BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Identification and Physicochemical Characterization of BIdR2 from
Sulfolobus solfataricus, a Novel Archaeal Member of the MarR

Transcription Factor Family

Gabriella Fiorentino,”" Immacolata Del Giudice,” Simonetta Bartolucci,” Lorenzo Durante,’ Luigi Martino,§

and Pompea Del Vecchio**

"Department of Structural and Functional Biology, University of Naples Federico II, Edificio 7, via Cinthia, 80126 Naples, Italy
*Department of Chemistry “Paolo Corradini”, University of Naples Federico II, via Cinthia, 80126 Naples, Italy
SRandall Division of Cell and Molecular Biophysics, King's College London, New Hunt's House, Guy's Campus, London SE1 1UL, U.K.

e Supporting Information

ABSTRACT: The multiple antibiotic resistance regulators
(MarR) constitute a family of ligand-responsive transcriptional
regulators abundantly distributed throughout the bacterial and
archaeal domains. Here we describe the identification and
characterization of BIdR2, as a new member of this family, in
the archaeon Sulfolobus solfataricus and report physiological,
biochemical, and biophysical investigation of its stability and
DNA binding ability. Transcriptional analysis revealed the upre-
gulation of BIdR2 expression by aromatic compounds in the late-
logarithmic growth phase and allowed the identification of cis-
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acting sequences. Our results suggest that BIdR2 possesses in solution a dimeric structure and a high stability against both
temperature and chemical denaturing agents; the protein binds site specifically to its own promoter, Ss01082, with a micromolar
binding affinity at two palindromic sites overlapping TATA-BRE and the transcription start site. Benzaldehyde and salicylate, ligands
of MarR members, are antagonists of binding of DNA by BIdR2. Moreover, two single-point mutants of BIdR2, R19A and A65S,
properly designed for obtaining information about the dimerization and the DNA binding sites of the protein, have been produced
and characterized. The results point out an involvement of BIdR2 in the regulation of the stress response to aromatic compounds
and point to arginine 19 as a key amino acid involved in protein dimerization, while the introduction of serine 65 increases the DNA
affinity of the protein, making it comparable with those of other members of the MarR family.

Aichaea, the third domain of life, are microorganisms adapted
0 grow in extreme environments with regard to tempera-
ture, pH, ionic strength, and high concentrations of detergents
and organic solvents." They are an evolutionary mosaic, being
more similar to eukaryotes with respect to the macromolecular
machinery and more similar to bacteria with respect to metabolic
systems and genome organization.””* For example, with regard
to the transcription machinery, in most cases, homologues of
bacterial regulators function in the context of the archaeal basal
transcriptional apparatus, which resembles that of Eukarya.
Archaea possess a TATA box promoter sequence, a TATA
box-binding protein (TBP), a homologue of the transcription
factor TFIIB (TFB), and an RNA polymerase (RNAP) contain-
ing between 8 and 13 subunits.>*

Archaea have been of interest to many protein chemists
over the years, as models for understanding the molecular
basis of adaptation to extreme conditions. In the case of adapta-
tions to extremes of pH, salinity, and pressure, it has been proven
that membrane components and protective small molecules
may play important roles.” However, with regard to temperature
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adaptations, the cellular components themselves, namely the
proteins, have to achieve thermostability.*® Like all other living
cells, archaea are also able to defend against subtle changes to
environmental conditions; they own in their genomes finely
regulated biochemical pathways for detoxification as well as
different regulative sequences responsive to stress agents.'®” '
The multiple antibiotic resistance regulators (MarR) constitute a
family of ligand-responsive transcriptional regulators that are
distributed throughout the bacterial and archaeal domains and
include proteins critical for the control of virulence factor pro-
duction, the response to oxidative stress, and the regulation of the
catabolism of environmental aromatic compounds. They are also
involved in the regulation of mechanisms of resistance to multi-
ple antibiotics, organic solvents, household disinfectants, and
pathogenic factors. MarR homologues are dimeric proteins that
have a low level of sequence identity and a triangular shape; they
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bind to their cognate palindromic or pseudopalindromic DNA as
homodimers, resulting in either transcriptional repression or
activation.'* The DNA binding domain of MarR proteins is a
conserved winged helix—turn—helix motif'® with the two wings
located at the corners of the triangle. Another common feature of
MarR members is their ability to interact with specific ligands
and, upon binding, to modulate DNA recognition.16 Crystal
structures of several MarR regulators have been obtained, either
as apoproteins, in complex with the cognate DNA, or with
various effectors, greatly contributing to the elucidation of the
mechanistic basis of DNA and/or ligand binding. However, the
identification of key residues involved in binding as well as those
contributing to protein stability and/or dimerization has been
reported only in a few cases.'” '

In the archaeal domain, the crystal structures of four transcrip-
tion factors, ST1710 (or StEmrR) from Sulfolobus tokodaii,”**"
MTH313 from Methanobacterium thermoautotrophicum,” PH1061
from Pyrococcus horikoshii OT3,”> and BIdR from Sulfolobus
solfataricus,24 have been determined. The overall structure of
all of these proteins is typical of the MarR family, particularly for
elements taking part in the DNA-binding domain, while the
most important differences are found in the dimerization
domain. The structures of MTH313 and ST1710 complexed
with salicylate as the ligand revealed conservation of the ligand
binding pocket.'”** Furthermore, it has been proposed that
the ability to act as activators or repressors could not
be related to a particular DNA binding mechanism, but rather
to the position of the binding site on the target DNA.**
Comparison of the thermophilic StEmrR with mesophilic
MarR showed an increase in the number of salt bridges on
the protein surface predicted to be important in increasing the
thermostability.>!

Some of us identified BIdR as part of an operon-like structure
conserved in most archaea. Functional characterization demon-
strated that BIdR is a transcriptional activator involved in the
detoxification of aromatic compounds.*>*® The S. solfataricus
genome contains an additional ORF, Ss01082, that encodes
another putative MarR protein of 154 amino acids that is 35%
identical in sequence to BIdR of the same organism.

In this work, we have performed a physiological and bio-
chemical analysis of BIdR2 with the aim of enhancing our
knowledge of the role of MarR proteins in the archaeal domain.
Our results showed that the gene is transcriptionally regulated.
Furthermore, BIdR2 is ahomodimer that binds specifically to its
own promoter in a region that overlaps with the sequences
recognized by the basal transcription machinery. In the pre-
sence of benzaldehyde and salicylate, ligands of MarR members,
BIdR2 dissociates from its promoter. In this study, we also
report interesting results in terms of conformational stability
and DNA binding properties of BIdR2 through biophysical and
biochemical measurements. Moreover, to provide further in-
sights into thermal stability and DNA binding molecular
mechanisms of BIdR2, we used guided mutagenesis based on
the structure of the close relatives BIdR** and ST1710*" and
identified two residues, Argl9, possibly involved in dimer
stabilization, and Ala6S$, located in the DNA binding domain.
BIdR has in the same position a serine residue directly involved
in DNA binding.24 These two residues, Argl9 and Ala65, were
substituted in two different mutants with Ala and Ser, respec-
tively, and a complete characterization was conducted in

parallel with wild-type BIdR2.

Bl MATERIALS AND METHODS

S. solfataricus Cultivation and Preparation of Genomic
DNA and Total RNA. S. solfataricus P2 was grown aerobically at
82 °C in 100 mL of medium described by Brock supplemented
with 0.1% (w/v) yeast extract and 0.1% (w/v) casamino acids*’
and buffered at pH 3.5. In some cases, benzaldehyde, sodium
salicylate, and benzyl alcohol were added to final concentrations
of 1, 0.35, and 4 mM, respectively, after dilution of an exponen-
tially growing culture up to an Ao of 0.08 optical density (OD)
unit. Cells were grown to ~0.3 and ~0.7 ODgq unit, corre-
sponding to midlogarithmic and late-logarithmic phases, respec-
tively, and harvested by centrifugation at 4000g for 10 min.
Genomic DNA and total RNAs were prepared following re-
ported procedures.”®

In Vivo Response to Aromatic Compounds. RNAs (10 ug)
extracted from cells grown under different conditions were elec-
trophoretically separated in a 1.5% agarose gel containing 10%
formaldehyde and transferred to nylon filters (GE Healthcare).
Hybridization was conducted as described by Cannio et al,*®
using the Ss01082 and Ss01352 genes™ and rRNA 16S as probes.
The experiments were performed in duplicate. Signals were
visualized by autoradiography and quantified with a densito-
metric analysis using a Personal Fx phosphorimager and Quan-
tity One (Bio-Rad).

Primer Extension Analysis of the Transcription Start Site.
To determine the first transcribed nucleotide, total RNA ex-
tracted from cells grown in the presence or absence of benzalde-
hyde and harvested at 0.3 ODgqo unit was subjected to primer
extension analysis as described by Limauro et al,,*” using primer
Ss01082+100Rv (5'-GGC CTA TTT GCT CAA GAG CC-3'),
annealing from position 100 bp in the Ss01082 gene. The same
primer was used to produce a sequence ladder by using the {-Mol
DNA cycle sequencing system (Promega), according to the
manufacturer’s instructions, to locate the products on a 6%
urea—polyacrylamide gel.

Heterologous Expression of Sso7082 and Purification
of the Recombinant Protein. The gene encoding Ss01082
from S. solfataricus P2 was amplified by polymerase chain re-
action (PCR) from genomic DNA, using Pfx DNA polymerase.
Two different upstream primers both containing the Ndel
restriction site (underlined) (Sso1082up, S'-GGA TTT TGT
GAG TTCATATGA TG-3'; Ss01082Fw, S-GTT AGA TAT
CTA CAT ATG ATA TTA GC-3') were designed on the basis
of two different putative translation start sites. In particular,
Ss01082Ssoup anneals to the ATG annotated on the genome™
while Ss01082Fw anneals to another putative start codon located
4S nucleotides downstream and deduced from both a transcrip-
tomic analysis®' and our primer extension. The common down-
stream primer Ss01082 Rev (5'-GCT TTA AGA CTC GAG TAG
TTA GG-3') introduces a stop codon and the Xhol restric-
tion site (underlined in the sequence). Amplified fragments
were purified, digested with appropriate restriction enzymes,
and cloned in the pET30a Ndel- and Xhol-modified vector,
generating pET30Ss01082long and pET30Ss01082, respectively.
The sequences of the two cloned fragments were shown to be
identical to those available on the S. solfataricus P2 genome
(http: //www-archbac.u-psud.fr/projects/sulfolobus/ ).

Escherichia coli BL21-CodonPlus (DE3) cells (Stratagene)
transformed with pET308s501082long and pET308501082 were
used for recombinant protein expression.
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Cells transformed with pET30Ss01082 were grown in 1 L of
Luria-Bertani medium containing kanamycin (100 #g/mL) and
chloramphenicol (33 #g/mL). When the culture reached an Ao
0f 0.5 OD unit, protein expression was induced by the addition of
0.5 mM IPTG and the bacterial culture grown for an additional
6 h. Cells were harvested by centrifugation, and pellets were lysed
by sonication in 30 mL of lysis buffer [SO mM Tris-HCI (pH 8.0)
and 1 mM phenylmethanesulfonyl fluoride] in an ultrasonic
liquid processor (Heat system Ultrasonic Inc.). The lysate was
centrifuged at 30000g for 60 min (SW41 rotor, Beckman). The
supernatant was heated to 80 °C for 10 min, and denatured
proteins were precipitated by centrifugation at 20000g for 20 min
at 4 °C.

The supernatant was loaded onto a heparin column ($ mL,
HiTrap heparin, GE Healthcare) equilibrated in S0 mM Tris-
HCl (pH 8.0) (buffer A) connected to an AKTA Explorer system
(GE Healthcare). After a washing step with buffer A, elution was
conducted with 40 mL of a KCI gradient (0 to 0.8 M). Fractions
containing the BIdR2 protein were pooled, concentrated, dia-
lyzed, and loaded onto a Superdex 75 column (26 cm X 60 cm,
GE Healthcare) equilibrated in 50 mM Tris-HCI (pH 8.0) and
0.2 M KCI (buffer B) at a flow rate of 2 mL/min. Fractions were
collected and analyzed by SDS—PAGE to detect the BIdR2
protein. These fractions were pooled, concentrated by ultrafiltra-
tion using a YM10 membrane (Millipore), dialyzed against buffer
A, and stored at 4 °C.

Construction, Expression, and Purification of R19A and
A65S Mutants. Single-point mutations in the BIdR2 gene were
produced with the Quick Change Site-Directed Mutagenesis Kit
(Stratagene) that utilizes PfuUltra high-fidelity DNA polymerase
and primers complementary to the coding and noncoding
template sequences.

To generate the RI9A and A65S mutants, the forward primers
(FwSs0o1082R194, S'-TTGGGATCTAATAACTGGACTGA-
CAGCAAAGATAAATAAGGATACAGATAAG-3'; FwSs01082
A6SS, §-GCTGAAAAATATATGCTGACAAAGTCGGGAT-
TAACTAGCATCATT-3') with their complementary reverse
primers were used (underlined letters indicate the base pair
mismatch) and reactions performed according to the manufac-
turer’s instructions. The mutagenesis products were transformed
into XL-1 Blue Cells. Single colonies were selected on LB plates
containing kanamicin, and isolated plasmidic DNAs were se-
quenced at Eurofins MWG Operon.

Plasmids pET30R19A and pET30A6SS containing the desired
mutations were used to transform BL21 Codon plus (DE3)
competent cells. The best growth conditions for gene expression
were determined both for cells transformed with pET30R19A
and for cells transformed with pET30A65S: growth to an ODggo
of ~0.5 and ~0.8 in LB medium supplemented with kanamycin
(50 pg/mL) and chloramphenicol (33 ug/mL) at 37 °C, re-
spectively, followed by induction for 6 h with 0.5 mM IPTG.

The purification of the mutant proteins was conducted in a
manner similar to that already described for the wild-type BIdR2
protein.

Computational Methods. To establish similarities among
the sequences of proteins of interest and the sequences of the
SwissProt Data Bank, computational analysis was performed at
http://www-arch-bac.u-psud.fr/projects/sulfolobus/ or http://
cmr.jeviorg/cgi-bin/ CMR/GenomePage.cgi?org=ntss02, pro-
viding access to the genome of S. solfataricus P2.

The multiple-sequence alignment was obtained using T-
COFFEE.* The three-dimensional (3D) model of BIdR2 has

been built with EsyPred3D using the BIdR 3D structure as a
template.*

Analytical Methods for Protein Characterization and Sam-
ple Preparation. Protein concentrations were determined by
the method of Bradford, using BSA as the standard.>* Protein
homogeneity was estimated by SDS—PAGE [12.5% (w/v) gels].
To determine the native molecular mass of the proteins, the
purified proteins at different concentrations (0.25, 0.5, 1.5, and
3.0 mg/mL) were applied in a volume of 100 L to an analytical
Superdex PC7S column (3.2 cm x 30 cm) connected to an
AKTA Explorer system (GE Healthcare) alternatively equili-
brated with buffer B, with 20 mM sodium phosphate (pH 7.5)
and 0.2 M KCl, or with the same buffer used for EMSA (see
below), at a flow rate of 0.04 mL/min. The column was calibrated
in the different buffers using a set of gel filtration markers
(low range, GE Healthcare), including bovine serum albumin
(67.0 kDa), ovalbumin (43.0 kDa), chymotrypsinogen A
(25.0 kDa), and RNase A (13.7 kDa). The molecular mass of
the protein and mutants was also determined using electrospray
mass spectra recorded on a Bio-Q triple quadrupole instrument
(Micromass, Thermo Finnigan, San Jose, CA).

Protein solutions for spectroscopic analyses were prepared
in a 20 mM sodium phosphate buffer (pH 7.5), and the concen-
tration was determined by UV spectra using a theoretical,
sequence-based extinction coefficient of 22920 M~ ' ecm™ " cal-
culated at 280 nm for the dimeric protein.>> A commercial 8 M
GuHCI solution from Sigma was used as a denaturant sol-
vent. Protein solutions for CD and fluorescence measurements
were exhaustively dialyzed by using Spectra Por membranes
(molecular weights of 15000—17000) against buffer solution at
4 °C. The water used for buffer and sample solutions was doubly
distilled. The pH was measured at 25 °C with a Radiometer
model PHM93 pH meter.

Samples for GuHCl-induced denaturation experiments were
prepared with increasing amounts of denaturing agent. Each
sample was mixed by vortexing and incubated at 4 °C for 1 day.
Longer incubation times produced identical spectroscopic signals.

Cloning of Sso7082 Promoter Regions. Two different
regions upstream of the ORF Ss01082 were amplified by PCR
amplification on S. solfataricus P2 genomic DNA: the first of 230
bp was obtained using the primer pair Sso1082fw-130 (§'-ATT
AGG ATA TAG ATC TCG TTT ACG A-3') and Ss01082
+100Rv. The Ss01082prFw primer anneals starting at position
—130 with respect to the transcription initiation site as deter-
mined by primer extension analysis.

A second smaller region of 164 bp was amplified with the pair
Ss01082fw-130 (see above) and Ss01082+34Rv (S'-CCCAAAC-
TTCTGAGTACTTTGTAG-3') annealing from position +34 in
the Ss01082 gene.

The fragments were cloned in the pGEM T-easy vector
(Promega) and TopoTA (Invitrogen) to give Ss01082L (large)
and Ss01082S (small), respectively. The insertion and correct
sequence of the PCR products were verified by DNA sequencing.

DNA Binding. Binding of BIdR2, R19A, and A65S to the
putative regulatory region Sso1082L was measured by an elec-
trophoretic mobility shift assay (EMSA) using a biotin-labeled
PCR fragment amplified from the pGEM T-easy vector using the
Ss01082Fw-130 and the Sso1082+100Rv primers (see above).
The amplified DNA fragment was labeled at the 3'-OH end with
the Biotin 3’ End DNA labeling kit (Thermo Scientific), accord-
ing to the manufacturer’s protocol.
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EMSA reaction mixtures were set up in a final volume of 15 4L
and contained S nM DNA, 1 ug of poly(dI-dC), and vary-
ing amounts of proteins in binding buffer [25 mM Tris-HCI
(pH 8), S0 mM KCl, 10 mM MgCl,, 1 mM dithiothreitol, and 5%
glycerol]. The mixtures were incubated at 60 °C for 20 min and
run onto a nondenaturing 5% polyacrylamide gel (Bio-Rad) in
1x TBE at 80 V. The probes were transferred onto a positively
charged nylon membrane (Hybond-XL, GE Healthcare, Uppsa-
la, Sweden) with a blotting apparatus (Bio-Rad, Hercules, CA)
and then detected with the Chemiluminescent Nucleic Acid
Detection Module Kit (Thermo Scientific) according to the kit
protocol.

To determine the dissociation constants of BIdR2, R19A, and
AG65S with respect to the Ss01082 promoter, the Ss01082S regu-
latory region (150 nM) was incubated with increasing amounts
of the purified proteins and the complexes were separated as
described above; after electrophoresis, gels were directly stained
with SYBR green (nucleic acid gel stain, Invitrogen). At least two
independent experiments were performed in duplicate. In parti-
cular, protein concentrations (in dimer units) ranged from 1.0 to
90 uM for BIdR2 and R19A and from 0.05 to 1.5 uM for A6SS.

Densitometric data were obtained with Quantity One (Bio-
Rad) and manipulated to calculate the fractional complex
formation (that is the ratio between the density of the retarded
band and the total density, reported in percent). These values
were analyzed by fitting the binding isotherm to the Hill equation
in GraphPad Prism S.0.

To analyze the effect of benzaldehyde and salicylate on the
properties of BIdR2, R19A, and A6SS binding to the Ss01082S
promoter, EMSAs were performed via preincubation of the
proteins, at concentrations similar to their apparent Ky values,
with 3, 5, 10, 20, 30, 50, and 100 mM sodium salicylate or benz-
aldehyde. Gels were processed and visualized as described above.

DNase | Footprinting. A probe containing the promoter
region of the Sso1082 gene was produced by PCR using a com-
bination of the Ss01082 ftR primer (5'-CGAATTCGCCCTT-
GGGTTTGAAG-3') designed on the basis of the Ss01082
promoter (bold) and pTopo sequences, respectively, starting at
+34 bp from the transcription initiation site, and Ss01082—184
(§'-CCATATTTATAATCTCTACA-3') as a second primer;
the latter was labeled at the 5’ end with T4 polynucleotide kinase
and [y-**P]ATP. The labeled PCR product of 231 bp (~40 nM)
was incubated with 5—10 ug of pure BIdR2, R19A, and A65S
at 60 °C in binding buffer (see above) and digested with 1 unit
of DNase I (Ambion) for 1 min at 37 °C. Subsequent steps
were performed as described by Fiorentino et al.> Labeled primer
was as also used to generate a dideoxynucleotide sequence ladder
with the Promega f-Mol DNA sequencing system using Sso1082S-
Topo (see above) as the template and following the manufacturer’s
instructions.

Circular Dichroism and Fluorescence Measurements. CD
spectra were recorded with a Jasco J-715 spectropolarimeter
equipped with a Peltier-type temperature control system (model
PTC-348WI). The molar ellipticity per mean residue, [6] in
degrees square centimeters per decimole, was calculated from the
equation [0] = ([0]psmrw)/(10IC), where [0],p is the ellip-
ticity measured in degrees, mrw is the mean residue molecular
weight (117.6) for protein BIdR2, C is the protein concentration
in grams per milliliter, and [ is the optical path length of the cell in
centimeters. Cells with path lengths of 0.1 and 1 cm were used in
the far-UV and near-UV regions, respectively. CD spectra were
recorded with a time constant of 4 s, a 2 nm bandwidth, and a

scan rate of 20 nm/min; the signal was averaged over at least
three scans and baseline corrected by subtraction of a buffer
spectrum. Spectra were analyzed for secondary structure amount
according to the CDSSTR method* using Dichroweb.”” The
GuHCl-induced denaturation curves, at a fixed constant tem-
perature of 25 °C, were obtained by recording the CD signal at
230 nm for the samples containing increasing amounts of
GuHCI. Finally, the thermal unfolding curves were recorded in
the temperature mode, by following the change in the CD signal
at 222 nm with a scan rate of 1.0 °C/min. Fluorescence measu-
rements were performed with a JASCO FP-750 apparatus
equipped with a circulating water bath to keep the cell holders
at a constant temperature of 25 °C. The denaturant-induced
unfolding curves were obtained by recording changes in both
fluorescence intensity and fluorescence maximal wavelength as a
function of GuHCI concentration. The excitation wavelength
was set to 290 nm, and the experiments were performed by using
a1 cm sealed cell and a 5 nm emission slit width and corrected for
the background signal. The change in fluorescence intensity at
336 nm was recorded to monitor the unfolding transition. The
protein concentration was kept constant at 2.4 M.

Analysis of the Denaturant-Induced Unfolding Transi-
tions. For comparison of the denaturant-induced unfolding
curves obtained in both the CD and fluorescence experiments,
the curves were normalized reporting the fraction of unfolded
protein (fy) as a function of the concentration of the dena-
turing agent.

Thermodynamic parameters for the denaturant-induced un-
folding were determined by analyzing the transition curves on the
basis of a simple two-state model for dimeric proteins. In the
equilibrium, only folded dimeric protein N, and unfolded
monomers U exist. At any point in the denaturation reaction,
the equilibrium costant Ky was calculated according to the model

Ky = [U]/[No] = 2P(f*)/(1 — fu) (1)

in which P, is the total molar concentration of protein monomers.
The midpoint of the unfolding transition, C,,, was calculated
using the equation

Cm = [RT In(P,) + AGy(H,0)]/m
The unfolding Gibbs energies were calculated using the relation

AGy = —RT In Ky (2)

where R is the gas constant and T the absolute temperature. The
linear dependence of the Gibbs energy of unfolding on the
denaturant concentration is given by

where AGy(H,0) is the extragolated Gibbs energy of unfolding
in the absence of denaturant®® and m is the cooperativity para-
meter.>” Values of AGy(H,O) were obtained directly by fitting
the unfolding curves to eqs 1—3.

B RESULTS

Transcriptional Analysis of Ss07082. Northern blot experi-
ments were performed to verify the transcription of the Sso1082
gene in two growth phases and to analyze transcription in cells
grown in the presence of aromatic compounds, benzaldehyde,
benzyl alcohol, and salicylate; these compounds were already
demonstrated to inhibit cell growth at 1.5, 4, and 0.5 mM,
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Figure 1. Transcriptional analysis of the Ss01082 gene. Northern blot analysis of Ss01082 (A) and Mar-like operon (B) mRNAs. Total RNA was
prepared from S. solfataricus cells grown in the presence of different aromatic compounds and harvested in exponential (lanes 1—4) and stationary (lanes
5—8) growth phases: lanes 1 and 5, untreated control cells; lanes 2 and 6, cells grown in the presence of 1 mM benzaldehyde; lanes 3 and 7, cells grown in
the presence of 4 mM benzyl alcohol; lanes 4 and 8, cells grown in the presence of 0.35 mM salicylate. The filters were probed with the Sso1082 (A) and
8501352 (B) genes. Amounts of the mRNAs were normalized to 16S rRNA. The experiments were performed in duplicate. (C) Primer extension analysis
of the Ss01082 promoter region. Total RNA was prepared from cells grown in the presence (lane 1) or absence (lane 2) of benzaldehyde and harvested in
the exponential growth phase. Primer-extended products were separated by electrophoresis under denaturing conditions alongside sequencing reactions
with the same primer. (D) Promoter sequence analysis. The mapped transcription/translation start site (+1) is highlighted in bold; TBP and TFB binding
sites are boxed. The initiation codon as annotated on the S. solfataricus genome is in bold and TSS as determined by Wurtzel are indicated by an asterisk.

respectively, and to affect MarR-like operon transcription.”®

The BIdR2 expression pattern was compared to that of the
MarR-like operon and the 16S rRNA. BldR2 mRNA revealed a
single hybridization band under all the conditions tested with a
molecular transcript of ~400 bp, which is slightly lower than that
deduced from the gene sequence (462 bp) but is in accordance
with a monocistronic transcript (Figure 1A). A densitometric
analysis (Figure S1 of the Supporting Information) revealed that
the level of Ss01082 mRNA was ~3-fold higher in cells grown in
the late exponential growth phase in comparison with that of cells
grown in the early exponential growth phase (Figure 1A and
Figure S1 of the Supporting Information, lanes 1 and S).
Furthermore, the level of the transcript increased ~2-fold in
cells grown in the presence of 1 mM benzaldehyde in comparison
with nontreated cells in both growth phases (Figure 1A and
Figure S1 of the Supporting Information, lanes 1, 2, 5, and 6). A
weak induction could be observed when challenging cells with
4 mM benzyl alcohol (Figure 1A and Figure S1 of the Supporting
Information, lanes 1—3 and 5—7) or 035 mM salicylate
(Figure 1A and Figure S1 of the Supporting Information, lanes
1—4 and 5—8). The amounts of total cellular RNA were

comparable in all the experiments, which could be judged by
hybridization of the same filters with the 16S rRNA gene. Taken
together, these results are evidence that the level of Ss01082
expression increases in a later growth stage with respect to that of
the MarR-like operon and responds to stress by aromatic drugs
(Figure 1B).

To determine the transcription start site of Ss01082, a primer
extension analysis was undertaken on RNAs prepared from cells
grown in the presence or absence of benzaldehyde. Unexpect-
edly, the results presented in Figure 1C reveal that the transcrip-
tion start site corresponds to an adenosine located 45 bp
downstream of the GTG start codon annotated on the S.
solfataricus P2 genome.> Interestingly, a recent report on the
S. solfataricus transcriptome has revealed that Ss01082 transcrip-
tion starts at two major positions: one is located in position —1
relative to the beginning of the ORF annotated on the genome
and a second that coincides with the one we mapped and
overlaps a putative ATG start codon; the two transcripts would
produce proteins in the same frame differing for 15 amino acids
at the N-terminus.®" It was also found that the extent of trans-
cription from the downstream start site was >10-fold higher."

6611 dx.doi.org/10.1021/bi200187j |Biochemistry 2011, 50, 6607-6621
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Figure 2. Analysis of recombinant BIdR2. (A) SDS—PAGE of the
purification steps of recombinant BIdR2: lane M, molecular mass
markers; lane 1, crude extract; lane 2, heat-treated cell extract; lane 3,
fraction from heparin chromatography; lane 4, fraction from exclusion
molecular chromatography; lane S, purified BIdR2. (B) Elution profile of
purified BIdR2 from gel filtration on a Superdex PC75 column.
Recombinant BIdR2 is eluted at 1.52 mL corresponding to a molecular
mass of 32 kDa. Arrows indicate the elution volumes of the protein
standards in the relative calibration of the column. (C) EMSA. Ss01082L
(5 nM) and BIdR2 incubated in the presence of specific and nonspecific
competitors: lane 1, labeled DNA fragment; lane 2, DNA probe and
BIdR2 (15 uM); lane 3, Ss01082L, BIdR2, and 1250 nM nonlabeled
Ss01082L fragment; lane 4, Sso1082L, BIdR2, and 1250 nM nonlabeled

gfp fragment.

However, under all of our growth conditions, we detected only
the shorter transcript. It is tempting to speculate that under our
experimental conditions transcription and translation start sites
could coincide, giving rise to a single transcript, and in vivo, a

mature protein could be also translated starting from a Met
residue located downstream from that found in the genome
annotation.

The hypothesis is strengthened by the fact that the transcrip-
tome study proved that leaderless translation is the preferred
strategy in S. solfataricus.>® On the basis of the position of the
downstream transcription start site, it was possible to identify
TATA box and BRE sequences perfectly matching with the
consensus, located downstream of the predicted GTG initiation
codon (Figure 1D). The results depicted in Figure 1C confirm
the relative increase in the level of mRNA upon benzaldehyde
induction.

Heterologous Expression and Characterization of BIdR2.
Both 2putative Ss01082 genes predicted from genome anno-
tation”® and from the transcriptional analysis®' were cloned in
pET30 and expressed in E. coli; interestingly, BIdR2 was ex-
pressed in E. coli as a soluble protein only when the correspond-
ing gene was cloned from the downstream start codon. All of our
attempts to produce a soluble protein from the gene sequence as
annotated in the S. solfataricus genome failed;*® the protein
purified from inclusion bodies was also found to be very sensitive
to protease degradation at its N-terminus. Edman sequencing
revealed, in fact, the absence of the first 13 amino acids (data not
shown).

Hence, in the following description, we refer to BIdR2 as the
smaller protein translated from the downstream transcription
and translation start site, and the reported characterization has
been performed on this protein. BIdR2 was purified to homo-
geneity (Figure 2A), taking advantage of its intrinsic properties,
including its thermostability, its putative DNA binding capability,
and its small size. Active fractions were selected on the basis of
their ability to shift their own promoter region, Ssol082L,
spanning positions —130 to 100 relative to its transcription
and translation initiation codon in an EMSA (see also below).
From 1 L of E. coli culture, it was possible to obtain up to 20 mg of
pure BIdR2. The molecular mass of the recombinant BIdR2 as
determined by MS analysis was 16348 Da, in agreement with the
corresponding theoretical value, and the same applies to the
mutants. The quaternary structure was assessed via analytical gel
filtration and revealed a homodimeric structure both at different
protein concentrations and in different buffers (Figure 2B and
Figure S2 of the Supporting Information), a result consistent
with other MarR homologues.'®

Specific Binding of BIdR2 to Its Promoter Region. Because
the majority of MarR transcription factors are autoregulators that
bind site-specifically to their promoters, we assessed whether
BIdR2 had such a capacity. An EMSA confirmed that BIdR2 was
able to bind to this region (Figure 2C, lane 2) and revealed the
specificity of the interaction; in fact, a gfp gene fragment™® at a
250-fold molar excess could not compete for BIdR2 binding
(Figure 2C, lane 4), whereas an unlabeled specific competitor
abolished gel retardation when added at the same ratio (Figure 2C,
lane 3). Hence, this result shows that BIdR2 specifically recog-
nizes its own promoter.

Structural and Functional Characterization of BIdR2 and
Its Mutants. A multiple-sequence alignment of BIdR2 with
archaeal MarR members whose structure is known and com-
parison with bacterial representatives identified four identical
residues, namely, Leu29, Leu74, Thr97, and Gly100 (Figure 3A).
Leu29, Thr97, and Gly100 are located in helices a1 and 0.$ in
the dimerization domain, while Leu74 is in helix 04 in the
DNA binding domain.'>** Residues Glu7s, Arg89, and Glu9s,
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Figure 3. (A) Multiple-sequence alignment of BIdR2 (Sso1082) with characterized MarR members. Proteins are BIdR (Ss01352) from S. solfataricus,
ST1710 from S. tokodaii, MTH313 from M. thermoautotrophicum, PH1061 from P. horikoshii, and MarR from E. coli. The secondary structure elements of
BIdR2 are depicted above the sequences. The mutations introduced by site-directed mutagenesis are highlighted by arrows. (B) Superposition of the 3D
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lane 3, Ss01082L and 15 uM R19A; lane 4, Ss01082L and 15 uM A6SS.

occurring in strand 33 (the wing motif), are identical only in the
archaeal domain. Hence, on the basis of sequence analysis, BIdR2
is expected to share a function similar to that of the other family
members.

Sequence analysis of BIdR2 from S. solfataricus, in comparison
with its closest homologue, BIdR, from the same organism,
provided further information for the design of mutants that
could help shed light on the structural properties and functions of
BIdR2. On the basis of the homology sequence shared between
BIdR and BIdR2, we used the known 3D structure of BldR as a
reference model for BIAR2 (Figure 3B).>* By also looking at the
sequence alignment of Figure 3A, we found that some of the key
residues important for dimer stabilization and DNA interaction
in BIdR are present in BIdR2. Among these, the arginine in
position 19 has been found to be conserved in known archaeal
representatives. In most members with known structure, the Arg
residue is in helix 01 of the dimerization domain and is located at
the dimer interface where it contributes to dimer stability.'>**
Furthermore, BIdR2 has an alanine in position 65 instead of a

serine that is conserved in BIdR and ST1710 and is involved in
DNA binding.”’24 To investigate the contribution of these two
amino acids to the DNA binding properties as well as the stability
of BIdR2, two mutants were generated. In the first, the arginine at
position 19 was substituted with an alanine; in the second, the
alanine at position 65 was substituted with a serine. For each of
the single mutants, we performed a characterization in parallel
with the wild-type protein. The mutants were overexpressed in
E. coli and purified using the same procedure described for the
wild-type enzyme. Native gel filtration revealed their ability to
form dimers, suggesting that the mutations introduced did not
alter the monomer—monomer interactions (Figure S2 of the
Supporting Information). To verify whether the mutations
affected the DNA binding capability of BIdR2, we employed
EMSAs using the Ssol082L promoter as the target DNA.
Figure 3C shows that both mutants retained their activity, again
indicating that the mutations were not disruptive. Interestingly,
an increased intensity of the shifted band could be observed
when the promoter region was incubated with identical amounts
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of the A6SS mutant (Figure 3C, lane 4) with respect to the wild-
type protein (lane 2) and R19A (lane 3).

DNA Interaction Studies. To gain insight into the bio-
logical role of BIdR2, we analyzed in more detail its DNA bind-
ing compared to that of its mutants, testing by an EMSA their
binding affinity for an Sso1082 promoter region, spanning
positions —184 to +34 relative to the transcription and transla-
tion initiation codon (Ss01082S).

Titrations with increasing amounts of the BIdR2 dimer
indicated that the protein binds its own control region in a
concentration-dependent manner; furthermore, at saturating
concentrations, the protein determined a shift with decreased
mobility, suggesting either that more binding sites with different
affinities could exist in the DNA sequence analyzed or that
multiple dimers could associate to the cognate DNA. The profile
obtained by fitting densitometric data to a binding curve with a
Hill slope gave an overall apparent equilibrium dissociation

Table 1. Dissociation Constants Calculated by EMSA for
BIdR2, R19A, and A6SS with the Sso1082 Promoter

BIdR2 RI19A A6SS

Ss010828 15.8 & 5.2 uM 16.3 & 4.5 uM 022 = 0.02 uM

constant (Ky) of 15.8 uM (Figure 4A and Table 1) and pro-
vided a Hill coeflicient of 1.7. A comparable binding pattern
(Figure 4B) with a similar global affinity (Kg = 16.3 uM) and
slope (1.6) was observed for the R19A mutant, while mutation of
AGS to serine significantly changed the DNA binding properties;
in fact, formation of a complex with A65S was seen using much
lower protein concentrations (Figure 4C), and fitted binding
data indicated an ~70-fold increased affinity for the target
promoter (K4 = 0.22 uM) and a slope of 4.3. These results
clearly suggested that A6SS binds with high affinity and via a
different mechanism with respect to those of BIdR2 and R19A.
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With the aim of precisely positioning the binding sites of BIdR2
at its own promoter, a DNase I footprinting analysis was under-
taken. As shown in Figure SA, BIdR2, R19A, and A65S protect a
region of ~40 bp extending from the pseudopalindromic TATA-
BRE sequences to the ATG start codon and containing a 8 bp
TTTATAAA palindromic site (Figure SB). The extent of pro-
tection suggests that more than one BIdR2 dimer could associate
to target DNA. Furthermore, these results prove the presence of
regulatory sites in the BIdR2 promoter that could function for
its in vivo autoregulation. Interestingly, the A6SS mutant gave
an even more extended footprint; in fact, it protected a further
region of 17 bp located more upstream of the TATA box, con-
taining the direct repeat TTTTGTGAgtTTTTGTGA (Figure SB).
This evidence could imply that the introduction of a serine
enhances the DNA binding affinity by modifying the recogni-
tion sequence.

To analyze the DNA binding behavior of BIdR2 upon addition
of putative phenolic ligands, we performed EMSAs in which
formation of the complex of BIdR2 and the mutants with the
Ss01082S promoter was tested after preincubation of the proteins
with increasing concentrations of salicylate and benzaldehyde.
The first ligand was chosen because it was demonstrated to be the
negative effector of several MarR homologues,”’zz’41 while the
second was known to interact positively with the BIdR factor in
S. solfataricus.*®

The results are shown in Figure 6A: an inhibition of complex
formation starts at ~10 mM salicylate (lane S), while the benza-
Idehyde was slightly less effective (Figure 6B). In fact, release of

BIdR2 from its own promoter could be observed from ~30 mM
benzaldehyde (lane 6).

DNA binding by the mutant A65S was also affected in the
presence of the tested ligands (Figure 6C,D) to a similar extent;
in addition, we observed a further band above that of the free
DNA, which was interpreted as a partial dissociation of the
DNA—protein complex upon ligand interaction.

Taken together, these data indicate that salicylate and benzal-
dehyde are low-affinity ligands of BIdR2 that associate with the
protein to attenuate DNA binding.

Conformational Stability of Dimeric BIdR2. According to its
hyperthermophilic origin, BIdR2 has proved to be highly ther-
mostable and resistant to the GuHCI denaturing action as
supported by detailed investigation of its conformational stability
by means of CD and fluorescence measurements. Figure 7 shows
the CD spectra of BIdR2 in the far-UV region at 25 °C (spectrum a)
and 105 °C (spectrum b). From the latter spectrum, it appears
that BIdR2 is still folded at that high temperature; in fact, it
retains the characteristic minima at 222 and 208 nm with a small
decrease in the CD band intensities. The complete disappearance
of the canonical CD bands occurs when the protein is incubated
for 24 h with 7 M GuHClI (spectrum c). The analysis of the CD
spectrum at 25 °C, performed using Dichroweb,’” suggested that
BIdR2 contains 66% ot-helix and 9% [3-sheet; these values closely
resemble those obtained from the X-ray structure of the homo-
logous protein, BIdR.**** The near-UV CD spectrum of BIdR2
is reported in the inset of Figure 7. It also suggested that the
protein possesses a well-defined conformation at 25 °C in buffer
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solution. The CD spectra of both mutants A65S and R19A were
found to be very similar to those of BIdR2, suggesting that the
secondary and tertiary structure are not affected by the mutations
(Figure S3 of the Supporting Information).

Thermal Unfolding. Changes in the far-UV CD signal at 222 nm
have been used to follow the thermal unfolding of BIdR2 in 20 mM
sodium phosphate buffer (pH 7.5). Because of the very high thermal
stability, it was not possible to obtain a complete thermal unfolding
curve as the transition is not yet finished at 105 °C [see the filled
squares (M) in Figure 8], and the instrumental setup cannot work at
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Figure 8. Thermal denaturation curves of BIdR2 at a fixed concentra-
tion of 2.4 uM, in 20 mM sodium phosphate (pH 7.5) in the presence of
0 (M), 1.3(2),2.4(0),3 (@) and 3.5 M GuHCI (O). The curves were
obtained by recording the changes in the molar ellipticity at 222 nm as a
function of temperature. The inset shows the dependence of the melting
temperature T\, on GuHCI concentration; via linear extrapolation, a
value for T, in the absence of the denaturant agent was estimated.

temperatures higher than 110 °C. To obtain complete thermal
denaturation curves, solutions of BIdR2 at a fixed final concentra-
tion of 2.4 uM were incubated with increasing GuHCI concentra-
tions to progressively destabilize the native state. The corresponding
thermal denaturation curves are collected in Figure 8, and the
denaturation temperatures obtained were as follows: 102 °C at 1.3
M GuHC(], 96 °C at 2.4 M GuHC], 91 °C at 3 M GuHCl, and 85 °C
at 3.5 M GuHCL Via linear extrapolation of these numbers up
to 0 M GuHC], the estimated denaturation temperature of BIdR2
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is 113 = 1 °C (inset of Figure 8). Figure 9 shows the dependence of
the denaturation temperature of BIdR2 and its mutants, A65S and
R19A, in the presence of 2.4 M GuHCI at two different protein
concentrations. For BIdR2 and A6SS, we observed a shift in the
denaturation temperature in a single sigmoid-shaped curve indica-
tive of a two-state dimeric unfolding process (Figure 9A,B), whereas
thermal denaturation curves of R19A confirm the concentration

1,0 _
3 0.8-
S
< 0,61
=
S 04
8
£ 021

0,0

3 4 5 6 7
GuHCI (M)

10] 2w
2 0,842
E ;3 300
S 06430
5 1E
5 044% °
g i
= 0,24

0,0+

2 3 4 5 6 7

GuHCI (M)

Figure 10. (A) GuHCl-induced unfolding curves of BIdR2 (M), A65S
(a), and R19A (O), obtained by recording the molar ellipticity at
230 nm and 25 °C. (B) Change in the fluorescence intensity at 336 nm
and 25 °C. The lines are the best fits of the curves performed as described
in Materials and Methods (inset of Figure SB). Fluorescence emission
spectra of native BIdR2 in buffer solution (pH 7.5) (O) and in the
presence of 7 M GuHCl (@) at 25 °C.

dependence but show a biphasic sigmoidal shape with two inflec-
tion points (Figure 9C). The thermal denaturation temperature of
A6SS proved to be very similar to that of BIAR2 (111 £ 1 °C).
Instead, the biphasic curve of R19A prevented us from correctly
estimating the denaturation temperature and strongly suggested
a more complex thermal unfolding process (Figure S4 of the
Supporting Information). Because thermal denaturation of BIdR2
and the mutants is not fully reversible under any of the investigated
experimental conditions, no further thermodynamic analysis was
performed.

Denaturant-Induced Unfolding. The conformational stabi-
lity of BIdR2 and its mutants against the denaturing action of
GuHCI has been investigated at 25 °C in 20 mM sodium phos-
phate buffer (pH 7.5) by performing CD and fluorescence
measurements. It is worth noting that urea cannot be used
because BIdR2 is extremely resistant to this denaturing agent.
The transition curves obtained by recording the molar ellipticity
at 230 nm (i.e., detecting the secondary structure stability) and
that obtained by recording the fluorescence intensity (tertiary
structure) are reported in panels A and B of Figure 10. The inset
of Figure 10B shows the comparison of fluorescence emission
spectra of BIdR2 in the absence and presence of 7 M GuHCI
when the protein is completely unfolded according to the
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Table 2. Thermodynamic Parameters Obtained by the
Analysis of the GuHCl-Induced Unfolding Curves of BIdR2
Monitored by the Change in Molar Ellipticity at 230 nm
([0]230) and of Fluorescence Intensity I35 at pH 7.5, 20 mM
Sodium Phosphate Buffer, and 25 °C*

sample probe  AGy(H,0) (kJ/mol) m (KJmol 'M™") C, (M)

BIAR2  [0],3 101+ 5§ 13+1 5.6
Iss6 106 + S 14+1 5.6
A65S  [0]as0 116 £ 3 16 £ 1 5.4
36 119 £ 4 16 £1 S4
RI9A  [0]s3 87+ 6 11+1 52
I3s6 82+3 10+1 52

“Each figure is the average of the values calculated by the nonlinear
regression procedure over three independent measurements. Errors are
the standard deviations of the fits.

exposure of Trp and Tyr residues to the aqueous solvent. The
different spectroscopic probes show superposable transition
curves, indicating that both the secondary and tertiary structures
are concurrently lost. The GuHCl-induced denaturation curves
have a simple sigmoid shape for BIdR2, A65S, and RI9A,
suggesting a cooperative two-state transition between folded
dimers and unfolded monomers. The GuHCl-induced unfolding
has proven to be reversible: fully unfolded samples showed
recovery of spectroscopic features of the native protein after
suitable dilution. The GuHCI concentrations at half-completion
of the transition are 5.6, 5.4, and 5.2 M for BIdR2, A6SS, and
RI19A, respectively, highlighting the very high resistance to the
denaturant. As the GuHCl-induced unfolding of BIdR2 and A65S
and R19A mutants is a reversible process, a thermodynamic
analysis of the transitions can be performed. Linear extrapolation
of AGy (eq 3) yields the unfolding Gibbs energy in the absence
of denaturant [AGy(H,0)] and the m value; all of the thermo-
dynamic data of the unfolding transitions are listed in Table 2.

B DISCUSSION

Because of their function in multidrug resistance and tolerance
to highly toxic compounds, MarR transcriptional regulators have
been intensely characterized in bacteria and archaea with the aim
of understanding the molecular mechanisms of regulated re-
sponse to such a stress. As many archaea live in hostile environ-
ments and are able to defend themselves from a wide variety of
stress conditions, they represent an interesting model for deter-
mining their ability to survive under rapidly changing conditions.
For such organisms, MarR-type regulators might be critical for
their adaptation to particular habitats or lifestyles. Intriguingly,
the exploration of homologous protein sequences from Sulfolo-
bales, including different strains of S. solfataricus, Sulfolobus
islandicus, S. tokodaii, and Sulfolobus acidocaldarius, revealed that,
differently from the majority of bacteria, they all have at least two
conserved MarR representatives, indicating the presence of
several still uncharacterized regulatory systems involved in multi-
ple-antibiotic resistance. MarR proteins also represent outstand-
ing models for the study of protein stability for several reasons.
(i) Many structures from distantly related organisms are avail-
able. (ii) They have a dimeric quaternary structure. (iii) They are
able to bind DNA only as homodimers.

In this study, an archaeal MarR member, BIdR2, was over-
expressed in E. coli and purified to homogeneity. The protein
forms a homodimer in solution and binds specifically to its own

promoter region with micromolar affinity, a value that is compar-
able to those other archaeal MarR members'”**** but is lower
than those of many bacterial counterparts.

A primer extension analysis identified a transcription initiation
site mapping 45 bp downstream of the first computationally
predicted Ss01082 codon™ and according to transcriptome map-
ping.*' On the basis of our result, a promoter region was found
containing consensus BRE-TATA sequences centered at posi-
tions —31 and —27 with respect to the transcription start site.

The binding site for BIdR2 as determined by DNase I
footprinting analysis was found in a region extending from BRE/
TATA sequence to the transcription start site. Interestingly, the
bound region contains an 8 bp pseudopalindromic sequence
(BRE/TATA, AAACTTTA) separated by 3 bp from an 8 bp
perfect palindrome (TTTATAAA), suggesting that one BIdR2
dimer could bind to each site. Hence, according to the location of
the identified basal promoter elements and the BIdR2 binding
region, it can be proposed that the protein interferes with
Ss01082 transcription by competing with basal transcription
factors.

Benzaldehyde and salicylate, known to act as effectors of
different MarR proteins at millimolar concentrations, were able
to weaken the interaction of BIdR2 with its own promoter,
suggesting that salicylate and to a lesser extent benzaldehyde
could be ligands for BIdR2. The low affinity of the effectors for
the protein raises questions about their physiological relevance
and indicates that other aromatic compounds could be the
natural effectors. The in vitro binding results correlated with
the in vivo induction of BIdR2 gene expression upon addition of
aromatic drugs; the level of gene expression was also increased
during the late-log growth phase. The derepression of Bldr2 both
in the presence of aromatic compounds and in late-log growth
phase supports a picture in which BIdR2 expression could be
regulated by endogenous effectors derived from aromatic cata-
bolic pathways. Hence, BIdR2 in vivo would control regulatory
mechanisms diverse from those regulated by BIdR, which mainly
works in the exponential growth phase, and in a different way.>®

Two single-point mutants, R19A and A65S, were also pro-
duced and characterized. The dimeric state of the mutants was
confirmed by gel filtration experiments and thermal unfolding at
different protein concentrations. The results of the thermody-
namic characterization showed that BIdR2 possesses a very stable
dimeric conformation and that the mutants have also a very high
resistance to both temperature and GuHCI denaturing action.
In fact, the estimated denaturation temperature of BIAR2 is in good
agreement with that of the homologous ST1710 from S. tokodaii,
obtained by differential scanning calorimetry'” and of the dimeric
protein ORFS6 from S. islandicus.*® The monophasic tempera-
ture-induced unfolding curve of the wild-type protein suggested
that the denaturation mechanism occurs in the absence of
detectable equilibrium intermediates. This behavior is conserved
in mutant A6SS, suggesting that the mutation does not affect the
protein global stability in solution. Interestingly, mutant R19A
shows a biphasic sigmoid-shaped thermally induced unfolding
curve. This finding suggests that, in this case, a more complex
process occurs, going through the formation of stable intermedi-
ate species. On the basis of those results, it is tempting to
speculate that residue R19 could be involved in important
stabilizing interactions in the dimerization region of the protein,
in a way that is reminiscent of what happens in the BIdR protein.
In fact, in BIdR the conserved Argl9 residue of one monomer
sets up a strong H bond (distance of 3 A) with Tyr60 of the other
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monomer.”* The temperature-induced unfolding process is not
reversible for all of the studied protein samples; this thermal
irreversibility seems to be a common feature of MarR family
members. In fact it was also found for the mesophilic HucR from
Deinococcus radiodurans.*'

The GuHCl-induced unfolding transitions of BIdR2, moni-
tored by CD in the far-UV region and fluorescence, are equiva-
lent, indicating that both the protein secondary and tertiary
structure are lost at the same time. This allows us to argue that the
transition can be described by a two-state model for a dimer. The
experimental values of C,, for BIAR2 (5.6 M) and mutants A65S
(54 M) and R19A (5.2 M) indicate that the wild type is more
resistant to the denaturant action than the mutants. The Gibbs
energy of unfolding (101 kJ mol ') is in agreement with that of
ORF56 from . islandicus (85.1 k] mol ").**** A closer analysis
of AGy and m values yields intriguing information about the
structural properties of the wild-type protein and its mutants. In
particular, even if A6SS has a C,, value lower than that of BIdR2,
its m value is higher and, as a consequence, AGy, values are very
close. Because a higher m value is usually related to a larger
change in the accessible surface area (ASA) upon unfolding, we
can argue that the unfolded conformation of the A65S mutant
may be more exposed to the solvent.

Another interesting finding is represented by the denaturant-
induced unfolding results of R19A that clearly show a simple
sigmoid-shaped curve quite different from the biphasic profile
obtained for the temperature unfolding curves. The result of the
interpolation procedure, based on a simple two-state model,
gives an overall lower stability of RI9A compared to that of the
wild-type protein; it is possible that this value represents an
underestimation mainly caused by the choice of the model. In
fact, it has been reported previously™ that the presence of
intermediate species in the chemically induced unfolding could
not produce any dramatic perturbation in the monophasic
unfolding curve, but in that case, the assumption of a two-state
model would underestimate the Gibbs energy and the m value.”
This conclusion fully agrees with the scenario that we previously
anticipated on the basis of the thermal experiments in which
Argl9 represents an important player in the stabilization of the
dimer. Taken together, these results raise the possibility that a
simple two-state model could not fully describe the BIdR2
denaturation process. Possibly, the equilibrium unfolding of
the BIdR2 dimer could be described as an apparent two-state
reversible reaction, in which unfolding and dissociation are
coupled processes. This apparent two-state reaction seems to
be confirmed by A65S behavior, while for R19A, the unfolding
and dissociation processes seem to be separated, because of
the key position of the arginine residue in the dimerization
domain.

The structure of the archaeal ST1710—DNA complex and a
molecular model of the BIAR—DNA complex showed that serine
65 was, in both cases, a critical residue for protein—DNA
interaction acting as both a donor and an acceptor of H-bonds
with its target DNA. Interestingly, the Ser68 in the bacterial
OhrR of Bacillus subtilis was also found to make contacts with the
major groove of the DNA molecule.** In our study, the char-
acterization of the DNA binding properties of the A65S mutant
highlighted Ser65 as a key amino acid; in fact, this single-amino
acid substitution was able not only to increase the extent of
protein—DNA interaction by ~70-fold but also to cause its
binding to a further sequence that is a direct repeat located
immediately upstream the TATA/BRE sequence in the Sso1082

promoter. In archaea, binding by transcriptional regulators to
sequences in that position has been proven to be associated with
a transcriptional activation.”>*

This evidence suggests that the serine residue would allow the
formation of an additional interaction with DNA responsible for
an extension of the recognition sequence; this would cause a
modification both in the binding mechanism and in the sequence
specificity. On the basis of this observation, we can also hypothe-
size that this difference could correlate with the different proposed
in vivo physiological roles of the two BIdR proteins and depict
A6SS as a protein intermediate between a repressor (BIdR2)
and an activator (BIdR).

In conclusion, we propose for BIdR2 a role in its autoregula-
tion, but further analyses are required to understand the overall
mechanism of regulation by BIdR2, which would include a
deeper investigation of the in vivo function of multiple transcrip-
tion start sites, a genome-wide identification of target genes
and natural ligands, and the analysis of BIdR™ and BIdR2™
mutant cells. Furthermore, this study highlights the idea that
the identification of key residues involved in dimer stability may
contribute to our understanding of the structural—functional
relationship in the MarR family, because it is known that
mutations in the dimerization domain are critical for the tran-
scriptional regulation of MarR members."® Moreover, given that
mutations in the DNA binding domain can increase antibiotic
tolerance,*® we also suggest that knowledge of amino acids
involved in DNA recognition may provide a remarkable starting
point for the design of engineered MarR regulators acting as
innovative therapeutic tools.
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lity shift assay; GuHCI, guanidine hydrochloride; CD, circular
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