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The Archaea domain consists of a heterogeneous group of microorganisms with unique physiological
properties that occupy a wide variety of niches in nature. Haloferax mediterranei is an extremely halo-
philic archaeon classified in the Phylum Euryarchaeota, which requires a high concentration of inorganic
salts for optimal growth. In haloarchaea, transcription factors play a fundamental role in an adequate
adaptation to environmental and nutritional changes, preserving the survival and integrity of the or-
ganism. To deepen knowledge of the Lrp/AsnC transcriptional regulator family, a Irp gene (HFX_RS01210)
from this family has been studied. Site-directed mutagenesis has allowed us to identify the TATA-box and
two potential sites of the transcriptional factor (TF) to its own promoter and autoregulate itself. Several
approaches were carried out to elucidate whether this transcriptional regulator is involved in stresses
due to heavy metals and limited nitrogen conditions. Characterization of the Irp deletion mutant and the
Lrp overexpressed strain, suggests that the level of Irp expression depends on the nitrogen source and the
presence of cobalt. The most striking results were obtained in the presence of nitrate as a nitrogen source
due to the inability of the deletion mutant to grow. All these results confirm that Lrp is a powerful
candidate for a regulatory role in the stress response, particularly under N-limiting conditions and the
presence of cobalt.
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1. Introduction multicellular structures, and other molecules [7,8]. Transcriptional

factors (TFs) are an important mechanism of gene regulation in the

Saline and hypersaline environments, such as soda lakes, la-
goons, salt ponds, salt deposits or salt marshes, are distributed all
over the world and have a common characteristic: the total con-
centration of salts in the water and soil is higher than 3.5% (w/v)
[1—4]. Inhabiting these conditions, different microbial ecosystems
can be found depending on factors such as light, salt concentration,
temperature, percentage of oxygen, or nutrient availability [5—7].
Salt-loving organisms found in Bacteria, Archaea and Eukarya are
the most represented microorganisms. Over the time, organisms
have survived against a wide range of stressful conditions that alter
cellular homeostasis [5]. In Archaea, some organisms have devel-
oped different strategies that have allowed them to adapt, such as
stress proteins, chaperones, thermoprotectants, proteasomes,
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stress response. Based on members per genome, the most abun-
dant families of TFs in archaea are Lrp/AsnC, MarR, ArsR, and TrmB
[9]. The Lrp/AsnC family may be involved in several functions; some
of them are the regulation of genes required in the amino acid
metabolism, nutrient transport, stress tolerance, motility, or
maintenance processes [10—13]. In the haloarchaeon Hal-
obacterium salinarum, it has been shown that TFs from this family
are upregulated in response to oxidative stress conditions [14]. This
family of TFs can act as global or local transcriptional regulators.
Haloferax mediterranei is a microorganism belonging to the
Haloarchaea class that requires high salt concentrations between
20 and 25% NaCl for optimal growth [15]. Regarding metabolism, it
is chemoheterotrophic, being able to use a wide variety of carbon
sources compared to other halophilic archaea and nitrate, nitrite or
even amino acids as nitrogen sources [3,16]. Hfx. mediterranei is
considered a model organism to be studied extensively because of
the extensive knowledge of its metabolism and the molecular
biological techniques available as well as the potential
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biotechnological applications [ 17—22]. This haloarchaeon can adapt
its metabolism and cope with stressful situations depending on the
availability of nutrients and environmental parameters. It has been
shown that it can adapt to adverse conditions such as low/high
temperatures, low/high salt concentrations, changes in pH, oxida-
tive stress, and the addition of metals (Ni**, Lit, Co%*, As>"),
considered a polyextremophilic valuable microorganism for
developing new biotechnological applications [15]. It should also be
noted that this haloarchaeon can use different nitrogen sources as
ammonium, nitrate, nitrite or amino acids, being ammonium as its
preferred source of nitrogen and nitrate, nitrite and aspartate as
worse nitrogen source, considering them as N-limiting conditions
[23].

The nitrogen (N-cycle) in Hfx. mediterranei has been studied in
depth [24]. This microorganism is able to carry out the complete
denitrification of nitrate (NO3) to molecular nitrogen (N;) under
anaerobic conditions, and also the assimilation of nitrate (NO3) or
nitrite (NO3) to ammonium (NHZ) which is subsequently incor-
porated into carbon skeletons during the synthesis of nucleotides,
amino acids and other compounds [18]. From a biochemical point
of view, it is known in detail all the components of the assimilatory
nitrate reduction in Hfx. mediterranei. All the enzymes have been
purified and characterized and the conditions under which they are
activated are known [23,25—28]. Nevertheless, there are still many
unknowns about the regulation of its gene expression. Although
some proteins related to nitrogen assimilation metabolism were
identified with differential expression at the transcriptional level
using microarray technology [29], there is no transcriptional
regulator of Hfx. mediterranei identified to be involved in the gene
expression regulation of the nitrogen cycle. For this reason, it is
important to continue the search for transcriptional regulators
involved in the regulation of this pathway and to elucidate their
mechanisms of action at the molecular level. The molecular
mechanisms of gene expression regulation in Haloarchaea in terms
of nitrogen metabolism remain unknown and there is not much
research focusing on determining the function of transcriptional
regulators. Nevertheless, previous work analyses Lrp transcrip-
tional regulators from Hbt. salinarum [30] which activates the gene
expression of the glnA, an enzyme involved in ammonium assimi-
lation and amino acid metabolism [25,31,32]. Hfx. mediterranei
contains 14 Irp genes annotated in its genome and one of them is
the Irp gene (HFX_RS01210) located next to the glnA gene
(HEX_RS01205) with the same gene-environment as Hbt. salinarum
and whose sequence is almost identical. Previous studies in Hfx.
mediterranei have shown that this TF is a tetrameric protein of
67 kDa and showed differential expression at the transcriptional
and translational level in the presence of stress conditions such as
hydrogen peroxide, cobalt, and arsenic. These results proposed that
the Lrp could act as a stress regulator of metabolism [32]. The
present work aims to elucidate the possible role of Lrp
(HFX_RS01210) in the stress response regulation in nutrient de-
ficiencies including, nitrogen-limiting conditions and the presence
of heavy metals.

2. Materials and Methods
2.1. Strains and growth conditions

Escherichia coli DH5a. strain was used to clone PCR products and
prepare constructions with different vectors, and E. coli J]M110 was
used to prepare unmethylated DNA for efficient transformation of
Hfx. mediterranei. Both strains were grown aerobically in Luria-
Bertani medium with ampicillin (100 pg/mL) at 37 °C.

The Hfx. mediterranei R4 (ATCC 335007), HM26 (R4 ApyrE2), and
HM26-Alrp strains were grown in complex medium (Hm-CM) at
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pH 7.3 containing 20% (w/v) seawater [16] and 0.5% (w/v) yeast
extract. The overexpression strain, Lrp-HM26, was grown in mini-
mal media (Hm-MM).

2.2. Site-directed mutagenesis and $—galactosidase assay

The promoter of the Irp gene (p.lrp) was previously cloned in
PGEM-T Easy Vector Systems (Promega, Madison, WI, USA) [32].
This construction was used to perform site-directed mutagenesis in
different nucleotides of the promoter region using the modified
oligonucleotides summarized in Table S1. The different mutants of
p. Irp were produced as described in Ref. [33]. After sequencing the
positive transformants for each mutation, the constructions were
subsequently cloned into the pVA513 halophilic expression vector,
kindly provided by Prof. Mike Dyall-Smith (University of Mel-
bourne, Australia). Hfx. mediterranei R4 cells were transformed with
these constructions as described previously, and the transformants
were selected on 0.3 pg/mL of novobiocin agar plates as a screening
method. The mutants were characterized in different culture me-
dia: Hm-CM, defined medium (Hm-DM) with 20 mM NH4CI, and
Hm-DM with 0.2 mM CoCl, by measuring f-galactosidase along the
growth curve. The B-galactosidase activity was determined as
previously described [32]. All values in the figures are expressed as
the mean of three replicates + the standard deviation.

2.3. DNA-protein interaction analysis

To test the binding affinity of the p. Irp, a DNA-protein interac-
tion assay was carried out following the protocol described in
Ref. [27], an adapted pull-down assay for Haloarchaea. Three
different DNA samples were used in this assay: the p. [rp promoter
region as the target DNA, and a constitutive promoter from Hfx.
mediterranei (ferredoxin promoter, p. fdx) as a negative control; and
a random DNA fragment from Hfx. mediterranei (glucose dehydro-
genase gene) as a second negative control. The third negative
control was a sample without DNA. The biotinylated DNA for each
sample was obtained by PCR using the following oligonucleotides
labelled with biotin (Table S1). Samples of the elutions were
analyzed in an SDS-PAGE with silver staining. Bands present only in
the elutions of the p. Irp compared with the three negative controls,
were analyzed by mass spectrometry; nano-ESI LC-MS/MS analysis
was carried out via the Research Technical Services (SSTTI) from the
University of Alicante and analyzed with Spectrum Mill Software
(Agilent, Santa Clara, CA, USA). Focusing on the Lrp, an assay was
performed using cell extracts at 60% (w/v) of Hfx. mediterranei R4
grown until mid-exponential phase in Hm-DM with 20 mM NH4CL

2.4. Construction and characterization of HM26-Alrp deletion
mutant

HM26-Alrp was constructed by the pop-in/pop-out method
following the strategy previously described in Hfx. mediterranei
[34,35]. The oligonucleotides used are shown in Table S1. Genomic
organizations (Fig. S1) of the pop-out clones and wild type were
confirmed by PCR screening, Southern blot analysis, and Sanger
sequencing (Stabvida, Caparica, Portugal). PCR was performed ac-
cording to the manufacturer's instructions using Supreme NZY-
Proof DNA polymerase (NZYtech) and analyzing more than one
hundred pop-out clones. For the Southern blot, 3 and 5 pg of
genomic DNA were digested with Aatll (Thermo Scientific, Wal-
tham, Massachusetts, United States); the pre-hybridization and
hybridization were carried out at 65 °C and the chemiluminescent
detection was performed as is described in the DIG Application
Manual (Roche, Basel, Switzerland).

HM26-Alrp was phenotypically characterized compared with
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HM26 parental strain in different culture media conditions. The
detailed culture medium composition is shown in Table 1. All the
cultures were inoculated with non-preadapted cells grown in Hm-
CM and the initial optical density was set up to 0.02. Three bio-
logical replicates were made for each strain and culture condition.

2.5. Analysis of the Irp overexpression effect on the Hfx.
mediterranei growth

The Irp (HFX_RS01210) was homologously overexpressed in Hfx.
mediterranei HM26 using Hm-MM as a culture medium [32]. The
overexpression strain (Lrp-HM26) and HM26 strain were charac-
terized in different culture media by measuring the optical density
at 600 nm wavelength (ODggp) at regular intervals (6—8 h
depending on the culture's growth rate) until reaching the sta-
tionary phase. The culture media used in this assay were described
above in Table 1, but the characterization of stress conditions was
performed with Hm-DM in the presence of 20 mM ammonium
instead of Hm-CM. Three independent biological replicates were
performed for each condition to ensure reproducibility, and the
HM26 strain was used as a control in each condition. All cultures
were inoculated from cells grown in Hm-MM, and the starting
ODgqg of all the cultures was 0.02, and the lag phase, log phase, and
stationary phase were statistically analyzed and compared among
groups. Doubling time (d.t.) was calculated as previously [15].

3. Results and discussion

3.1. Mutagenesis and characterization of the p.lrp using (-
galactosidase as a reporter gene

According to previous studies, the possible elements of the p. Irp
promoter region have been manually identified, a possible TATA
box and BRE element (B recognition element) sequence, basic el-
ements for the transcription of the gene [36—38]. In addition, by
analyzing the sequence, a possible Irp-type regulator binding site
has also been found, which would be involved in the autoregulation
of its expression [37,38]. To confirm the function of these elements,
three identified consensus sequences have been mutated by site-
directed mutagenesis into three different sites resulting in Mut-1,
Mut-2 and TATA-box (Fig. 1).

The three mutants of p. Irp were cloned into pVA513, creating
the constructions pVA-p. Irp (Mut-1), pVA-p. Irp (Mut-2) and pVA-
p. Irp (TATA). These constructions were transformed in Hfx. medi-
terranei R4 and then, the transformants were characterized in four
culture media by measuring the specific activity of bgaH gene from
Hfx. lucentense which is used as the reported gene. Fig. 2 shows the
growth of the transformants by measuring their optical density at
600 nm; and their bgaH-specific activity in different culture media.

Table 1
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To test whether these mutated areas may be involved in regulating
the expression of the regulator five culture media were assayed: i)
defined medium with ammonium (nitrogen source) as a rich me-
dium, ii) nitrate as a nitrogen-limited medium, iii) in the presence
of cobalt, iv) in the presence of nickel and v) complex medium.
Different nitrogen sources were used because this regulator could
be involved in the regulation of glutamine synthetase (GS), and it
recognized in vitro the promoter of assimilative nitrate reductase
[27]. On the contrary, activity was measured in the presence of
cobalt and nickel to study the effect of two divalent metals [15].
There are changes in the expression of the transcriptional regulator
under these conditions [32] and thus, check if the mutated areas
may be involved in the molecular mechanisms of gene expression
regulation.

In all the analyzed cultures media, Mut-1, Mut-2 and TATA-box
transformants showed the same growth profile as the control (p.lrp
without mutation); no significant differences were detected, and all
cultures present an exponential increase in growth until reaching
maximum growth in the stationary phase with optical densities
around 4 in the case of ammonium and complex media except with
cobalt; defined medium containing cobalt reach to an optical
density around 1.5 only. Concerning the characterization of the
TATA-box mutant, no -galactosidase specific activity was detected
under any of the analyzed conditions; values were close to zero
throughout the growth. The identified TATA-box sequence in Hfx.
mediterranei “TATT” was similar to “TTWT” the one proposed by
Brenneis et al. as a TATA-box consensus sequence located at
position —27/-28 in halophilic archaea [36]. Based on these results,
it appears that the TATA-box of this transcriptional regulator has
been identified; this sequence plays a key role in the promoter
region. On the other hand, the B-galactosidase specific activity (U/
mg) profile of the Mut-1 and Mut-2 changes along the time pre-
senting significant differences compared to p. Irp, suggesting that
this region “AAAGACCTTTCCGCTTAAT” could be a promising regu-
lation zone to bind its own transcriptional regulator as in Pyro-
coccus furiosus [37,39]. The p-galactosidase specific activity
experienced an abrupt and rapid decrease during all the growth
profiles in Mut-1 and Mut-2, regardless of the growth phase in
complex medium, defined medium with ammonium or nitrate as
nitrogen source, and in the presence of nickel. In the N-rich me-
dium, the highest specific activity values were recorded when the
culture reached the stationary phase in both the control (0.513 U/
mg) and mutant 1 (0.1984 U/mg). In a complex medium, the highest
values were obtained at mid-exponential phase with 0.513 U/mg
for the control and 0.181 U/mg for Mut-1; the PB-galactosidase
specific activity decreased almost 3-fold. Mutant 2 in these two
media did not vary its activity, having a constant value close to 0.07
U/mg along the growth curve. Similar results were obtained with
nitrate as a nitrogen source; the control reached 0.5 U/mg of

Culture media used in the construction and characterization of the Irp deletion mutant (HM26-Alrp).

Generation of the Irp deletion mutant

Description Composition
Pop-in Hm-MM
Pop-out Hm-CM in the presence of 50 mM MOPS and 750 pg/mL 5-FOA.

Phenotypic characterization of the HM26-Alrp and HM26

Description Culture media

Different nitrogen source
Complex medium
Oxidative stress”

Metal stress®

Hm-CM

Hm-DM in the presence of 20 mM ammonium (N-rich conditions) or nitrate (N-limiting conditions). 0.3 pg/mL novobiocin was added.

Hm-CM cultures were grown to ODggo of 0.8 (mid-exponential phase) before adding 8 mM of H,0,.
Hm-CM cultures containing 0.4 mM NiSO4; 2 mM Na;HAsOy4; 0.2 mM CoCly; and 0.5 M LiCl.

¢ The addition of hydrogen peroxide and metals was performed as [15]. All the cultures media used in the characterization are described in Ref. [32].
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Mutl
GGG
TTGTCTTCCGTCATTTTCCTGAACATGCAATTCGTACACCCGCACTATAAAGACCTTTCCG
Mut2 TATA-box
ACC BRE CGG -11/-10

CTTAATGCAATTCCCCGTTGGCGGCCACAGAATTGGATATTCGTAAAATTCTAATGCCCCC

Transcriptional start site

GGACGGTTTCTGAATGTAATGACGTACGAAAACCTCGATGCGAAGCTCATCAATGCAC
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Fig. 1. Identification of possible elements of the p. Irp promoter region from Hfx. mediterranei. In purple, the binding motif; in green, the BRE-element; in dark pink, the TATA-box; in
blue, the —11/-10 motif; in yellow, the transcriptional start site; and in bold, the ATG of the Irp gene. The modifications of the mutants are also shown.
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Fig. 2. Cell growth and B-galactosidase specific activity were determined for Hfx. mediterranei p. lrp, p. Irp (Mut-1), pVA-p. Irp (Mut-2) and pVA-p. Irp (TATA) in different culture
media. (a) defined medium with 20 mM NH,CI as nitrogen source, (b) defined medium with 20 mM KNOj3 as nitrogen source, (c) defined medium with 0.2 mM Co?*, (d) defined

medium with 0.2 mM Ni?*,

specific activity, Mut-

presence of nickel, the control achieved a specific activity of almost
0.3 U/mg while Mutant 1 and Mutant 2 had an activity of less than

0.05 U/mg. However, i
is totally different, bo

and (e) complex medium.

1 0.392 U/mg, and Mut-2 0.07 U/mg. In the activity at the beginning of growth compared to the control.

Measuring specific activity in the culture medium with cobalt, both
mutants 1 (0.193 U/mg) and 2 (0.289 U/mg) showed higher values

n the presence of cobalt, the profile obtained of specific activity at the beginning of growth compared to the
th mutants showed lower values of specific control (0.119 U/mg). Consequently, it appears that the mutated
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zones must be involved in the union of the regulator; nonetheless,
the molecular mechanism of the regulatory process is still
unknown.

3.2. Pull-down assay

To find possible transcriptional regulators of the p. Irp promoter,
a DNA-protein pull-down assay was performed using extracts of
Hfx. mediterranei R4 in Hm-DM and the presence of cobalt. A
recently optimized method using extracts from halophilic archaea
was followed. Three negative controls were used in this pull-down
assay (p.fdx promoter, a fragment of the glucose dehydrogenase
gene and without DNA). The constitutive ferredoxin promoter was
used to identify unspecific recognition of the promoter sequences;
a fragment glucose dehydrogenase gene was used to test the un-
specific union of a protein to any DNA fragment, and the negative
control without DNA allowed us to discard unspecific protein
binding to DNA magnetic beads complex [27]. The two elution
fractions were analyzed via SDS-PAGE and silver staining; the
protein band profiles of the sample (p.lrp) were compared with the
three controls (Fig. 3) to identify possible proteins that may join the
promoter region.

Under these conditions, different bands of unspecific bound
proteins were observed in the three control samples. Although four
bands were selected to be analyzed by mass spectrometry (Agilent
1100 Series LC/MSD Trap SL) to identify which protein it corre-
sponds to, three of them showed inconclusive results. Only the
band of approximately 16 kDa was identified in the first elution of
the pull-down assay in Hm-DM, which corresponds to a tran-
scriptional regulator of the Lrp/AsnC family, particularly, it is the
Lrp under study (HFX_RS01210) (Table 2).

Based on all these results, it is known that via in vitro this
transcriptional regulator recognized its own promoter p.lrp.
Therefore, there is evidence of the autoregulation of this protein. It
is not surprising because transcriptional regulators of this family
tend to self-regulate in other species such as Bacillus subtilis [40],
Pyr. furiosus [39] or Agrobacterium tumefaciens [41]. Focusing on
nitrogen metabolism, Lrp recognizes the p.nas (assimilatory nitrate
reductases promoter) in Hfx. mediterranei and could be involved in
the regulation of its gene expression [27] as well as an Lrp from Hbt.
salinarum recognized the promoter of the ginA enzyme [30]. The
mechanism of regulation in vivo remains unknown. That is further
evidence that this regulator may be involved in the regulation of

First elution Second elution
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nitrogen metabolism genes, in addition to other genes.
3.3. Characterization of HM26-Alrp deletion mutant

Analyzing the gene-environment revealed that this transcrip-
tional regulator is located downstream of the glutamine synthetase
gene (glnA; HFX_RS01205), an enzyme that plays a fundamental
role in ammonium assimilation and amino acid metabolism [24]. In
addition, previous studies have shown that Irp could be involved in
the stress response of Hfx. mediterranei since its expression change
in the presence of hydrogen peroxide, cobalt, and arsenic [32]. To
elucidate the role of Hfx. mediterranei Lrp transcriptional regulator
in response to different stresses, HM26-Alrp was constructed by the
pop-in/pop-out strategy. Two different deletion mutants have been
constructed. The first attempt was to delete the complete Irp gene
sequence (Fig. 4); however, after analyzing more than a hundred
colonies, all the emerging pop-out clones had the wild-type version
with the parental HM26 genotype. The glnA and Irp genes share the
promoter region in opposite directions and the potential ginA
binding site “ATGACGTACGAAAACCTCG” was partially deleted in
the complete deletion mutant. Although there is no clear evidence,
one possible interpretation could be that in the construction of this
deletion mutant an essential element for ginA expression has been
removed and for this reason, it was not possible to obtain the
complete deletion mutant. Subsequently, a second deletion mutant
was constructed in which only 364 nucleotides of 459 were deleted,
keeping the first 97 nucleotides of the gene (Fig. 4). In this partial-
mutant, many colonies of the pop-out clones were analyzed by PCR
screening and Southern blot (Fig. S2); successfully, some of them
had the deleted version. Consequently, the whole gene sequence
cannot be removed because it negatively affects glnA expression, an
essential enzyme in the assimilatory pathway of the nitrogen cycle
in Hfx. mediterranei [25].

The phenotypic characterization of partial Irp deletion mutant
from Hfx. mediterranei HM26 was performed using culture media
with different nitrogen sources such as ammonium or nitrate. In
addition, stress conditions were also tested as it is known that in
other archaeal domain microorganisms, this family of transcrip-
tional regulators can participate in multiple physiological processes
acting as global regulators. Previous studies analyzing the role of
this Lrp transcriptional factor showed significant differences in
expression under different stress conditions using assays such as
promoter characterization and protein level determination by

Second elution
) ey
Ea o & o
N «°
o o

First elution

2

kb o

S &
Q\(? ‘\a& & @*‘? Q_\(?

Fig. 3. Silver staining of the pull-down assay with protein extracts in (a) Hm-DM and (b) Hm-DM with 0.2 mM cobalt using different biotinylated DNA fragments (p.fdx promoter;
glucose dehydrogenase, GIcDH; and p. Irp promoter) and without DNA. The protein band surrounded in pink was selected for analysis by mass spectrometry.
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Table 2
Mass spectrometry analysis of pull-down sample in Hm-DM.
Spectra Distinct Distinct summed MS/MS %AA Total Protein Spectral Species NCBI Protein Name
peptides Search Score Coverage Intensity Database
11 5 89.86 45 1.59 x 108 Hfx. mediterranei ATCC HFX_RS01210 Lrp/AsnC family transcriptional
33500 regulator

Sequence TCGGCGCTCAGGCCACCGTCGGTGAGTACGTTGTCTTCCGTCATTTTCCTGAACATGCAA 60
Partial TCGGCGCTCAGGCCACCGTCGGTGAGTACGTTGTCTTCCGTCATTTTCCTGAACATGCAA 60
Complete TCGGCGCTCAGGCCACCGTCGGTGAGTACGTTGTCTTCCGTCATTTTCCTGAACATGCAA 60

TATAginA  BRE glnA

Sequence TTCGTACACCCGCACTATAAAGACCTTTCCGCTTAAT[GCAATITICCCCETTGGCGGCCACA 120
Partial TTCGTACACCCGCACTATAAAGACCTTTCCGCTTAAT|GCAATTICCCCGTTGGCGGCCACA 120
Complete TTCGTACACCCGCACTATAAAGACCTTTCCGCTTAAT|GCAATITICCCCGTTGGCGGCCACA 120

BRE Irp TATA Irp

Sequence [GAATTGGATATT|CGTARRATTCTAATGCCCCCGGACGGTTTCTGAATGTAATGACGTACG 180
Partial [GAATTGGA[TATTICGTAAAATTCTAATGCCCCCGGACGGTTTCTGAATGTAATGACGTACG 180
Complete [GAATTGGA[TATT|CGTARAATTCTAATGCCCCCGGACGGTTTCTGAATGTAATGACGTACG 180

Sequence AAAACCTCGATGCGAAGCTCATCAATGCACTCCTCGGCGATGGTCGTGCGAGTCTGCGTA 240
Partial AAAACCTCGATGCGAAGCTCATCAATGCACTCCTCGGCGATGGTCGTGCGAGTCTGCGTA 240

Complete ACGAAT AA—————————— 188
Sequence GCCTTGCGGAAGAACTCGACGTGTCGGTCACGACCGTCTCGAATCACCTGCGCGACCTCG 300
Partial GCCTTGCGGAAGAACTCGACCGAATAA-—————=——————————————————————————— 267
Complete - == ————=—"—"——----—————— 188
Sequence AAGACGAGGGTGTCATTGAGGGCTACACACCGCGCGTGAACTACGACGCGCTCGGCTACG 360
Partial —=—=—————————— e 267
complete ——-=-=====-"——————————-— 188
Sequence ATGTCACCGCCGTCATCCAACTCAAAGTCGAGGGGTCTGCGCTCCCCGAGATTACCGAGC 420
Partial ----"-"-—-"-——— 267
Complete -------------—---—-—————"———————— - ————— 188

Sequence GACTCCGCGCAGAAAAACAGATGATCTCGGTCTACGAGGTCACCGGCGACTACGACATCA 480

Partial —=—=———————m 267
Complete ——————————————————— 188
Sequence TCGCCATCGGCAAGTTCCGCGACACCGACGGCATGAACACGCAAATCAAGAAGCTCCTTA 540
Partial —----—----——-———-—— 267
Complete ———————————— - - 188
Sequence CCGACACGGACATCCGCGAGTCGAACACCTCGGTCGTGCTCAACGCAGTCACCGAAAACG 600
Partial ————————-— - 267
Complete ————=————————— - 188

Sequence AGCAGTTCGCGCTCGACGTCGACGAATAAC 630
Partial -----------——-——————— 267
Complete -—————————————————————————————— 188

Fig. 4. Sequence alignment of the original sequence in the Hfx. mediterranei genome, the partial deletion mutant, and the complete deletion sequence. In purple: part of the
glutamine synthetase gene; in green: the Irp transcriptional regulator gene; gaps in both mutants represent the deleted nucleotides; in yellow: potential [rp-type regulator binding
site in p. Irp region; in pink: potential Irp-type regulator binding site in p. glnA region.

Western blot [32]. In all the tested conditions strains HM26 (con- phases (lag phase, log phase, and stationary phase) of the growth
trol) and HM26-Alrp (partial deletion mutant) were grown in curve were compared with the control (HM26) grown in the same
triplicate and cell growth was quantified by measuring the optical media, where the most striking difference was found in growth
density at 600 nm at regular intervals (Fig. 5). Therefore, to analyze under N-limiting conditions (nitrate as nitrogen source). Slight
if the deletion mutant substantially impacted cell growth, the three growth differences have also been observed in the culture media
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b) 20 mM KNO,
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Fig. 5. Growth of Hfx. mediterranei HM26 and HM26-Alrp under different conditions. (a) 20 mM NH4CI; (b) 20 mM KNOs; (c) CM; (d) 8 mM H,05; (e) 0.5 M Li*; (f) 0.4 mM Ni%*; (g)
0.2 mM Co?*; (h) 2 mM As>". Data are based on three independent replicates. Plotted values are the mean of triplicate measurements, and error bars represent + SD.

containing ammonium (non-limiting nitrogen conditions), cobalt,
and nickel.

As can be seen in Fig. 53, there was a significant difference in the
growth curve between HM26-Alrp and HM26 under non-limiting
nitrogen conditions (ammonium as nitrogen source), highlighting
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that the deletion mutant could not grow over 2.5 of optical density,
and the growth was considerably less than the control. Changing to
N-limiting conditions (nitrate), surprisingly, no growth was
detected under the medium with 20 mM of KNOs (Fig. 5b); the
partial deletion strain was not able to grow using nitrate as a
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nitrogen source, although the wild strain can grow under these
conditions reaching 3.7 values of ODggg. Consequently, these results
reveal that the Lrp transcriptional regulator, in some unknown way,
is involved in N-limiting conditions.

In addition, it seems that Lrp transcriptional regulators play an
essential role in coordinating the metabolism in response to envi-
ronmental shifts. For this reason, the characterization of the HM26-
Alrp and HM26 was also carried out using different culture media
with external stressors such as hydrogen peroxide and some
metals. It was used the complex medium as the standard medium
for the stress conditions as the growth of this strain (HM26-Alrp) in
the presence of ammonium as a nitrogen source is affected, but the
wild-type strain HM26 and the deleted one, HM26-Alrp, resulted
having the same growth profile in complex medium (Fig. 5c).
Analyzing the results, no significant differences have been found in
the presence of 8 mM of H,0, or 2 mM Nay;HAsO4 between HM26-
Alrp and HM26 (Fig. 5d and h). These results were expected since it
is known that under these conditions there was no expression of
Lrp [32]. Unexpectedly, in the presence of 0.5 M LiCl (Fig. 5e), both
strains followed the same growth trend. These growth results were
not as expected since Lrp showed transcriptional and translational
expression with lithium. According to these results, this tran-
scriptional regulator would not be directly involved in response to
lithium stress and its expression changes may be due to other
factors. In contrast to these results, the deletion mutant showed
differential growth concerning HM26 in the presence of divalent
metals (Fig. 5f and g). In the presence of nickel, delayed growth of
the HM26-Alrp strain in compared to the HM26 strain was
observed. Nonetheless, the opposite is true in the presence of co-
balt. Remarkably, the HM26-Alrp strain achieved a higher station-
ary phase than the control in the presence of cobalt. These results
are in agree with previous studies in which Lrp expression was
detected in the presence of low concentrations of cobalt [32].

As can be seen in Table 3, the growth kinetics were also analyzed
in all the tested conditions. The HM26-Alrp reached the worse re-
sults under N-limiting conditions (20 mM KNOj3), underscoring the
importance of this transcriptional regulator concerning the
assimilative nitrate pathway for Hfx. mediterranei. Furthermore,
even though HM26-Alrp showed growth in media with 20 mM
NH4(CI, significant differences were detected regarding doubling
time. In the presence of hydrogen peroxide, cells of both strains

Table 3
Doubling time for Hfx. mediterranei HM26 and HM26-Alrp under different culture
conditions.

Condition Strain d.t. (h)* p-Value significance

20 mM NH,Cl HM26 28+£02 <0.001 ok
HM26-Alrp 142 + 04

20 mM KNOs HM26 82+05 <0.001 ok
HM26-Alrp -

M HM26 1.07 + 0.02 >0.999 Ns
HM26-Alrp 1.03 + 0.01

8 mM Hz0, HM26 50+03 >0.999 Ns
HM26-Alrp 41+02

0.5 M Li* HM26 121 +0.03 >0.999 Ns
HM26-Alrp 1.09 = 0.04

0.4 mM Ni** HM26 1.04 + 0.04 >0.999 Ns
HM26-Alrp 0.82 + 0.08

0.2 mM Co** HM26 1.49 + 0.08 >0.999 Ns
HM26-Alrp 1123 + 0.04

2 mM As>* HM26 0.97 + 0.02 >0.999 Ns
HM26-Alrp 115+ 0.01

Ns: p > 0.05; ***p < 0.001. *Hfx. mediterranei growth was followed by measuring its
optical density at 600 nm, doubling times are calculated as described in the Mate-
rials and Methods section.
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grew much slower and reached lower optical density values than in
complex media without stress. However, no significant differences
were detected in the growth kinetics. When cobalt was added to
the culture media, as discussed before, although the HM26-Alrp
reached higher optical densities, the growth kinetics resulted not to
be significant. Even though in most of the tested conditions, data
between the strains was insignificant, doubling time values were
promising and delightful because most of them were around 1 h.
In previous work, it was deduced that the Lrp expression was
not directly dependent on the nitrogen source, considering both
the characterization of the [rp promoter region and the protein
expression profile because the expression level did not change. In
contrast, the most significant changes were found under stress
conditions concluding that it may function as a transcriptional
regulator in response to stress [32]. Although Lrp is expressed using
ammonium or nitrate as a nitrogen source, that is to say, in N-
limiting or N-rich conditions, its mechanism of action must be
ligand-dependent. Different effector molecules of the Lrp regulator
can induce conformational changes that lead to a decrease or in-
crease in DNA binding affinity and subsequently modulate Lrp
expression as a function of the environment. After analyzing the
results from the characterization of the Irp deletion mutant, it has
been confirmed that its expression profile clearly changes in
response to the nitrogen source. It is not unreasonable to think that
this transcriptional regulator is involved in the complex regulation
of the gInA gene expression as in a previous study in Hbt. salinarum
[30]. In that study, the Lrp activates the gene expression of the ginA
gene, influences the peptide and phosphate transport, and partic-
ipates in the central intermediary metabolism acting as a global
transcriptional regulator [30]. These data from the characterization
of the deletion mutant together with previous studies in which Lrp
recognizes in vitro the promoter of the assimilative nitrate reduc-
tase [27] support the idea that Lrp can be considered a transcrip-
tional regulator of the nitrogen cycle under N-limiting conditions.

3.4. Characterization of homologous overexpression of pTA1992.1rp
in Hfx. mediterranei HM26

The construction pTA1992. Irp was previously used to over-
express the Lrp in Hfx. mediterranei HM26 strain using Hm-MM as
culture media to elucidate its quaternary structure [32]. In this
work, phenotypic characterization of the overexpressing strain
(Lrp-HM26) was performed by analyzing its growth compared to
the growth of the parental strain, Hfx. mediterranei HM26, in min-
imal medium and other culture media under different stress con-
ditions (N-limiting conditions, presence of hydrogen peroxide and
metals). The culture conditions used are the same as in the char-
acterization of the deletion mutant, but a minimal medium in
which glucose is exchanged as a carbon source for casamino acids
has also been tested. The growth curves of the overexpression
strain and parental strain HM26 were very similar (Fig. 6¢) in
minimal medium, in the presence of hydrogen peroxide (Fig. 6d),
lithium (Fig. 6e) as well as nickel (Fig. 6f). Both strains showed
identical adaptation time and similar growth in the exponential
phases. Furthermore, statistical analysis of the growth parameters
in these culture media revealed no significant differences between
the growth of the parental strain HM26 and the overexpression
strain Lrp-HM26 (Table 4). These results resemble those previously
shown for the deletion mutant; under these culture media condi-
tions (except nickel), no significant differences were found between
the mutant and the control strain. Interesting results were obtained
from an N-rich source (ammonium). Thanks to the characterization
of the mutant previously discussed, it was known that in the
absence of the Irp gene, Hfx. mediterranei had slower growth
reaching lower optical densities in the presence of ammonium as a
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Fig. 6. Growth of Hfx. mediterranei HM26 and Lrp-HM26 under different conditions. (a) 20 mM NH4CI; (b) 20 mM KNOs; (c) MM; (d) 8 mM H,0,; (e) 0.5 M Li*; (f) 0.4 mM Ni%*; (g)
0.2 mM Co?*; (h) 2 mM As®*. Data are based on three independent replicates. Plotted values are the mean of triplicate measurements, and error bars represent + SD.

nitrogen source. On the contrary, when the Lrp was overexpressed,
the Lrp-HM26 strain grew significantly faster, reaching higher op-
tical densities from the mid-exponential phase onwards under this
condition (Fig. 6a). In addition, statistical analysis of the growth
parameters determined that there were significant differences in
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growth between the parental HM26 strain and the Lrp-HM26 strain
(Table 4). Focusing on the N-limiting condition (nitrate), revealing
results were found (Fig. 6b). Based on the knowledge that the
mutant cannot to grow using nitrate as a nitrogen source, the
opposite effect has been observed when Lrp is overexpressed. The
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Table 4
Doubling times for Hfx. mediterranei HM26 and the Lrp overexpressed strain Lrp-
HM26 under different conditions.

Condition Strain d.t. (h)* p-Value Significance

20 mM NH4Cl HM26 21+01 0.006 *ok
Lrp-HM26 4.6 +0.1

20 mM KNO3 HM26 52+02 0.003 **
Lrp-HM26 22 +01 - -

MM HM26 3.05 + 0.09 >0.999 Ns
Lrp-HM26 347 £ 0.18

8 mM H,0, HM26 43 +0.2 >0.999 Ns
Lrp-HM26 45+0.3

0.5 M Li' HM26 32+02 >0.999 Ns
Lrp-HM26 3.10 + 0.03

0.4 mM Ni?+ HM26 4.0 + 0.1 >0.999 Ns
Lrp-HM26 38+0.2

0.2 mM Co** HM26 34101 0.005 ok
Lrp-HM26 6.43 + 0.01

2 mM As>*+ HM26 1.29 + 0.06 >0.999 Ns
Lrp-HM26 0.87 £ 0.01

Ns: p > 0.05; **p < 0.01. *Hfx. mediterranei growth was followed by measuring its
optical density at 600 nm, doubling times are calculated as described in the Mate-
rials and Methods section.

Lrp-HM26 strain shows a higher growth profile throughout the
growth curve and a lower doubling time than the HM26 strain
under this condition. In the presence of cobalt, it was also found
clear differences in the growth of the two strains since the Lrp-
HM26 strain showed less growth, reaching lower optical density
values in the stationary phase (Fig. 6g). Focusing on analyzing the
doubling time for Hfx. mediterranei HM26 and the Lrp overex-
pressed strain Lrp-HM26 under different conditions, significant
differences in growth were detected since the Lrp-MH26 doubling
time was almost three times higher with 6.43 h than the over-
expression strain. The last condition analyzed was the presence of
arsenic (Fig. 6h). As can be seen, the Lrp-HM26 strain has a higher
growth reaching a higher stationary phase. However, no significant
differences are found when analyzing the doubling time (Table 4).

These results are in agree with those shown in the previous
section as Hfx. mediterranei showed higher growth in the presence
of cobalt when the Irp gene was deleted. With all these results, it
could be believed that cobalt may have some effect on the tran-
scriptional mechanism of the Irp gene in different ways: i) Lrp could
be involved in the transcriptional regulation of genes related to
cobalt metabolism, ii) cobalt could act as a ligand of Lrp and induce
changes in its quaternary structure, iii) cobalt could induce the
expression of Lrp and, in turn, this TF repress the expression of
other genes.

Different works support these hypothesis, for example, some
studies link metals such as cobalt and nickel to control the expression
of TFs (activators or repressors) involved in metal stress and homeo-
stasis such as in Agrobacterium tumefaciens [42] and E. coli [43]. In
Bacteria, there is a crystal structure of a transcriptional regulator
belonging to the DtxR family in Corynebacterium diphtheriae that is
complexed with cobalt [44]. The natural ligand for this family of TFs is
ferrous iron but in vitro nickel and cobalt are also used as activators
[45]. Focusing in Haloarchaea, a previous study showed that a TF from
the DtxR family can use heavy metals, including cobalt, nickel and
manganese, as ligands in Hbt. salinarum [46]. Regarding to the possible
role of Lrp in Co metabolism, Hfx. mediterranei genome has annotated
genes related to this pathway such as hydrolases, cobalt transporter
and  methyltransferases = (E6P09_RS18645;  EGP09_RS11870;
E6P09_RS04215; E6P09_RS18590; E6P09_RS18655) and it is known
that this microorganism is capable to uptake cobalt from the culture
medium [15]. Studying the promotor regions of these genes, one po-
tential Irp binding site was found in the cobalt-factor II ¢ (20)-methyl
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transferase gene (E6P09_RS18655) and two other possible binding
regions have been identified in EGP09_RS04215 and E6P09_RS18645.
Therefore, the Lrp regulator could be related to genes involved in
cobalt metabolism although future work is needed to confirm this
hypothesis.

As shown the results obtained, although cobalt and nickel are
divalent metals, they have different effects on Hfx. mediterranei Lrp.
Several studies linked nickel, cobalt and other divalent metals to
transcriptional regulators expression, even there are examples
describing different effects of nickel and cobalt in the expression of
genes involved in metal pumping [42].

4. Conclusions

This study tries to elucidate the role of the Lrp (HFX_RS01210)
transcriptional regulator in the regulatory stress response in Hfx.
mediterranei. Site directed mutagenesis of p. Irp region allowed us
to identify the TATA box and a potential TF binding site to its own
promoter. In addition, different approaches evidence the hypoth-
esis that this transcriptional regulator would bind to this
consensus-binding site sequence region to autoregulate itself at
transcriptional level. Construction of Irp deletion mutant was
laborious, the complete gene sequence could not be deleted as all
the pop-out clones analyzed had the parental genotype, so a partial
mutant was made in which part of the start of the sequence was not
deleted. Characterization of partial mutant clear evidenced that the
Irp is involved in the response to N-limiting conditions and the
presence of cobalt. That is the first evidence that removing the Irp
gene, Hfx. mediterranei does not grow in the presence of nitrate as a
nitrogen source, so it must regulate some essential genes for this
pathway. To conclude, the Lrp regulator can autoregulate its
expression level and there is evidence that relates this TF with the
expression regulation of the assimilatory pathway of the nitrogen
cycle of Hfx. mediterranei, specifically acting as activator of glnA and
nasA genes. In addition, it has been evidenced the possible
involvement of Lrp in response to metal stress conditions in Hfx.
mediterranei, for example, to the presence of cobalt. Although more
work is needed to elucidate the molecular mechanisms of the Lrp
expression, this work is an excellent starting point to extend
knowledge about nitrogen availability and metal stress response in
Haloarchaea.
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