reflections,
which were not used in the refinement. The structure
was validated using Molprobity [63]. Details of data
collection, processing, and structure refinement are
provided in Table 1. The interface areas were
obtained with PDBePISA [23], and the superposi-
tions and RMSD calculations were performed with
PDBeFold [19]. Sequence alignments were per-
formed with Clustal Omega [64]. All figures describ-
ing the structures were prepared using the program
PyMOL||.
The structures of NtrX with ATP and ADP were

solved by molecular replacement using the NtrX apo
structure as model. Detailed statistics on the refine-
ment process are presented in Table 1.

Photolabeling with γ-32P-ATP

NtrX was diluted in buffer [50 mM Tris–Ac, 5.4 mM
MgCl2, 1 mM DTT, and 1 mM EDTA (pH 8)] to a
final concentration of 3 μM, and 2 μl of γ-32P-ATP
(3.66 μCi) was added. The sample was kept in
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ice and irradiated with UV light produced by a UV
chamber (Bio-Rad) GS Gene Linker™ for 15 min.
This procedure was repeated with the truncated
REC domain as a negative control.
After irradiation, the samples were mixed with

Laemmli buffer, and a volume equivalent to 3 μg
of protein was loaded in SDS-PAGE gels. After
electrophoresis, the gel was dried and revealed by
autoradiography.

Equilibrium fluorescence spectroscopy
with Mant-ATP

All fluorescence measurements were made using
a Jasco FP-6500 spectrofluorimeter. Sample tem-
perature was held at 25 °C by a circulating water
bath.
Binding of Mant-ATP (Molecular Probes) was

monitored, preparing 500-μl samples containing
50-μM probe in binding buffer [50 mM Tris-Ac,
200 mM NaCl, 5.4 mM MgCl2, 1 mM DTT, and
0.1 mM EDTA (pH 8)]. Emission spectra between
310 nm and 500 nm were then acquired by exciting
the samples at 290 nm (excitation and emission slits
were set to 3 nm). NtrX was next added directly
to the cuvette to a final concentration of 5 μM, and
the fluorescence spectra were reacquired. Finally,
320 mM ATP was added to monitor the Mant
nucleotide displacement from the active site. Control
experiments were carried out in the absence of NtrX
to ensure that ATP did not alter the fluorescence
emission of the Mant nucleotide.

Nucleotide affinities obtained by
fluorescence spectroscopy

The general protocol used has been described
elsewhere [25]. Briefly, titrations of Mant-ATP were
carried out in binding buffer [50 mM Tris-Ac, 200 mM
NaCl, 5.4 mMMgCl2, 1 mMDTT, and 0.1 mM EDTA
(pH 8)] and 5 μM NtrX. Microliter quantities of
Mant-ATP were added to 500-μl samples from stock
solutions of fluorescent nucleotide. Changes in
fluorescence intensity were monitored by obtaining
emission spectra between 310 nm and 500 nm by
excitation at 290 nm (excitation and emission slits
were set to 3 nm) as a function of increasing Mant
nucleotide concentration. A background sample
titration lacking NtrX was carried out for each titration
of Mant nucleotide in the presence of the protein. For
the measurement of dissociation constants for ADP
and ATP, titrations were performed as described
previously in the presence of the competing nucleo-
tide at a concentration of 200 μM. Each curve was
performed in duplicate.
The observed fluorescence intensity at any given

concentration of Mant-ATP in the presence of the
protein was corrected by the corresponding value in
the curve of the free nucleotide (ΔF = FMant+NtrX-FMant)
at 448 nm (emission maximum), and the change in
fluorescence was plotted against the concentration of
the probe. Data were adjusted to a specific binding
model using the Hill coefficient (GraphPad Prism) to
obtain the Kd for Mant-ATP (Kd

Mant).
For titrations in the presence of fixed amounts of

competing nucleotides, data analysis was performed
as already published [25]. The plots yield apparent
Kd values for Mant-ATP (appKd

Mant). The true Kd
values for the competing ligands were calculated
using equation:

KdMant
app ¼ KdMant 1þ L½ �

KdL

� �

where [L] and KdL are the concentration and
dissociation constants for the competing nucleotide.

In vitro phosphorylation with AcP

Phosphorylated NtrX was generated by incubation
of the protein (at the concentration needed in each
assay) with 30 mM AcP and 30 mM MgCl2. This
reaction was carried out at room temperature
during 1 h, and then, the protein was centrifuged at
14000 rpm for 10 min prior to its use.

ATPase assay

The ATPase activity was determined using the
ADP-Glo™ Kinase Assay (Promega) according to the
manufacturer's recommendations. This assay mea-
sures the ADP formed from a kinase or ATPase
reaction and therefore avoids the interference of
compounds with labile phosphates (such as AcP).
The experiment was performed at 25 °C (room
temperature) in a reaction buffer [20 mM Hepes,
150 mM NaCl, 2 mM DTT, 4 mM MgCl2, and 5%
glycerol (pH 7.5)] with different concentrations of NtrX
(unphosphorylated or preincubated with AcP) and a
final ATP concentration of 0.25 mM. After 30 min, the
reactionwasquenchedand the luminescent signalwas
measured. A calibration curve with known concentra-
tions of ADP was used to transform the luminescent
signal into the concentration of hydrolyzed ATP. The
experiments with NtrX were performed in triplicate, and
the protein chLGP2 (incubated with an activator 12
dsRNA) was used as a positive control.

Phosphoprotein affinity gel electrophoresis

Phos-tag™ acrylamide running gels contained
15% (wt/vol) 29:1 acrylamide/N′N′-methylenebisa-
crylamide, 375 mM Tris (pH 8.8), and 0.1% (wt/vol)
SDS.Gelswere copolymerizedwith 75 μMPhos-tag™
and150 μMZnCl2. Stackinggels contained4% (wt/vol)
29:1 acrylamide/N′N′-methylenebisacrylamide,
125 mM Tris (pH 6.8), and 0.1% (wt/vol) SDS. All
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Phos-tag™ acrylamide containing gels were run with
standard denaturing running buffer at 4 °C under
constant voltage (150 V). The gels were stained with
Coomassie Blue to visualize the protein bands.

Limited proteolysis to evaluate
in vitro phosphorylation

To test the global effects of ATP binding on NtrX
conformation, two aliquots were diluted in reaction
buffer (50 mM Tris-Ac, 5.4 mM MgCl2, 1 mM DTT,
1 mM EDTA, and 10% glycerol) to a final concentra-
tion of 8 μM. ATP (1 mM) was added to one of them
and it was incubated at room temperature for 20 min.
After this time, trypsin was added to both samples
in a protein:protease ratio of 1:25. The reaction was
performed at room temperature, and at different
times, aliquots were removed and the proteolysis
was quenched by the addition of Laemmli buffer. The
aliquots were heated and a volume equivalent to
10 μg of NtrX was loaded in SDS-PAGE gels that
were finally stained with Coomassie Blue.
To evaluate the in vitro phosphorylation of NtrX,

two dilutions (10 μM) were prepared in buffer
[20 mM Tris–HCl, and 200 mM NaCl (pH 8)]. One
of them was incubated with 30 mM AcP and 30 mM
MgCl2 for 80 min at room temperature. After that,
glycerol (at a final concentration of 5%) and trypsin
(ratio protease:protein 1:20) were added to both
samples. The digestion preceded at 25 °C, and
at different times, aliquots were taken and the
reaction was quenched by the addition of
SDS-PAGE loading buffer. The rest of the assay
was carried out as mentioned previously.

SLS

The average molecular mass of NtrX was deter-
mined by SLS using a Precision detector PD2080 light
scattering instrument connected in tandem to a
high-performance liquid chromatography system and
an LKB 2142 differential refractometer. In each case,
500 μl of protein solution (at a concentrationof 100 μM)
was injected into an analytical Superdex 200 column
and eluted with a buffer consisting of 20 mM Tris–HCl
and 200 mM NaCl (pH 8). The 90° light scattering,
absorbance at 280 nm, and refractive index signals of
the eluted protein were analyzed with the Discovery32
software supplied by Precision detectors. The 90° light
scattering detector was calibrated using bovine serum
albumin (MM: 66.5 kDa) as a standard.
For samples containing ATP, the nucleotide and

MgCl2 were added to the protein and the elution
buffer at a concentration of 4 mM.

DLS

NtrX hydrodynamic diameter was determined by
DLS using a Zeta Sizer NanoS instrument (Malvern)
at 20 °C using a 3-mm quartz cuvette (sample
volume: 30 μl). A stock solution of the protein was
used to prepare different dilutions (160 μM, 95 μM,
48 μM) in a buffer [20 mM Tris–HCl and 200 mM
NaCl (pH 8)] previously filtrated using a 0.22-μm
filter. All samples were centrifuged (14,000 rpm,
10 min) at 4 °C before the measurements. The
informed values correspond to an average of six
measures and its standard deviation.
To investigate the effect of ATP, we added the

nucleotide and MgCl2 to the diluted protein at a final
concentration of 4 mM.

EMSA

Probes were internally labeled by PCR through the
inclusion of 40 mCi of [α-32P]-dCTP in the reaction
mixture and were subsequently purified on native
polyacrylamide gels. Probe pYX and a control probe
were generated by PCR using Taq polymerase,
genomic DNA of B. abortus S2308 as template, and
primers 5′-CCGCGGCAACCAGATCAAGG-3′ and
5′-TAATACCCGGTAAGGCGAGA-3′ (for amplifying
pYX), or 5′-CTATGCAACCCAGAAGGTCGG-3′ and
5′- GGGAATTCGTCAGGCACAATAAAGTCAC-3′
(for obtaining the control pDOQU). The EMSAs were
performed in a volume of 20 μl containing DNA-
binding buffer [10 mM Tris-Ac, 100 mM KAc, 8 mM
MgAc2, 35 mM NH4Ac, 0.5 mM DTT, 2 mM ATP, 3%
glycerol, 10 μg ml−1 BSA, and 1 mg DNA salmon
sperm (pH 8)], 10,000 cpm of the 32P-labeled probe,
and NtrX recombinant protein. After incubation at
room temperature for 30 min, the protein–DNA
complexes were separated from the free probes by
electrophoresis in 8% non-denaturing polyacrylamide
gels at a constant voltage of 220 V. The gels were
dried and exposed to a Storage Phosphor Screen
(GE Healthcare). The screen was scanned using
a Storm Image and Detection system (Molecular
Dynamics).
Phosphorylated NtrX (NtrX~P) was generated as

described above, and the phosphorylation mixture
was directly added to the binding reaction.
The unlabeled promoters used in the competition

assays were generated by PCR using unlabeled
nucleotides and were isolated by agarose gels.
The bands with the expected molecular weight for
each promoter were purified, quantified (Nanodrop,
Thermo), and used in the experiments.

DNAse I footprinting

The fragment of pYX used in DNase I footprinting
(footprinting probe) was generated as follows:
the oligonucleotide 5′-GTCCCATTCATGTCG
GTCGT-3′ was 5′ end-labeled with 32P by using
[γ-32P]-ATP and T4 polynucleotide kinase (New
England Biolabs). The DNA fragment was ampli-
fied by PCR using the 32P-labeled primer, primer
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5′-AGCACTACAGTTGCATTCTTCG-3′, and geno-
mic DNA from B. abortus 2308 as template. The
PCR product was then purified on a native poly-
acrylamide gel. DNase I footprinting experiments
were performed with the same binding protocol as
in gel shift experiments using 1.2 × 105 cpm of
the 32P-labeled probe and 4 μM NtrX. After protein
binding, MgCl2 and CaCl2 concentrations were
adjusted to 1.5 and 0.5 mM, respectively, and each
reaction mixture was incubated with 1 U of RQ1
DNase I (Promega) for 1 min at room temperature.
Reactions were stopped by the addition of 5 μl of stop
solution (25 mM EDTA and 0.6 M sodium acetate).
Digested products were extracted by phenol-
chloroform, ethanol precipitated, and resuspended in
4 μl of sequencing gel loading buffer. DNA fragments
were then separated on a 6% polyacrylamide DNA
sequencing gel. The gel was dried and exposed
to a Storage Phosphor Screen (GE Healthcare). The
screen was scanned using a Storm Image and
Detection system (Molecular Dynamics).
DNA sequencing reactions were carried out with

the Sequenase kit version 2.0 (Affymetrix), following
themanufacturer's instructions, to localize the position
of the protected regions.

In vivo reporter assay

For this assay, two types of plasmids were used.
The first one corresponds to a pBBR1MCS-4 vector
that has a 4.5-kb fragment that contains a lacZ
promoter-probe cassette from plasmid pAB200
cloned under the control of the pYX promoter [3],
while the other plasmids were pET24 expression
vectors with full-length NtrX and the truncated REC
domain cloned [3,15]. E. coli BL21 pLys were
transformed by electroporation with the pBBR
plasmid, and one of the expression vectors and
the strains with both plasmids were selected based
on their resistance to ampicillin and kanamycin. Two
colonies from each strain were used to inoculate
liquid media supplemented with antibiotics, and
all the cultures were grown at 37 °C overnight.
Then, they were diluted 1/100 by duplicate with fresh
medium and incubated at 37 °C until the optical
density reached 0.5. After this time, IPTG (1 mM)
was added to one of the tubes of each colony, and all
the cultures were incubated for another hour. Finally,
the β-galactosidase activity was determined for each
one using a standard Miller assay. The reported
value corresponds to the average of the two colonies
of each strain.

Accession numbers

The coordinates of apo NtrX, and NtrX in complex
with ATP and ADP have been deposited in the PDB
with accession codes 5M7O, 5M7N, and 5M7P,
respectively.
Supplementary data to this article can be found
online at http://dx.doi.org/10.1016/j.jmb.2016.12.022.
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