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A B S T R A C T   

Haloferax mediterranei, an extreme halophilic archaeon thriving in hypersaline environments, has acquired sig
nificant attention in biotechnological and biochemical research due to its remarkable ability to flourish in 
extreme salinity conditions. Transcription factors, essential in regulating diverse cellular processes, have become 
focal points in understanding its adaptability. This study delves into the role of the Lrp transcription factor, 
exploring its modulation of glnA, nasABC, and lrp gene promoters in vivo through β-galactosidase assays. 
Remarkably, our findings propose Lrp as the pioneering transcriptional regulator of nitrogen metabolism iden
tified in a haloarchaeon. This study suggests its potential role in activating or repressing assimilatory pathway 
enzymes (GlnA and NasA). The interaction between Lrp and these promoters is analyzed using Electrophoretic 
Mobility Shift Assay and Differential Scanning Fluorimetry, highlighting L-glutamine's indispensable role in 
stabilizing the Lrp-DNA complex. Our research uncovers that halophilic Lrp forms octameric structures in the 
presence of L-glutamine. The study reveals the three-dimensional structure of the Lrp as a homodimer using X-ray 
crystallography, confirming this state in solution by Small-Angle X-ray Scattering. These findings illuminate the 
complex molecular mechanisms driving Hfx. mediterranei's nitrogen metabolism, offering valuable insights about 
its gene expression regulation and enriching our comprehension of extremophile biology.   

1. Introduction 

Haloferax mediterranei is a halophilic archaeon isolated from salterns 
on the Santa Pola coast (Alicante, Spain) [1] which grows optimally at 
2.5 M salt and accumulates, like other haloarchaea, very high concen
trations of KCl in its cytoplasm [2]. These conditions challenge protein 
stability and function, requiring molecular adaptation. 

Hfx. mediterranei has been used as a model for studying N-cycle in 
halophilic archaea, making it attractive for bioremediation in salt, ni
trate, and nitrite-rich areas [3–6]. Concerning the nitrogen cycle, this 
halophile performs denitrification under anaerobic conditions [7,8] and 
nitrate reduction to ammonium under aerobic conditions (assimilatory 
pathway). Once nitrate is inside the cell, nitrate and nitrite reductases 
reduce nitrate to nitrite and nitrite to ammonium, respectively [9,10]. 
Ammonium produced in this reaction goes through the glutamine 

synthetase-glutamate synthase (GS-GOGAT) pathway [11,12], which is 
active when the intracellular ammonium concentration is low. Under 
nitrogen-abundant conditions, ammonium diffuses across the plasma 
membrane and is assimilated via the glutamate dehydrogenase (GDH) 
[13,14]. The N-cycle is well characterized biochemically and physio
logically, knowing all the enzymes involved and under which conditions 
they are activated [11,15,16]. However, the transcriptional regulation 
of this pathway in halophilic archaea is not well-studied. Nitrogen reg
ulatory P-II proteins (GlnK1 and GlnK2) in Hfx. mediterranei are known 
to regulate nitrogen compound assimilation [14,17]. 

The Lrp transcriptional regulator in Halobacterium salinarum has 
been shown to activate the glutamine synthetase (GS; glnA) expression 
[18]. It has been studied the gene environment of all transcriptional 
regulators belonging to the Lrp/AsnC family in Hfx. mediterranei and was 
found an Lrp that conserves the gene environment with Hbt. salinarum 
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[19]. Interestingly, this lrp gene was also located downstream of the glnA 
gene, so it was selected as a possible transcriptional regulator of the 
nitrogen assimilatory pathway. The Lrp/AsnC family is one of Archaea's 
most abundant transcriptional factors [20,21]. These proteins consist of 
a DNA-binding domain (helix-turn-helix; HTH domain) for the DNA 
interaction and a ligand-binding domain (Regulation of Amino acid 
Metabolism; RAM domain) for the effector binding and/or its oligo
merization [22,23]. Studies in different Lrp/AsnC proteins showed that 
they can bind various amino acids, which affect DNA binding, altering 
and stabilizing their tertiary and quaternary structures [24–30]. 

The Lrp from Hfx. mediterranei (HFX_RS01210) has been extensively 
studied using different approaches such as western-blotting assays, 
characterization of the lrp promoter region, and identification of TATA 
box by site-directed mutagenesis, homologous overexpression of the Lrp 
protein, deletion mutant, and in vitro pull-down DNA-protein binding 
assays [19,31]. All these previous studies have determined its 
biochemical characteristics and expression under different stress con
ditions, including heavy metals and hydrogen peroxide. Focusing on 
nitrogen assimilation, Lrp may play a role in the transcriptional regu
lation of nitrogen cycle enzymes, such as GS and assimilatory nitrate 
reductase (NasA) [31,32]. 

Further studies of this transcriptional factor have been conducted in 
this work to elucidate its role and implication in nitrogen metabolism. 
The involvement of Lrp was analyzed in the regulation of the promoters 
from glnA, nasABC, and lrp in vivo using β-galactosidase assays. The 
interaction of the Lrp protein to the promoters of these genes has also 
been explored through Electrophoretic Mobility Shift Assay (EMSA) and 
Differential Scanning Fluorimetry (DSF). In this work, we also present 
the crystal structure of the Lrp protein from Hfx. mediterranei solved at 2 
Å by X-ray crystallography and confirming its oligomerization state as a 
homodimer in solution by Small-Angle X-ray Scattering (SAXS). 

2. Materials and methods 

2.1. Strains and growth conditions 

The Escherichia coli strain JM110 was used to prepare unmethylated 
DNA for efficient transformation of Hfx. mediterranei. It was grown in 
Luria-Bertani medium with ampicillin (100 μg/mL) at 37 ◦C overnight. 

Hfx. mediterranei R4, Hfx. mediterranei HM26 (R4-ΔpyrE2) [4], the 
Lrp deletion mutant Hfx. mediterranei HM-26-Δlrp [31], and the Lrp 
overexpression strain Hfx. mediterranei Lrp-HM26 [19] were grown at 
42 ◦C in a complex medium (Hm-CM) containing 20 % (w/v) seawater 
(20 % SW) and 0.5 % (w/v) yeast extract (pH 7.3). 

2.2. Lrp protein overexpression and purification 

The Lrp protein was obtained by homologous overexpression in Hfx. 
mediterranei HM26 following the methodology outlined by Matarredona 
et al. [19]. The lrp gene was amplified from the genomic DNA of Hfx. 
mediterranei R4 using specific forward and reverse primers, which 
include EcoRI and BamHI restriction sites. Plasmid construction fol
lowed the instructions of the In-Fusion HD cloning kit, maintaining the 
vector's N-terminal His6 tag. The ligated product was introduced into 
E. coli DH5α and E. coli JM110 through standard transformation. Sub
sequently, Hfx. mediterranei HM26 cells were transformed with 
pTA1992.lrp as described in Pedro-Roig et al. [4] and plated on Hm-MM 
agar. After incubation at 42 ◦C for 5–7 days, transformants were selected 
based on the pyrE2 and cultured in Hm-MM. The culture reaching the 
stationary phase was harvested, and cells were resuspended in an ice- 
cold binding buffer (20 mM Tris-HCl, 1.5 M NaCl, 30 mM imidazole, 
pH 7.4). Lysis was achieved by sonication, and the supernatant obtained 
after centrifugation was collected for protein purification. 

The overexpressed protein fraction was purified via nickel affinity 
chromatography, employing a prepacked HisTrap HP 5 mL column ac
cording to the manufacturer's guidelines. The bound protein was 

subsequently eluted in an elution buffer (20 mM Tris-HCl, 1.5 M NaCl, 
500 mM imidazole, pH 7.4). 

2.3. Analytical size exclusion chromatography (SEC) 

The elution fraction from the nickel chromatography was loaded into 
a second chromatographic step, the analytical SEC using HiPrep 16/60 
Sephacryl S-200 HR (Cytiva, Cornella de Llobregat, Spain), to determine 
the molecular mass of the Lrp in the presence and absence of L-glutamine 
(L-Gln). The column was pre-equilibrated with a 20 mM Tris-HCl buffer 
(pH 8.0) containing 1.5 M NaCl. Standard proteins, including apoferri
tin, glucose dehydrogenase, egg albumin, and cytochrome c, were used 
as markers to estimate molecular mass (Fig. S1). The Lrp protein was 
prepared at 6 mg/mL concentration in a buffer containing 1.5 M NaCl, 
20 mM Tris-HCl, and 30 mM imidazole (pH 7.5). L-Gln was added to a 
final concentration of 5 mM. 

2.4. Promoter activity assay 

Three different strains, HM26, HM26-Δlrp, and Lrp-HM26, were 
individually transformed with three other promoter regions construc
tions (pVA513.p.lrp [31], pVA513.p.glnA [33] and pVA513.p.nasABC 
[32]) (Table S1). Transformants were selected using agar plates with 0.3 
mg/mL of novobiocin, and β-galactosidase activity was measured 
throughout the growth curve in two different culture media: defined 
medium (Hm-DM) with 20 mM NH4Cl and nitrogen starvation (Hm-NS) 
[19]. Nitrogen starvation was chosen instead of nitrate as a nitrogen- 
limiting growth condition, as the deletion mutant HM26-Δlrp cannot 
grow in the presence of nitrate as a unique nitrogen source. The 
β-galactosidase assay was performed as previously [19]. All the media 
were inoculated at OD600 0.02 with pre-adapted cells, and the average 
and standard error were calculated from the results of three independent 
cultures. 

2.5. Electrophoretic mobility shift assay (EMSA) 

EMSA experiments were performed with purified Lrp and two gene 
promoters (p.lrp/glnA and p.nasABC) (Table S2). These fragments were 
generated by PCR with genomic DNA from Hfx. mediterranei R4 as a 
template. The primers used for amplification were p.lrp/glnA_For (5′- 
TTGTCTTCCGTCATTTTCCTGAACAT-3′) and p.lrp/glnA_Rev (5′- 
CGCATCCATGGTTTCGTACGTCAT-3′) for the lrp/glnA promoter, p. 
nasABC_For (5′-CAT CCC CCC AAG CTT GCC GGG GCA G-3′) and p. 
nasABC_Rev (5′-ACC ACA CCC CAT GGC ACA GCG CAT-3′) for the 
nasABC promoter. Since glnA and lrp genes are oriented in opposite di
rections, the 346 bp promoter fragment for the EMSA assay was 
designed to include both promoter regions, p.lrp and p.glnA. 

Protein-DNA binding complexes were formed by incubating various 
concentrations of purified Lrp protein (1.5–7 μM) with 50 ng of the 
respective promoter (p.lrp or p.nasABC), along with 50 ng of nonspecific 
competitor DNA fragment (ifpkn22, used as control) [34], in binding 
buffer (10 mM Bis-Tris pH 7.5, 40 mM KCl, 5 % glycerol (w/v)), 0.05 
mg/mL BSA and 2 mM MgCl2 reaching a final volume of 20 μL. The 
protein-DNA complexes were subjected to a final concentration of 2 M 
NaCl for stabilization and facilitation of the binding reaction. When 
required, different ligands (ammonium, nitrate, 2-oxoglutarate, nickel, 
cobalt, lithium, or L-Gln) were added to the mixture in the incubation, in 
the polyacrylamide gel, or in the electrophoresis running buffer to 
observe their impact on protein-DNA binding. The samples were incu
bated for 30 min at room temperature and separated on 5 % native 
polyacrylamide gels in Tris/Borate/EDTA (TBE). The running buffer 
(TBE 0.5 X with 0.5 M NaCl and 5 mM L-Gln) and the polyacrylamide gel 
also contained 0.5 M NaCl to maintain high-salt conditions throughout 
the protein-DNA binding experiments and 5 mM L-Gln. Gels were 
stained with SYBR® Safe (Invitrogen, Carlsbad, CA, USA). 
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2.6. Differential scanning fluorimetry (DSF) 

DSF experiments were performed using 10 μM of Lrp protein and 5×
of SYPRO Orange in different conditions using a total reaction volume of 
25 μL. The protein was diluted in the different buffers for the buffer 
screening and salt stability study, and SYPRO Orange was mixed into the 
reaction. Buffers contain 50 mM of the buffer type (Tris-HCl, MES, 
Hepes) and 0.25 M or 1.5 M NaCl in low and high salt, respectively. In all 
the DSF experiments presented, the temperature was ramped up by 0.2 
degrees per minute from 25 to 95 ◦C using the StepOnePlus Applied 
Biosystems PCR System from ThermoFisher to get the melting curves. 
The Tm was estimated using generated first derivative plots from the 
AppliedBiosystems™StepOne™software v2.3. All the experiments, 
except for the buffers screening, were performed in 50 mM MES pH 6.5, 
1 mM MgCl2 (0.25 M or 1.5 M NaCl), and three replicates that were 
averaged and plotted. The effect of the KCl salt was studied by 
substituting NaCl but maintaining all the other parameters the same. 

L-Gln effect in Lrp stability was analyzed by adding 180 μM L-Gln 
into the reaction. For diagnosing the effect of the Lrp protein (10 μM) 
binding to the promoters, two types of dsDNA promoters were used: one 
of 346 bp including the lrp and glnA promoter at 20 μM (Table S2) and 
shorter ones, including 30 bp of lrp, glnA and nasABC at 30 μM 
(Table S3). Ten minutes of incubation at room temperature was per
formed before SYPRO Orange addition to ensure Lrp protein binding to 
the DNA promoter. 

To generate the short dsDNA promoters, primers of 30 bp and their 
complementary strands for each promoter were purchased from Isogen 
Life Science. These oligonucleotides (5′-ACTATAAAGACCTTTCCGCTT 
AATGCAATT-3′(30-mer, p.lrp), 5′-GTAATGACGTACGAAAACGTC
GATGCGAAG-3′ (30-mer,p.glnA), 5′-ATTCTTAGTATACGTTTGTA
GATTGCACGA-3′ (30-mer,p.nasABC) were annealing with their 
complementary to form dsDNA by mixing 1:1 ratio (100 μM) of each 
primer and incubating at room temperature. 

2.7. Protein crystallization 

Before crystallization, Lrp was purified by size-exclusion chroma
tography using a Superose® 6 Increase 10/300 GL (Cytiva) in an ÄKTA 
Explorer FPLC System and 10 mM Tris-HCl pH 8.0 and 1.5 M NaCl 
buffer. The protein was concentrated using a Vivaspin-20 of 5 kDa cutoff 
to 10 mg/mL and subjected to crystallization screening using Mosquito 
LCP robot (TTPLabtech). The crystals were grown in MRC2/3 plates 
(Molecular Dimensions) using the sitting-drop vapour diffusion method 
at 20 ◦C. Drops contained three different ratios: 1:1 (100 nL + 100 nL), 
2:1 (200 nL + 100 nL), and 1:2 (100 nL + 200 nL) of protein and 
reservoir, respectively, were equilibrated against a 50 μL reservoir using 
the Proplex, PACT premier, LMB, Clear Screening I, Clear Screening II 
and JCSG+ screening kits from Molecular Dimensions. Thin needle 
crystals grew after 1–2 weeks from the B7 condition of the Proplex 
screening (0.1 M sodium acetate pH 4.0, 0.2 M ammonium acetate 15 % 
w/v PEG 4000) and were further optimized. High-resolution diffracting 
crystal (300–400 μm long; Fig. S2) grew in 0.1 M sodium acetate pH 3.6, 
0.2 M ammonium acetate, 10 % PEG 4000, 20 % ethylene glycol, and 4 
mg/mL protein. Crystals were already cryo-protected by adding 
ethylene glycol into the reservoir condition and flash-cooled in liquid 
nitrogen. 

2.8. X-ray data collection, structure determination, and refinement 

Diffraction data was collected on the 18th of March 2022 in the 
Biomax beamtime of MAXIV synchrotron in Lund, Sweden, using a 
DECTRIS EIGER X 16 M detector. Data collection parameters can be 
found in Table S4. The data set was processed, integrated, and scaled 
using XDS-package [35]. The phases were determined by molecular 
replacement method using the monomer structure of putative HTH-type 
transcriptional regulator PH119 from P. horikoshii OT3 (PDB ID: 2E1C) 

[36] as a search model in Phaser [37] of the Phenix software suit 
[38,39]. Phenix AutoBuild [40] was used for the model building. After 
rebuilding, the model was taken for the successive manual and auto
matic refinement steps with Coot [41] and Phenix Refine [42]. A sum
mary of data collection and refinement statistics is given in Table S4. The 
coordinates and structure factors have been deposited to the Protein 
Data Bank (PDB ID: 8Q90), and the diffraction images have been 
deposited in Integrated Resource for Reproducibility in Macromolecular 
Crystallography (IRRMC ID: TBA). 

2.9. Small angle X-ray scattering (SAXS) 

SAXS measurements were performed at the BM29 beamline of the 
European Synchrotron Radiation Facility, Grenoble, France, according 
to the parameters described in Table S5. A Pilatus 1 M detector in vac
uum was used to record the q range of 0.03–5 nm− 1 and λ = 0.099nm 
with 1 s exposure per frame. Scattering data was collected in batch mode 
from serial dilution samples of Lrp protein (from 2 mg/mL to 0.25 mg/ 
mL). In addition, three buffer conditions were analyzed: 50 mM Tris-HCl 
pH 8.0 in 0.5 M, 1 M, and 1.5 M NaCl concentration. The batch mode 
experiments were performed with the automated sample changer of the 
beamline and filtered samples at 20 ◦C. Data reduction and 1D scattering 
intensities of the sample were done at the beamline BM29. Frames se
lection, averaging, buffer subtraction, and extrapolation were per
formed using primusqt [43] from the ATSAS 3.0.0 package [44]. The 
radius of gyration (Rg), forward scattering (I(0)), maximum particle 
dimension (Dmax), and the distance distribution function were deter
mined with GNOM [45] and described in Table S5 and Fig. S3. The 
molecular mass was obtained using the Bayesian inference approach 
[46] with the ATSAS package. Initial ab initio models were obtained by 
running dummy atom modelling DAMMIN [47]. The final model was 
used to fit the Lrp homodimer structure obtained from X-ray crystal
lography using UCSF ChimeraX [48,49]. Crysol was used to compare the 
experimental scattering curve with the calculated one from the crystal 
structure. The SAXS results are deposited to SASBDB with accession 
number SASDT82. 

3. Results 

3.1. In vivo characterization of lrp, glnA, and nasABC promoter 
regulation by the Lrp transcription factor 

Previous studies have shown that Lrp recognizes its promoter and the 
p.nasABC promoter in vitro in the presence of ammonium or nitrate as 
nitrogen sources, thereby regulating gene expression [31,32]. To 
investigate whether the transcriptional regulator Lrp is linked to the 
activation of genes in the nitrogen assimilatory pathway, β-galactosidase 
activity measurements were carried out to characterize the promoters of 
glutamine synthetase (p.glnA), assimilatory nitrate reductase (p. 
nasABC) and its own promoter (p.lrp) (Table S1) in three strains: HM26 
(control), HM26-Δlrp (deletion mutant strain) and Lrp-HM26 (over
expression strain). 

In the presence of ammonium, Lrp demonstrates positive autor
egulation. While the HM26-Δlrp strain showed no significant differences 
compared to the control, the overexpression strain Lrp-HM26 exhibited 
an increased β-galactosidase activity, indicating a slight positive mod
ulation by Lrp (Fig. 1A). Concerning p.nasABC, β-galactosidase activity 
levels approached zero when ammonium was the nitrogen source [32]. 
Fig. 1C illustrates that no promoter-specific activity was detected in 
either the control (HM26) or the overexpression strain (Lrp-HM26). 
When the regulator is not present (HM26-Δlrp), some promoter activity 
appears. Despite not reaching 0.1 U/mg, the transcriptional regulator 
may negatively modulate the p.nasABC under ammonium conditions. 
Similar trends were observed for the GS promoter (p.glnA), where the 
absence of Lrp led to increased activity, reaching values up to 4 U/mg at 
60 h, while Lrp overexpression resulted in decreased activity (0.25 U/ 
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mg) (Fig. 1E). Based on these results, it can be hypothesized that Lrp also 
represses this promoter, considering that GS and NasA are less active 
under nitrogen-rich conditions than in nitrate. 

In nitrogen-limited conditions, p.lrp exhibited positive autor
egulation, with Lrp-HM26 showing higher activity than the control after 
24 h (Fig. 1B). Otherwise, gene expression of both GS and NasA was 
positively regulated by Lrp; the transcriptional regulator activates both 
promoters under low nitrogen conditions. β-galactosidase activities 
increased in the Lrp-overexpressing strain (Lrp-HM26). In the 

characterization of p.nasABC during nitrogen starvation, HM26-Δlrp 
yielded a minimal basal activity of approximately 0.1 U/mg (Fig. 1D). 
Therefore, NasA expression was not induced if the transcriptional 
regulator was absent. When Lrp was overexpressed (Lrp-HM26), the 
β-galactosidase activity driven by p.nasABC regained activity but was 
markedly higher than in HM26, reaching 1.2 U/mg at 24 h. The p.glnA 
exhibited very high activity values of around 4 U/mg of β-galactosidase 
in the control strain (Fig. 1F). However, in the overexpression strain 
(Lrp-HM26), β-galactosidase under the control of the p.glnA reached 

Fig. 1. β-galactosidase specific activity driven by p.lrp, p.glnA, and p.nasABC in extracts from Hfx. mediterranei HM26 (control; grey), HM26-Δlrp (deletion mutant; 
blue), and Lrp-HM26 (overexpression strain; red) growth with 20 mM ammonium (A, C, E) as nitrogen source and under nitrogen starvation until 96 h (B, D, F). 
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values of 6.5 U/mg from 24 h and maintained its activity over time. 
Values below half the regular promoter activity were detected without 
Lrp (HM26-Δlrp). 

3.2. In vitro interactional studies of the Lrp protein with lrp, glnA, and 
nasABC promoter regions 

Previous in vitro pull-down assays demonstrated Lrp's ability to 
recognize specific binding sites within the assimilatory NasA promoter 
(p.nasABC) [32] and the lrp promoter (p.lrp) [31] (Table S2). Electro
phoretic Mobility Shift Assays (EMSA) were conducted to elucidate the 
conditions promoting specific protein-DNA complex formation. Initial 
attempts focused on the lrp promoter region to optimize this technique 
in halophilic archaea, a field with limited EMSA research [50]. Given the 
structural preservation requirements of halophilic proteins, the assays 
were performed with 0.5 M NaCl. To identify a potential effector 
molecule for the Lrp protein, different possible ligands were used in the 
EMSA assay with a constant protein concentration of 7 μM, which was 
optimized previously (Fig. 2A). Ligands were chosen based on the po
tential function of the transcriptional regulator in nitrogen metabolism 
(ammonium, nitrate, 2-oxoglutarate, and L-Gln) and in response to 
metal stress (cobalt, lithium, and nickel). To discard the non-specific 
binding of Lrp, a competitor DNA consisting of 50 ng of the internal 
fragment of gene pkn22 (ifpkn22) from the cyanobacterium Anabaena sp. 
PCC7120 was used as control. This screening revealed that Lrp has a 
higher binding affinity to the promoter region in the presence of 5 mM L- 
Gln. This is the only ligand whose assay resulted in two bands: the Lrp- 
DNA complex and an unbound portion of the promoter. Other ligands 
did not affect the DNA-binding properties of Lrp, and no shift was 
observed. These results confirm that L-Gln enhances the binding speci
ficity of Lrp in the promoter regions of lrp/glnA genes. Subsequent 
EMSAs were performed to explore different L-Gln concentrations (1–3 
mM) to enhance band shifts (Fig. 2B). It was obtained complex forma
tion at all tested concentrations of L-Gln; however, part of the promoter 
does not bind to the protein. As a trial to improve complex formation, a 
concentration of 2.5 mM L-Gln was added to the gel and electrophoresis 
buffer, dramatically improving the results (Fig. 2C). Not only was the 
optimal protein concentration observed to facilitate binding, but full 
binding of the promoter to the protein was achieved, as a very thick 
delayed band was obtained. After optimizing the EMSA conditions, the 
interaction between Lrp and p.nasABC was analyzed (Fig. 2D). The 
conditions are the same as with the previous promoter, as full binding is 
obtained at 7 μM protein and with L-Gln throughout the EMSA assays. 

Differential Scanning Fluorimetry (DSF) was employed to under
stand further the interaction between the Lrp protein and the dsDNA 
[51]. This technique allows us to detect the binding of Lrp protein to the 
promoters' double-stranded DNA by measuring the protein's thermal 
stability in the presence and absence of L-Gln (Fig. 2 E-H and Fig. S4). By 
measuring the SYPRO Orange fluorescent during thermal denaturation 
of the Lrp protein, we can detect a shift in the melting temperature (Tm) 
of the protein produced by the dsDNA binding. In Fig. 2E and F, the 
binding of the Lrp protein to the lrp/glnA promoter, used in the EMSA 
studies (Table S2), was analyzed in the absence of L-Gln. To narrow 
down the DNA binding regions of the lrp, glnA, and nasABC promoters 
and to discriminate between the interaction with the lrp and the glnA 
promoters, 30 bp dsDNA regions of each promoter were selected 
(Table S3) and tested for interaction with the halophilic Lrp protein 
using DSF (Fig. S4). These results suggest that the binding of Lrp protein 
to the promoter regions in the absence of L-Gln destabilizes the protein 
(probably from the RAM domains), showing a decrease in the melting 
temperature when the dsDNA is present. However, in the presence of 
180 μM L-Gln (Fig. 2G, H), the Tm shift increases around 0.8–1.5 ◦C 
when the Lrp protein is bound to the promoters, suggesting that the 
binding of L-Gln to the Lrp protein stabilizes the protein: DNA complex 
as observed in the EMSA assays. The results also show that the higher 
shift in temperature occurs in the binding of the Lrp protein to the glnA 

promoter (Fig. 2G, H, and Fig. S4), being the best candidate, as we 
expected. 

3.3. L-glutamine binding studies to the Lrp transcription factor 

L-Gln has been identified as a ligand for certain Lrp/AsnC proteins 
[52] (ID PDB: 2CYY). Analytical size exclusion chromatography (SEC) 
(Fig. 3A) revealed that in the presence of L-Gln, the Lrp protein forms an 
octameric structure with an experimental molecular mass of approxi
mately 128 kDa. Conversely, in the absence of L-Gln, Lrp exists as a 
dimer with a molecular mass of 32 kDa (Fig. 3A). In addition to the 
chromatographic studies and EMSA assays, we evaluated the interaction 
between L-Gln and Lrp by DSF (Fig. 3B, C). The melting temperature 
increased by approximately 2–4 degrees at low/high NaCl concentra
tions, indicating that the protein is stabilized in the presence of L-Gln. 

3.4. Structural characterization of the Lrp transcription factor from Hfx. 
mediterranei 

The Lrp protein structure has been solved at 2 Å by X-ray crystal
lography, suggesting a homodimer in this crystal condition (Fig. 4). 
Structural data and analysis are in the supplementary Table S4 and S5. 

One molecule of the Lrp protein consists of two domains (Fig. 4A): 
the HTH domain for DNA binding and the RAM domain for ligand 
binding and tetramer/octamer oligomerization (Fig. 4A). The HTH 
domain at the N-terminal is formed by three α-helix (α1-α2-α3) and one β 
strand (β1) involved in homodimerization, creating an intermolecular 
antiparallel β-sheet (β1- β1’). The RAM domain at the C-terminal is 
formed by one antiparallel β-sheet and two α-helix (α4- α5). That anti
parallel β-sheet consists of five β-strands, four of them from one mole
cule (β2- β3- β4- β5) and the last one belonging to a second molecule 
(β6’). The biological unit of this transcription factor is a homodimer 
stabilized by three antiparallel intermolecular β-sheets (β1- β1’, β2- β3- 
β4- β5- β6’ and β2’- β3’- β4’- β5’- β6) (Fig. 4A). 

Although other transcription factors from this family have been 
crystallized as octamers in other species, a dimeric form was found in the 
crystal packing for Hfx. mediterranei Lrp protein. SAXS confirmed our 
crystallography results about being a homodimer in solution with a 
radius of gyration (Rg) 2.42 nm (Fig. S3 A, C). The Pr function also 
shows a globular shape with a maximum particle dimension (Dmax) of 
7.9 nm (Fig. S3 D, E), and the Kratky plot suggests a well-folded globular 
protein (Fig. S3 B). The comparison of the scattering curve with the 
calculated from the crystal structure highly agrees with a χ2 of 1.287, 
suggesting that this dimeric form is not highly flexible in solution 
(Fig. 4B), which might be related to the intermolecular β-sheets that 
keep the molecule stabilized. 

Halophilic Lrp from Hfx. mediterranei shows a highly acidic surface 
compared to other mesophilic bacteria and thermophilic archaea, as 
illustrated in Fig. 4C. 

3.5. Stability studies of the Lrp transcription factor 

DSF was also used to test the Lrp protein's stability using different 
buffer conditions and to monitor its melting temperature (Tm) shift. The 
buffers were 50 mM MES, Hepes, and Tris-HCl, covering a range of pH 
values from 5.5 to 9.0 and two NaCl concentrations (0.25 M and 1.5 M) 
(Fig. 5A and B). 

The results showed that the MES buffer at pH 6.5 maintains the 
stability of Lrp protein longer when the temperature rises. In addition, 
the presence of 1.5 M NaCl, like in other halophilic proteins [54–58], 
plays an essential role in stabilizing this protein, increasing its melting 
point 18 degrees higher than in low salt (Fig. 5C and D). Moreover, the 
effect of different concentrations of NaCl was also evaluated using SAXS 
(Fig. S5). Although the high salt concentration increases the stability of 
the Lrp protein against temperature, no difference was observed in the 
scattering profiles at low and high salt (Fig. S5A). Neither partial 
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Fig. 2. EMSAs of the Lrp protein binding to the promoter regions of lrp/glnA and nasABC. A. EMSAs using different ligands. B. EMSAs using different concentrations 
of L-Gln. C. EMSAs showing the binding of different concentrations of the Lrp protein to the p.lrp/glnA. D. EMSAs showing the binding of Lrp to p.nasABC. E and F. 
DSF experiments of Lrp in the presence of the 350 bp dsDNA promoter from lrp/glnA in 50 mM MES pH 6.5, 1.5 M NaCl and 1 mM MgCl2. Melting curve (E) and first 
derivative (F). G and H. DSF experiments of Lrp in the presence of the 30 bp dsDNA promoters from lrp, glnA, and nasABC genes. Melting curve (G) and first de
rivative (H). 
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unfolding of the protein was noticed in their Kratky plots (Fig. S5B). 
In Fig. 5 (C, D), we also evaluated the stability effect that KCl has on 

the Lrp protein compared with NaCl. The results show that this protein's 
Tm increases when KCl is used. At lower concentrations of salt (0.25 M), 
the effect of KCl is more pronounced than at high concentrations of salt 
(1.5 M). These results also agree with previous studies of other halo
philic proteins [54–58]; it has been extensively described that KCl is the 
predominant salt in the haloarchaea cytoplasm. 

4. Discussion 

This study substantially advances our comprehension of the tran
scriptional regulator Lrp in Hfx. mediterranei, providing insights into its 
role in nitrogen metabolism and revealing its structural characteristics. 
The enzymes involved in the nitrogen assimilatory pathway have been 
biochemically purified and characterized providing valuable insights 
into their activity under specific physiological conditions. However, 
there are still numerous unknowns' proteins concerning the regulatory 
mechanisms governing gene expression in this pathway within Hfx. 
mediterranei and haloarchaea. 

The study meticulously characterizes three promoters (p.nasABC, p. 
lrp, and p.glnA) in three strains of Hfx. mediterranei: HM26 (control), 
HM26-Δlrp (deletion mutant), and Lrp-HM26 (overexpression strain). 
Using β-galactosidase as a reporter gene, the results confirm that Lrp 
activates the expression of GS and NasA under nitrogen-limiting con
ditions while repressing their expression in the presence of ammonium. 
These findings align with previous observations regarding genes 
involved in the nitrogen assimilation pathway [5,11,32]. 

Previous research on Sulfolobus acidocaldarius revealed that L-Gln 
acts as the effector of Sa-Lrp, enhancing DNA-binding affinity and 

sequence specificity by inducing the formation of octamers [27]. In this 
work, EMSA and DSF assays highlight the crucial role of L-Gln in sta
bilizing protein-DNA complexes despite the differences in organisms and 
protein families (Fig. 2). Gel filtration chromatography reveals the 
transition of Lrp into an octameric form in the presence of L-Gln, 
emphasizing the importance of diverse effector molecules observed in 
different organisms [36,59] for its oligomerization. The formation of a 
higher oligomerization state of the Lrp protein in presence of L-Gln 
aligns well with its increased in stability in the DSF experiments. While 
our findings underscore the value of glutamine in this context, it may not 
be necessary for other Lrp proteins. For instance, Hbt. salinarum utilizes 
L-aspartate as its effector molecule, while FL11 from the hyperthermo
philic archaeon Pyrococcus OT3 employs L-lysine for octamer assembly 
and DNA binding, and FL5 from Pyrococcus horikoshii uses L-phenylal
anine, L-isoleucine, L-leucine, L-valine, and L-methionine [36,59]. 
Several observations reinforce the involvement of Lrp in nitrogen 
metabolism: i) a complete deletion mutant could not be generated due to 
the essential role of the glnA enzyme in Hfx. mediterranei; eliminating Lrp 
would also remove a critical region for glnA expression, thus a partial 
mutant was performed [31]; ii) the partial mutant does not grow in the 
presence of nitrate as a nitrogen source, suggesting the essential role of 
this Lrp in nitrate assimilation in this microorganism; iii) for the DNA- 
protein interaction assay, EMSA, L-Gln was indispensable; iv) pull- 
down assays using p.nasABC and p.lrp demonstrated binding to the 
transcriptional regulator Lrp [31,32]. 

Furthermore, the structure of Lrp protein from Hfx. mediterranei has 
been solved by X-ray crystallography, being the first transcriptional 
factor of this type obtained from a halophilic archaeon. While limited 
information exists about 3D structures of halophilic proteins binding 
DNA, only one example corresponds to RosR from Hbt. salinarum, with a 

Fig. 3. L-Gln effect in Lrp oligomerization state and stability. A. Analytical size exclusion chromatography of Lrp with and without L-Gln (1: apoferritin (443 kDa); 2: 
glucose dehydrogenase (79 kDa); 3: egg albumin (45 kDa); 4: cytochrome c (12.5 kDa)). B and C. DSF experiments with L-Gln (red) and without (blue), melting curve, 
and first derivate, respectively. 

L. Matarredona et al.                                                                                                                                                                                                                          



International Journal of Biological Macromolecules 260 (2024) 129541

8

Fig. 4. Structural studies of the Lrp transcription factor. A. Homodimeric structure of the Lrp protein from Hfx. mediterranei. The blue colour represents the HTH 
domains, and the pink colour represents the RAM domains. B. Lrp scattering curve obtained by SAXS compared with the calculated from the crystal structure using 
Crysol and surface envelop calculated by Dammin from the scattering curve of Lrp and overlapped with the homodimeric structure. C. Surface comparison of Lrp 
proteins from other species from Bacteria [29] and Archaea [53] domains. 
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dimeric winged-helix-turn-helix structure [60]. Halophilic Lrp forms a 
homodimer as a basic unit, which SAXS has confirmed. Three antipar
allel intermolecular β-sheets hold this structure together. The fraction of 
the solvent-accessible surface of halophilic Lrp is polar, as estimated 
from our structure, is the highest for any known Lrp protein studied 
(Fig. 4C), in comparison with Lrp proteins from mesophilic bacteria 
[29,61] and thermophilic archaea [52,53]. A large polar exposed sur
face and a low pI (Table S6) should favour protein solubility [62] in a 
highly saline environment, such as the cytoplasm of Hfx. mediterranei. 
This characteristic is vital for haloadaptation [63–65] as it occurs in 
other halophilic proteins like glucose dehydrogenase [66] and 
hmGlnK1, hmGlnK2 [67], preventing it from being salted out. 

Nowadays, there is only one structure available of an Lrp protein 
bound to DNA from P. horikoshii (2e1c) [36]. The comparison of the DNA 
bound and unbound forms from P. horikoshii structures (Fig. 6A) sug
gests that the DNA binding domain suffers a small conformational 
change that involve the α2 – α3 helices and provokes a displacement of 
the domains to a modest open state allowing to accommodate the DNA 
(Fig. 6, represented by black arrows). 

The Lrp structure from Hfx. mediterranei shows similar level of 
compactness than the non-bound form (2zny) [53] from P. horikoshii 
(Fig. 6B) giving the idea that small conformational changes might also 
occur in this Lrp protein, as observed in the DSF experiments when DNA 
bounds in absence of L-Gln (Fig. S4). Although both Lrp proteins 
(P. horikoshii and Hfx. mediterranei) are structurally very similar, their 
sequences differ considerably by almost 50 % in the full protein and 
around 40 % in the HTH domain. The residues involved in DNA inter
action according to P. horikoshii structure [36] are almost semi- 
conserved (Fig. 6C and D). The structure of P. horikoshii Lrp has been 

shown that the amino acids Ala34-Glu35-Ser36-Thr37 form a loop be
tween helices α2 and α3, and are positioned in the DNA major groove, 
allowing chemical contacts between amino acids and DNA bases. In the 
halophilic Lrp, that loop is semi-conserved, Ser32-Val33-Thr34-Thr35 
(Fig. 6C) and it might form similar chemical contacts by hydrogen bonds 
and hydrophobic interactions with DNA bases as occurs in P. horikoshii. 
In addition, in Hfx, mediterranei Ser37 and His39 replace His39 and 
Arg41 from P. horikoshii. Even though the DNA interaction region pre
sent similar properties (Fig. 6C and D), these small differences in resi
dues might be crucial for the recognition of specific DNA sequences. 
Arg25 is conserved in Hfx. mediterranei (Arg23) but the side chain 
orientation is affected by the DNA binding. 

Structural studies of the Lrp protein from S. tokadaii [52] in the 
presence of L-Gln, shows an extra interactional site at the HTH domain, 
which it is not required for the oligomerization of the protein. This 
interaction is mediated by Ser32 in S. tokadaii, which is replaced by 
Thr34 in Hfx. mediterranei allowing the same type of interaction to 
occur. This interaction might be involved in the DNA binding regulation 
by interfering physically with the DNA binding through that region. 

The availability of the structural information of Lrp could help to 
understand further how Lrp activates the expression of GS and NasA 
under nitrogen-limiting conditions while repressing their expression in 
the presence of ammonium. A high concentration of L-Gln inside the 
cell, a sign of good nitrogen supply, can imply the binding of L-Gln to Lrp 
transcription factor, avoiding its binding to the promoters of nasABC and 
glnA and repressing the expression of these genes. Meanwhile, a low 
concentration of L-Gln (nitrogen deficit) might induce the activation of 
the expression of these genes by binding the Lrp transcription factor to 
the promoters. 

Fig. 5. Thermal shift by DSF to study the effect of pH and low and high salt in the stability of the Lrp transcription factor. Melting curves (A, C) and first derivate (B, 
D) from the buffer and salt stability studies (in 50 mM MES pH 6.5). 
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5. Conclusion 

Remarkably, this study constitutes the first direct evidence of a 
transcriptional regulator's involvement in the nitrogen assimilative 
pathway in Hfx. mediterranei. Our results unequivocally confirm the role 
played by the Lrp transcriptional regulator in regulating two crucial 
genes in the nitrogen cycle of Hfx. mediterranei, glnA and nasABC, apart 
from its own regulation. These findings shed light on this extremophilic 
organism's intricate regulatory networks governing nitrogen meta
bolism. Furthermore, L-Gln acts as a ligand in the Lrp, as demonstrated 
by EMSA studies, DSF experiments and the retardation in size exclusion 
chromatography. Depending on its presence or absence, the quaternary 
structure of Lrp changes from an octamer to a dimer. Other ligands may 
be involved in the molecular mechanism of this transcriptional regu
lator. Although the sequence alignment between Lrp proteins from 
different species shows a low similarity (Fig. S6), the tridimensional 
structure for these proteins remains highly conserved, except for the 

highly acidic surface of this halophilic protein, that plays a vital role in 
adapting halophilic environments. 
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