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ABSTRACT: While a rich collection of bacterium-like regulating proteins has been identified in the archaeal
genome, few of them have been studied at the molecular level. In this study, we characterized the ligand
and DNA binding properties of a putative regulator ST1710 from the archaeon Sulfolobus tokodaii. ST1710
is homologous to the multiple-antibiotic resistance repressor (MarR) family bacterial regulators. The protein
consists of a ligand binding site, partially overlapping with a winged helix—turn—helix DNA binding
site. We characterized the interactions between ST1710 and three ligands, salicylate, carbonyl cyanide
m-chlorophenylhydrazone (CCCP), and ethidium, which bind to bacterial MarRs. The binding affinities
of the ligands for ST1710 were comparable to their affinities for the bacterial MarRs. The ligand binding
was temperature sensitive and caused conformational changes in ST1710. To investigate the effect of
ligand binding on the interaction between ST1710 and DNA, we fluorescently labeled a 47mer dsDNA
(ST1) containing a putative ST1710 recognition site and determined the dissociation constant between
ST1 and ST1710 using the fluorescence polarization method. The binding affinity almost doubled from
10 °C (K4 = 618 &+ 34 nM) to 30 °C (K4 = 334 £ 15 nM), and again from 30 to 50 °C (K4 = 189 £ 9
nM). This result suggests that under the natural living condition (80 °C) of S. tokodaii, the binding affinity
might increase even further. The presence of CCCP and salicylate suppressed ST1710—ST1 interaction,
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indicating that ST1710 functioned as a repressor.

Among the three kingdoms of life, archaea, bacteria,
and eukaryotes, gene transcription and regulation in the
archaea are the least understood. The gene transcription
and translation processes in archaea share characteristics
with those of both eukaryotes and bacteria. The basal
component of archaeal transcriptional machinery is similar
to that of eukaryotes (/—4). For example, the archaeal
RNA polymerase has a multisubunit structure that re-
sembles the eukaryotic polymerase II (5); the promoter
region of the archaea contains a T/A rich region that
resembles the TATA box of the eukaryotes, and the
archaea also have eukaryote-like transcription factors that
bind and promote transcription (I, 6—38).

While a comprehensive picture of the archaeal basal
transcription mechanism is emerging, understanding of the
regulatory system is still sketchy. With an increasing number
of archaeal genomes being sequenced, it is becoming clear
that the archaea have an abundance of putative DNA binding
proteins resembling bacterial-type regulators (7, 9—11).
However, only a handful of these regulators have been
investigated and even fewer characterized at the molecular
level. MarR family transcriptional regulators were first
identified by George and Levy in multidrug resistant strains
of Escherichia coli in 1983 (12, 13). Now homologues of

MarR can be found throughout the domains of bacteria and
archaea (14, 15). The MarR-type transcriptional regulators
in bacteria play critical roles in the regulation of cellular
functions involving the aromatic catabolic pathways and the
response to virulence factors and environmental stresses (for
a recent review, see ref /6). MarR regulators bind to their
cognate dsDNA sequences as homodimers. The interaction
between MarR and DNA is modulated by specific lipophilic
compounds, including salicylate, ethidium, and CCCP!
(Figure 1A). Crystal structures of several MarR regulators
have been obtained, either as apoproteins [MexR from
Pseudomonas aeruginosa (17), SlyA from Enterococcus
faecalis (18), and MTH313 from Methanobacterium ther-
moautotrophicum (19)], in complex with the cognate dsDNA
oligonucleotide fragment [OhrR from Bacillus subtilis (20)],
or in complex with salicylate [MarR from E. coli (21) and
MTH313 from M. thermoautotrophicum (19)]. However, the
DNA-complexed and ligand-complexed structures are not
yet available simultaneously for the same protein to facilitate
direct comparison. An allosteric regulation mechanism has
been proposed on the basis of the observation that the four
dimers in the crystallographic asymmetric unit of MexR had
different conformations, in which an open state (presumably
DNA binding) and a closed state (presumably drug binding)

 This research was supported by a University of Kentucky faculty
start-up grant.

*To whom correspondence should be addressed: 305 Chemistry-
Physics Building, University of Kentucky, Lexington, KY 40506-0055.
Telephone: (859) 257-7085. Fax: (859) 323-1069. E-mail:
yinan.wei@uky.edu.

10.1021/bi801662s CCC: $40.75

! Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone;
CD, circular dichroism; ESI-MS, electrospray ionization mass spec-
trometric; FITC, fluorescein isothiocyanate; IPTG, isopropyl [-D-
thiogalactopyranoside; LC, liquid chromatography; MarR, multiple
antibiotic resistance repressor; PCR, polymerase chain reaction; TNM,
tetranitromethane.

© 2009 American Chemical Society

Published on Web 01/23/2009



2100 Biochemistry, Vol. 48, No. 10, 2009

Ethidium Bromide CCCP

B

NC._CN

T

HN'N
Cl” i

.| I |
MarR LF-N--EIIPLGRLIHMVNQKKDRLL----NEYLSP-LDITAAQFKVLCSIRCAACITPV
S1yA  —----——- TDILREIGMIARALDSIS----NIEFKE-LSLTRGQYLYLVRVCENPGIIQE
OhrR ME-NKFDHMKLENQLSFLLYASSREMTKQYKPLLDK-LNITYPQYLALLLLWEHETLTVK
B1dR MQ-KIDEKLQLMNTIAKIYRGSIKEF----NNRLGKLMNLSYLDFSILKATSEEP-RSMV
MTH313 -------- IPLKGLLSIILRSHRVFI----GRELGH-LNLTDAQVACLLRIHREPGIKQD
ST1710 MLESNENRIQIMSTIAKIYRAMSREL----NRRLGE-LNLSYLDFLVLRATSDGP-KTMA
. . . . . .. . *
— IS > 2 |
MarR ELKKVLSVDLGALTRMLDRLVCKGWVERLPNPNDKRGVLVKLTTGGAAICEQCHQLVGQD
S1yA KIAELIKVDRTTAARAIKRLEEQGFIYRQEDASNKKIKRIYATEKGKNVYPIIVRENQ-H
OhrR KMGEQLYLDSGTLTPMLKRMEQQGLITRKRSEEDERSVLISLTEDGALLKEKAVDIPGT -
B1dR YLANRYFVTQSAITAAVDKLEAKGLVRRIRDSKDRRIVIVEITPKGRQVLLEANEVLR-N
MTH313 ELATFFHVDKGTIARTLRRLEESGFIEREQDPENRRRYILEVTRRGEEIIPLILKVEE-R
ST1710 YLANRYFVTQSAITASVDKLEEMGLVVRVRDREDRRKILIEITEKGLETFNKGIEIYK-K
. . . . . .. * . % . . . * *
| I
MarR LHQELTKNLTADEVATLEYLLKKVL—=====---=== P
S1yA SNQVALQGLSEVEISQLADYLVRMRKNVSEDWEFVKKG
OhrR ILG-LSK-QSGEDLKQLKSALYTLLETL-----~ HOKN
B1dR LVNEMLSDVE--NVEELLEGLNKILSRIG----~ SSKD
MTH313 WEDLLFRDFTEDERKL-FRKMCRRLAEEA----- VRMR
ST1710

LANEVTGDLSEDEVILVLDKISKILKRIE----- EISQ

00" Na*
Ejo“

Sodium salicylate

Yu et al.

FIGURE 1: (A) Chemical structures of the ligands used in this study. (B) Sequence alignment of ST1710 with representative MarR family
proteins from bacteria (MarR, SlyA, and OhrR) and archaea [MTH313 and BIdR (47)]. The alignment was performed using the online
server of Tcoffee (45). The conserved, highly conserved, and identical residues are denoted with periods, colons, and asterisks, respectively.

The secondary structure elements are indicated as bars (a-helix) and arrows (f3-strand).

could be identified (/7). Recently, crystal structures of
MTH313 were determined both in the apo state and in
complex with salicylate (/9). A comparison of these two
structures illustrated a large conformational change in the
DNA binding lobe, further supporting the notion that protein
conformational changes are involved in the mechanism of
regulation.

ST1710 from Sulfolobus tokodaii is a putative MarR-like
regulator. The crystallographic structure of ST1710 has been
determined in its apo form (22, 23). The structures of MarR
family proteins are very similar, although very little con-
served residues present in their sequences (Figure 1B). On
the basis of the structural similarity with the bacterial MarR
proteins, ST1710 is expected to function similarly as well.
While the majority of the MarR regulators studied are
repressors, there are also activators. The repressors bind to
their target DNA site to block the transcription of the cognate
genes in the absence of the effector. When its cytoplasmic
concentration reaches a critical level, the effector binds to
the ligand binding site of the repressor and disrupts the

interaction between the protein and DNA, and subsequently
initiates the transcription of the genes. In contrast, for
activators the effector binding promotes favorable interaction
with the target DNA to initiate transcription.

The effector binding has been characterized for a couple
of bacterial MarR family regulators. These effectors are
usually lipophilic compounds with planar structures, such
as ethidium, salicylate, and CCCP (Figure 1A). However,
no detailed biophysical characterization of the ligand binding
to archaeal MarR-like regulators has been reported. In this
study, we characterize the binding of the above-mentioned
ligands to ST1710. We examine the binding affinity, stoi-
chiometry, and resultant protein conformational change. We
also investigate the effect of ligand binding on the interaction
between ST1710 and a double-stranded DNA oligonucleotide
containing the putative ST1710 binding site (22). Our study
indicates that the recombinant ST1710 bound to all three
ligands, and this binding disrupted the interaction between
the protein and DNA.
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MATERIALS AND METHODS

Cloning, Mutation, Expression, and Purification. The
ST1710 gene was amplified by polymerase chain reaction
(PCR) from plasmid STLGR15159 (National Institute of
Technology and Evaluation, Tokyo, Japan). The following
primer pairs were used for PCR: forward, 5'-CACCATGT-
TAGAAAGTAATGAAAACAGAATAC-3"; and reverse, 5'-
TCACTGACTAATTTCCTCAATTCTTTTC-3". The PCR
product was inserted into the TOPO TA expression vector
following the manufacturer’s instruction (Invitrogen, Carls-
bad, CA) to generate plasmid pTOPO-ST1710, which
introduced a polyhistidine tag at the N-terminus of the
protein. Plasmid pTOPO-ST1710 was used to transform E.
coli strain Rosetta2 (EMD Biosciences, San Diego, CA) for
protein production. The cells were grown at 37 °C in Luria-
Bertani (LB) medium containing 100 #g/mL ampicillin and
34 ug/mL chloramphenicol to an ODgy of 0.6 and then
induced with 1 mM isopropyl [-D-thiogalactopyranoside
(IPTG). Three hours after the induction, the cells were
harvested by centrifugation at 6000g for 10 min. The cell
pellet was resuspended in buffer A [SO mM HEPES buffer
and 200 mM NaCl (pH 7.5)] and lysed by sonication on ice
for 5 min with 10 s on—off intervals. The cell debris was
separated from the supernatant by centrifugation at 10000g
for 15 min. The same centrifugation condition was used
throughout the purification steps unless otherwise indicated.
The cleared lysate was incubated at 70 °C for 45 min,
followed by centrifugation to remove the heat-denatured
impurities. The supernatant was incubated with the Ni-NTA
resin (Qiagen, Huntsville, AL) with shaking at room tem-
perature for 1 h, then washed with buffer B [50 mM HEPES
buffer, 200 mM NaCl, and 35 mM imidazole (pH 7.5)], and
finally eluted with buffer C [5S0 mM HEPES buffer, 200 mM
NaCl, and 500 mM imidazole (pH 7.5)]. Purified ST1710
was dialyzed extensively against buffer A to remove the
excess imidazole. ST1710 mutants containing a single
tyrosine (Tyr) to tryptophan (Trp) mutation were constructed
using the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA). The primers used to construct Y55W
were  5-GACGGTCCAAAAACAATGGCATGGTTAG-
CAAATAGATATTTCGTT-3" and its complementary se-
quence. The primers used to construct YOOW were 5'-
GCATATTTAGCAAATAGATGGTTCGTTA-
CACAATCAGCAATA-3" and its complementary sequence.
Expression and purification procedures for the mutants were
the same as those of the wild-type protein.

The purity of the protein was analyzed using sodium
dodecyl sulfate—polyacrylamide gel electrophoresis. Protein
samples were separated on a 20% homogeneous polyacry-
lamide Phast gel (Phast System, GE Healthcare, Waukesha,
WI) and visualized with Coomassie Blue stain. Molecular
weight standards (Benchmark Protein Markers) were ob-
tained from Invitrogen. Protein concentrations were deter-
mined by UV absorbance at 280 nm using extinction
coefficients of 8940 and 12950 M~ cm™! for the wild-type
and mutant proteins, respectively.

Circular Dichroism (CD) Spectroscopy. The CD experi-
ment was performed on a JASCO J-810 spectrometer
(JASCO) with a 0.1 cm path length cuvette. ST1710 was
dialyzed overnight into a Tris buffer (20 mM, pH 8.0) for
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the CD measurement. Blank scans were performed using the
exterior dialysis buffer and subtracted from the measured
data.

Fluorescence Spectroscopy. Fluorescence polarization
experiments and wavelength scans were performed using a
Perkin-Elmer LS-55 fluorescence spectrometer (Perkin-
Elmer, Waltham, MA). For the Trp fluorescence measure-
ment, the protein was dialyzed overnight into a Tris buffer
(20 mM, pH 8.0). The excitation wavelength was 280 nm.
The protein and ethidium concentrations were 1 and 5 uM,
respectively. For the fluorescence polarization studies of
fluorescein isothiocyanate (FITC)-labeled ST1, the excitation
and emission wavelengths were 492 and 515 nm, respec-
tively. The forward oligonucleotide of ST1 (5-AATG-
AAAACAGAATACAAATAATGTCAACAAT-
AGCAAAAATATACAG-3") was labeled with FITC at the
5’-terminus (all DNA oligonucleotides, including FITC-
labeled ones, were obtained from Operon, Huntsville, AL).
The forward and reverse oligonucleotides were mixed at a
1:1 ratio at a final concentration of 100 uM in a 500 uL
reaction buffer [10 mM HEPES (pH 7.5) and 50 mM NacCl].
The sample was protected from light and incubated in a
boiling water bath for 10 min, and then the water bath (2 L)
together with the sample was cooled slowly to room
temperature. The annealed double-stranded DNA was used
throughout the binding experiment. The reaction buffer was
supplemented with 1 pg/mL calf thymus DNA to eliminate
the nonspecific binding (24). To assess the binding of
ethidium to ST1710, the excitation and emission wavelengths
for the fluorescence polarization experiment were 520 and
600 nm, respectively. The same excitation wavelength was
used to collect the ethidium emission spectra.

Tetranitromethane (TNM) Nitration. The TNM nitration
procedure was performed following the published method
(25). Briefly, TNM was added to a reaction buffer [0.5 M
Tris-HCI (pH 8.0)] containing 62.5 uM ST1710 at a final
concentration of 750 uM. Ethidium bromide was added when
indicated to the reaction mixture at a final concentration of
100 uM before the addition of TNM. The reaction mixture
was incubated at 35 °C for 1 h and then passed through
desalting columns twice to remove the excess TNM and
ethidium. The nitrated Tyr was quantified using the absor-
bance at 428 nm with an extinction coefficient of 4200 cm ™!
M™! (26). The concentration of the protein was determined
using the Bradford assay. The number of nitrated Tyr
residues per protein molecule was estimated by the ratio of
these two concentrations.

Data Fitting. Two fitting models were used to derive the
binding dissociation constants from the titration data. Origin
5.0 (OriginLab, Northampton, MA) was used for data fitting.
All signals were corrected for dilution.

The Hill equation was used to fit the data when the
concentration of the ligand (ST1 or ethidium), which was
kept constant during the titration, was much smaller than
the concentration of ST1710. Under such circumstances, the
concentration of the protein—ligand complex was very small
compared to the total protein concentration. Thus, the total
protein concentration could be used to replace the free protein
concentration ([S]) during the fitting without causing sig-
nificant error:
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AP = APmax X m

d
AP is the polarization increment upon the addition of
ST1710, APy« is the maximum polarization increment when
the protein concentration ([S]) approaches infinity, and 7 is
the Hill coefficient, with n > 1 describing a positive
cooperativity and n < 1 describing a negative cooperativity.
K, is the dissociation constant.

A noncooperative 1:1 binding model was used when the
concentration of the complex cannot be ignored (24), such
as in the case of binding between ST1710 and CCCP:

P+L—PL
 [PIIL]
¢ [PL]
[P = [P;] — [PL], [L] = [L] — [PL]
_ (IP] = [PLI)[L,] — [PL])
- [PL]

[Pt], [Ps], [Lt], [L¢], and [PL] are concentrations of the total
protein, free protein, total ligand, free ligand, and protein—ligand
complex, respectively. Solving for [PL]:

[PLP — (IPy] + [Lq] + K)IPL] + [PyI[L{] =0
[PL] =
[Pyl + [Lyl + Ky = \([Py] + [Ly] + K* — 4[P,][Ly]
2

For CCCP binding, the ellipticity at 325 nm (y) is
proportional to the concentration of the protein—CCCP
complex ([PL]). The change in y as a function of the total
ligand concentration x (x = [Lt]) can be represented as

y = Ymin _

— [PL] _
Ymax - Ymin |:PT:|

[Py] + x + K, — \([Py] + x + K> — 4[P,]x
2[Pq]

Yax = Y [([Pp] + x + K —

V([P + x + K,)* — 4[Pyx .
2[PT] min

During the experiment, small aliquots of CCCP were
titrated into a solution of ST1710. The dilution effect was
kept to be less than 2%, so [Pr] can be treated as a constant
without causing significant error in fitting. Y, and Yiux
correspond to the theoretical ellipticities at CCCP concentra-
tions of zero and infinity, respectively. The y versus x data
were fitted with three floating parameters, K4, Yimin, and Yax.

RESULTS AND DISCUSSION

Ligand Binding to STI1710. All MarR-type regulators
characterized thus far bind to effectors. Several small
molecules have been shown to bind to the MarR family
regulators. We chose three representative ligands to study
effector binding to ST1710, including a cationic molecule
(ethidium), an anionic molecule (salicylate), and a neutral
molecule (CCCP) (Figure 1A).
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FIGURE 2: Binding of ethidium with ST1710. (A) The intrinsic
fluorescence of ethidium was used to moniter its binding to ST1710
at different temperatures. Two traces were collected at each
temperature, one for ethidium alone (1 uM) (gray) and the other
for ethidium (1 uM) with protein (20 #M) (black). From top to
bottom, the black traces were collected at 10, 20, 30, 40, and 50
°C, respectively. The effect of temperature on the fluorescent
emission of free ethidium was very small, so the gray traces of the
five temperatures superimposed onto each other in the bottom part
of the figure. The increase in temperature drastically decreased the
binding affinity of ethidium for ST1710. (B) At 10 °C, the
fluorescence polarization changes of an ethidium solution upon
addition of ST1710 were recorded and fitted with both the Hill
equation (solid gray line) and the noncooperative 1:1 binding modle
(dotted black line). Fitting parameters are summarized in Table 1.

The binding of ethidium to ST1710 was assessed directly
using the intrinsic fluorescence of ethidium. When ethidium
was bound with protein, its fluorescence emission peak blue-
shifted and increased in intensity (Figure 2A, black traces).
Since S. tokodaii is a thermophile living at 80 °C, we
examined the effect of temperature on ethidium—ST1710
binding with 10 °C intervals from 10 to 50 °C (Figure 2A).
The interaction between ethidium and ST1710 became
weaker at higher temperatures. To determine the binding
affinity between ethidium and ST1710, we titrated the protein
into a solution of ethidium as described in Materials and
Methods. At 10 °C, fitting the binding data with the Hill
equation yielded a dissociation constant of 19.1 £ 4.6 uM
(Figure 2B, solid gray line). The n value was found to be
0.88 £ 0.07, indicating a lack of binding cooperativity. For
the purpose of comparison, an alternative noncooperative 1:1
binding model was also used to fit the data (Figure 2B, dotted
black line). The dissociation constant derived from this fitting
model was 13.7 + 1.2 uM. The two curves superimposed
well, and the two Ky values were within reasonable agree-
ment with each other, indicating the validity of the fitting.

To evaluate the potential contribution of the protein
structural change to the observed effect of temperature on
binding, we collected the CD spectra of ST1710 at 10 and
50 °C. The structural stability of a helical protein is usually
monitored by the disappearance of the helical structure in
the far-UV region. We collected the far-UV CD spectra at
190—260 nm (Figure 3). The protein was highly o-helical,
as expected from the crystal structure. The two spectra
exhibited very few differences, indicating the protein was
stable at 50 °C. Such observation was not surprising as the
protein can tolerate being heated at 80 °C for at least 30
min or 90 °C for 10 min (22, 23).

Next, CD spectroscopy was used to evaluate the ST1710
structural change associated with ligand binding. The po-
tential change in protein secondary structure upon ligand
binding cannot be monitored in the far-UV region (<260 nm),
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Table 1: Fitting Parameters for ST1710—Ligand and ST1710—DNA
Binding

Ligand Binding

ligand protein K4 (apparent) n¢ ref
salicylate ~ MarR 2 mM 42
ST1710  ~1 mM? this work
ethidium ST1710  19.1 £ 4.6 uM 0.88 £0.07  this work
(Hill equation)
13.7 £ 1.2 uM /
(noncooperative
binding model)
CCcCp EmrR 5-25 uM 43
EmrR 2 uM 44
ST1710  57.0 &+ 7.0 uM ~1 this work
DNA Binding
temp (°C) n® Ky (nM)
10 1.124£0.05 618 +£34
30 1.13£0.05 334 £ 15
50 1.06+0.04 189+ 9

“n is calculated per protein monomer. ” Estimated from its inhibitory
effect in Figure 8B.
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60 %
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FIGURE 3: Circular dichroism study of ST1710. The secondary
structure of ST1710 is highly o-helical, consistent with its crystal
structure. The conformation of the protein changed little when the
temperature increased from 10 °C (O) to 50 °C (#).

due to the strong absorption by the ligands. Instead, the near-
UV CD spectra (260—350 nm), which reveal information
about a protein’s tertiary structure, were collected for the
free protein, free ligands, and the protein—ligand complexes
(Figures 4 and 6). Aromatic residues, especially Trp, are
major contributors to the near-UV CD signal. Since ST1710
has no intrinsic Trp, a high protein concentration had to be
used (300 M) to achieve an adequate signal-to-noise ratio
for the spectrum. The ligand concentration should be
sufficiently high to form a significant amount of protein
complex to facilitate detection, while at the same time not
so high that the ligand absorption would deteriorate the CD
signal. In the case of ethidium, its absorption at 300 4M (to
achieve a 1:1 molar ratio to the protein) led to a poor signal-
to-noise ratio, so the spectra shown in Figure 4A were
acquired with 150 uM ethidium. At a ligand-to-protein ratio
of 0.5:1, only a portion of the protein will bind to ethidium.
However, there was still a clear difference between the CD
traces of the apoprotein () and the protein—ethidium
mixture () in the wavelength region between 260 and 275
nm, supporting the notion that ethidium binding induced
protein conformational change.

Salicylate absorbed much less in the wavelength range
studied and could be used at 2 mM to achieve a ligand-to-
protein ratio of 20:3 (Figure 4B). The differences between
the protein (O) and protein—salicylate mixture (@) traces
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FIGURE 4: ST1710 conformational change induced by the binding
of ethidium (A) and salicylate (B) at 50 °C. CD spectra of ST1710
(0), ligand (A), and ST1710 bound with ligand (). Concentrations
of the protein, ethidium, and salycilate used in the experiments were
300, 150, and 2000 M, respectively.

were apparent. The major positive peak shifted from 275 to
280 nm, and the minor positive peak at 300 nm became more
predominant. Clearly, the binding of salicylate led to a
protein conformational change.

Due to the limitations of experimental conditions as
discussed above, the near-UV CD spectra exhibited only
minor changes after the addition of ethidium (Figure 4A).
To further evaluate the effect of ethidium binding, we
monitored its influence on the Trp fluorescence. The Trp
fluorescence is very sensitive to the environment and thus
has been used broadly as a reporter for protein conforma-
tional change. Ethidium has no significant fluorescence
emission under the experimental condition used for this
study. We first performed site-directed mutagenesis experi-
ments to introduce a single Trp into the protein sequence,
as ST1710 has no intrinsic Trp. Ideally, the reporter Trp
should be placed at a location that experiences the most
dramatic structural change following ligand binding. In an
effort to identify the proper position for the mutation, we
superimposed the structures of apo ST1710 with apo and
salicylate-bound MTH313 (Figure 5A). As expected, the
overall structure of ST1710 was very similar to that of
MTH313. In the structure of ST1710, two tyrosines (Y55
and Y60) were found to be close to the corresponding ligand
binding site in MTH313. Therefore, these two tyrosines were
chosen to be replaced with Trp. We constructed two single
Tyr to Trp mutants (Y5S5W and Y60W) and monitored their
Trp fluorescence changes following ethidium binding (Figure
5B,C). The fluorescence of wild-type ST1710 was also
acquired under the same experimental condition as a refer-
ence (Figure 5B). The fluorescence intensity of wild-type
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FIGURE 5: Effect of ethidium binding on the Trp fluorescence emission. (A) The left panel shows the superimposition of the crystal structures
of apo MTH313 (blue), MT313 in complex with salicylate (yellow, with salicylate shown as a cyan ball-and-stick model), and ST1710
(red). Protein Data Bank entries 3BPV (apo MTH313), 3BPX (MTH313—salicylate complex), and 2EB7 (ST1710) were used to create this
figure. The right panel shows the structure of ST1710, with residues Y55 and Y60 shown as cyan ball-and-stick models. (B) Fluorescence
emission spectra of mutants Y60W (solid black line), Y55W (solid gray line), wild-type ST1710 (dotted black line), Trp (dashed black
line), and ethidium bromide (dotted gray line). The excitation wavelength was 280 nm. The concentrations of the proteins, Trp, and ethidium
were 1, 1, and 5 uM, respectively. (C) Normalized fluorescence emission spectra of mutants Y55W and Y60W and Trp in the absence
(black) and presence (gray) of ethidium bromide. The experimental condition was the same as described above. The spectra in each panel

were normalized to the maximum emission intensity of the sample in the absence of ethidium.

ST1710 was very small in the wavelength region examined,
as expected for a protein without intrinsic Trp. As a control
experiment, we examined the effect of the presence of
ethidium on the fluorescence emission of the free amino acid
Trp under the same experimental condition (Figure 5C).
Ethidium quenched the fluorescence of both the ST1710
mutants and the free amino acid Trp. However, in the latter
case, the quenching involved an intensity drop of only
approximately 30%, with very little wavelength shift of the
emission peak. For mutants Y55W and Y60W, the intensities
dropped by approximately 35 and 40%, respectively, and
the emission maxima also red-shifted. In addition, the
changes caused by ethidium binding on the fluorescence
spectra of Y55W and Y60W were different, supporting the
notion that protein conformational changes were associated
with ethidium binding. However, the potential contributions
from the direct Trp—ethidium interactions could not be
completely excluded. The bound ethidium might be in the
proximity of W55 and W60, and thus, the binding of
ethidium might have changed the chemical environment of
the reporter Trp and therefore produced the observed changes
in fluorescence emission.

We performed additional experiments to further confirm
that protein conformational change occurred. TNM specit-
ically nitrates Tyr to form 3’-nitrotyrosine (26, 27). The

susceptibility of a specific Tyr in a protein sequence to the
TNM nitration has been exploited to assess the solvent
accessibility of the corresponding residue (25, 27). Wild-
type ST1710 was treated with TNM in the presence or
absence of 100 4M ethidium bromide. The modified protein
was separated from the excess TNM and ethidium bromide
by passing the reaction mixture through a desalting column.
Finally, the number of Tyr residues nitrated per protein was
estimated as described in Materials and Methods. ST1710
has five tyrosines. A 12-fold TNM-to-protein molar excess
(2.4-fold molar excess vs Tyr) was used during the experi-
ment. In the absence of ethidium, approximately two
tyrosines per protein molecule were nitrated. The presence
of ethidium in the nitration step reduced the efficiency of
nitration by approximately 30%, with 1.4 tyrosines modified
per protein (data not shown). To identify the exact site of
modification, we submitted TNM-modified ST1710 to the
University of Kentucky Mass Spectrometry Facility for MS
analysis. Gel pieces containing the modified protein were
digested with trypsin and then subjected to LC—ESI-MS/
MS analysis. Resulting MS/MS spectra were searched against
archaeobacteria proteins in the NCBInr database using the
Mascot search engine (Matrix Science) allowing nitrotyrosine
modification. ST1710 was identified as the top hit. ST1710
contains five tyrosines: Y19, Y37, Y55, Y60, and Y111.
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FIGURE 6: Binding study of CCCP and ST1710 with CD spectroscopy. (A) Black traces from top to bottom are for 300 uM ST1710 with
0, 50, 100, 200, 400, 600, 800, and 1000 uM CCCP, respectively. The gray trace is for 1000 M CCCP alone. (B) The ellipiticity at 325
nm in panel A was plotted vs the molar ratio of CCCP to ST1710 to determine the stoichiometry of binding. Liner regressions of the data
points from the first four (0, 50, 100, and 200 uM) and last three (600, 800, and 1000 #M) concentrations crossed at a ligand-to-protein
ratio of ~1:1 (dotted gray line). (C) The ellipiticity at 325 nm was plotted vs the concentration of CCCP and fitted with the 1:1 binding

model.

Peptide fragments containing four of them (Y37, Y55, Y60,
and Y111) were identified in the MS/MS spectra. Y55 only
presented in the nitrated form, suggesting that this Tyr was
nitrated to a very high extent. Y37, Y60, and Y111 presented
in both the unmodified and nitrated forms. Due to the limited
quantification capability of MS, the extent of nitration could
not be reliably derived for Y37, Y60, and Y111. The nitration
state of Y19 was also unknown, as the peptide fragment
containing Y19 could not be observed in the spectra. As a
summary, at least four tyrosines (Y37, Y55, Y60, and Y111)
were nitrated in ST1710, with Y55 modified to a very high
extent. Nitration was not localized to two specific tyrosines,
although statistically two tyrosines were modified per protein.
The extent of modification was 30% lower in the presence
of ethidium. Due to the limited quantification capability of
the experiment, it would be difficult to attribute the 30%
decrease in nitration to any specific Tyr. Most likely, it was
a combined effect of all the modified tyrosines.

The CD spectra for CCCP binding are very intriguing
(Figure 6). Neither 1| mM CCCP alone (gray) nor the ST1710
alone (black, first line from the top, overlaps partially with
the gray line) had a significant signal at around 325 nm
(Figure 6A). However, a negative peak emerged at 325 nm
with the addition of CCCP to ST1710, which grew with the
increase in the CCCP concentration and finally reached
saturation. The near-UV CD profiles of proteins have been
well characterized, and the signals are attributed to aromatic
residues (Trp, Tyr, and Phe) and a disulfide bond (28, 29).
There is no intrinsic Trp or Cys in ST1710. Tyr usually has
a peak between 275 and 282 nm, and Phe shows sharp fine

structures between 255 and 270 nm (30). On the basis of
this analysis, the changes of the CD signal between 260 and
270 nm might come from the protein conformational change.
However, the negative peak at 325 nm most likely came from
the protein-bound CCCP, which gained a certain degree of
chirality in the asymmetric binding pocket. Such observations
are well-documented for certain ligands and cofactors that
have little CD signal in their free forms, while producing
large ellipticity readings once bound with proteins (37—35).
The ellipticities at 325 nm in Figure 6A were plotted versus
the molar ratio of CCCP to ST1710 (Figure 6B). A clear
inflection point occurred at the CCCP-to-ST1710 molar ratio
of 1:1, strongly suggesting a binding stoichiometry of one
CCCP per ST1710 monomer. The 1:1 binding model was
then used to fit the binding curve, yielding a dissociation
constant of 57.0 £+ 7.0 uM (Figure 6C).

Piecing together information obtained from the binding
studies of these three ligands, we found that ST1710 bound
to the ligands at affinities close to those of the bacterial MarR
proteins (Table 1). ST1710 formed homodimers in solution,
characteristic of MarR family members (22). One molecule
of CCCP was found to bind with each ST1710 subunit;
however, no cooperativity was observed between the two
binding sites in a ST1710 dimer. Similarly, no cooperativity
was observed for the binding of ethidium.

Effect of Temperature on ST1710—DNA Interaction. A
MarR transcriptional regulator can be either a repressor or
an activator. ST1710 is expected to be a repressor, based on
its high degree of homology with the E. coli MarR repressor
EmrR (23). Kumarevel et al. identified a putative DNA
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FIGURE 7: Effect of temperature on the binding between ST1710 and ST1. ST1710 was titrated into a binding buffer [10 mM HEPES, 50
mM NaCl (pH 7.5), and 1 ug/mL calf thymus DNA] containing 5 nM F-ST1 at 50 (A), 30 (B), and 10 °C (C). Fluorescence polarization
was monitered with an excitation wavelength of 492 nm and an emission wavelength of 515 nm. The binding data were fitted with the Hill
equation for dissociation constant Ky and Hill coefficient n (summarized in Table 1).

binding sequence (ST1) for ST1710 through scanning the
local sequence of the S. tokodaii genome for homology with
the ohrA promoter sequence (the binding site for a MarR
regulator OhrR) (20, 22). They estimated the STI—ST1710
binding constant to be ~15 uM using the gel mobility shift
assay. Because of the low binding affinity, they suggested
that the observed binding might be nonspecific. One factor
that was not taken into consideration during the study
described above is the temperature. ST1710 normally oper-
ates at 80 °C, and temperature is known to affect the
interactions between DNA and protein (36—38). Binding
constants determined at room temperature may not accurately
reflect the real physiological values at 80 °C. In this study,
we investigated the binding between ST1 and ST1710 at
three temperatures, 10, 30, and 50 °C, using a different
method (fluorescence polarization). The highest temperature
for this study was limited by the instrumentation and the
melting temperature of the double-stranded oligonucleotide
containing the binding sequence. Since S. fokodaii thrives
in the Sulfolobus medium, which has an ionic strength of
~0.04 M (calculated on the basis of the composition of the
Sulfolobus medium), we included 50 mM NaCl in the binding
buffer [10 mM HEPES (pH 7.5), 50 mM NaCl, and 1 ug/
mL calf thymus DNA] (39). The forward sequence was
labeled with FITC at the 5’-terminus and annealed with the
reverse sequence to generate the FITC-labeled double-
stranded DNA, F-ST1. Small aliquots of concentrated
ST1710 were titrated into a solution containing 5 nM F-ST1,
and the change in the fluorescence polarization (P) following
the addition of the protein was monitored at all three
temperatures (Figure 7). To evaluate the potential contribu-
tion of FITC to binding, ST1710 was titrated into a free FITC

solution, and no increase in fluorescence polarization was
observed (data not shown). The dissociation constant and
the Hill coefficient were derived by fitting the binding data
with the Hill equation as described in Materials and Methods
(Table 1). Two conclusions could be made on the basis of
the fitting results. First, the binding affinity increased with
the increase in temperature. It was approximately doubled
from 10 °C (Kq = 618 £ 34 nM) to 30 °C (Kq =334 £ 15
nM) and from 30 to 50 °C (Ky = 189 £+ 9 nM). Second,
Hill coefficient n was close to 1 at all three temperatures,
indicating the lack of cooperativity in binding. The melting
of ST1 prevented us from conducting binding studies at even
higher temperatures. If the binding affinity increased further
with the increase in temperature, at 80 °C the dissociation
constant might decrease to less than 100 nM. However, the
lack of binding cooperativity is different from what has been
observed for the bacterial MarR regulators, which clearly
showed a positive cooperativity in DNA binding (40).
Small Ligands Repress the Binding between ST1710 and
ST1. Using the ST1710—ST1 complexas a model system,
we examined the inhibitory effect of CCCP and salicylate
on protein—DNA binding at 50 °C (Figure 8A,B). Ethidium
was excluded from this study due to its capability to
intercalate into dsDNA. The fluorescence polarization of the
ST1710—ST1 complex was monitored while small aliquots
of concentrated ligands were titrated into the system. For
both CCCP (Figure 8A) and salicylate (Figure 8B), the
addition of ligands induced the dissociation of ST1710 and
ST1, resulting in a decreased fluorescence polarization. No
such effect was observed when the ligands were titrated into
a solution of free ST1 (data not shown). To further investigate
the specificity of this inhibitory effect, we checked the
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FIGURE 8: Effects of small molecule ligands CCCP (A), salycilate
(B), and Tyr (C) on ST1710—DNA binding. The ligand was titrated
into a buffer solution [10 mM HEPES, 50 mM NaCl (pH 7.5), and
1 ug/mL calf thymus DNA] containing 20 nM F-ST1 with 50 nM
ST1710. Solid lines illustrate the trend of the data.

influence of the amino acid Tyr on ST1710—ST1 binding.
Tyr contains a phenyl moiety, resembling the structure of
salicylate. The concentration range we could test was limited
by the poor solubility of Tyr in the binding buffer, but no
repression was observed at the highest concentration used
in this study (Figure 8C). Finally, we examined the binding
between ST1710 and ST1 in the presence of a saturating
concentration of salicylate. ST1710 was titrated into a
solution of F-ST1 in the presence of 10 mM salicylate (K,
~ 1 mM), and no significant increase in fluorescence
polarization signal was observed up to the highest protein
concentration tested (5 M) (data not shown). This result
indicated that ST1710 did not interact with ST1 in the
presence of the saturating concentration of salicylate.

In summary, we characterized the effector binding of an
archaeal MarR-type repressor, ST1710, to three representa-
tive bacterial MarR ligands, including a cation, an anion,
and a neutral molecule. Binding of these ligands caused
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conformational changes in the protein, as revealed by the
near-UV CD spectra, the fluorescence emission of the
reporter Trp residues, and the solvent accessibility of
tyrosines in the protein structure. The binding affinities of
the ligands for ST1710 were comparable to their affinities
for the bacterial MarRs. For CCCP, one ligand bound to one
ST1710 monomeric subunit. No cooperativity of binding was
observed. Intriguingly, no cooperativity was observed for
ST1710—ST1 binding either, which was different from what
had been reported for the bacterial MarR-type repressor.
Although it is possible that the archaeal MarR has a different
mechanism, the high degree of structural similarity with the
bacterial MarR argues against it. Since ST1 was identified
using sequence homology rather than a more thorough study
using DNA footprinting coupled with mutational experi-
ments, there remains a possibility that ST1 does not contain
the real promoter sequence of ST1710. The MarR regulators
bind to (pseudo) palindromic sequences. No clear symmetry
can be identified in the sequence of ST1. It is possible that
part of the ST1 resembles half of the palindromic binding
sequence, to which only one subunit of the ST1710 dimer
binds efficiently. This may be the reason behind the lower-
than-expected binding constant for a real promoter sequence
and the lack of binding cooperativity. Nonetheless, the
bindings of CCCP and salicylate clearly disrupt this interac-
tion. The gene encoding ST1710 is downstream of gene
ST1709, forming part of a bacterium-like operon. ST1709
is a putative multiple drug resistant transporter protein that
belongs to the major facilitator superfamily. It is possible
that both proteins are involved in functions such as detoxi-
fication or stress response, with ST1710 regulating the
expression level of ST1709. The MarR family is one of the
few regulator families that exists broadly in both the
kingdoms of bacteria and archaea. As many archaea species
are found in extremely hostile environments, it is not
surprising that the MarR-type regulators would be critical
for the survival of such organisms. An archaeal MarR
activator, BIdR, has been shown to play important roles in
the detoxification of aromatic aldehyde (47). The exact
cellular functions of ST1709 and ST1710 are still awaiting
determination.
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