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ABSTRACT: In pathogens, a unique class of metalloregulator proteins, called gene
regulatory proteins, sense specific metal ions that initiate gene transcription of proteins
that export metal ions from the cell, thereby preventing toxicity and cell death. CsoR is a
metalloregulator protein found in various bacterial systems that “sense” Cu(I) ions with
high affinity. Upon copper binding, CsoR dissociates from the DNA promoter region,
resulting in initiation of gene transcription. Crystal structures of CsoR in the presence
and absence of Cu(I) from various bacterial systems have been reported, suggesting
either a dimeric or tetrameric structure of these helical proteins. However, structural
information about the CsoR-DNA complex is missing. Here, we applied electron
paramagnetic resonance (EPR) spectroscopy to follow the conformational and
dynamical changes that Mycobacterium tuberculosis CsoR undergoes upon DNA binding
in solution. We showed that the quaternary structure is predominantly dimeric in
solution, and only minor conformational and dynamical changes occur in the DNA
bound state. Also, labeling of the unresolved C- terminus revealed no significant change in dynamics upon DNA binding. These
observations are unique, since for other bacterial copper metalloregulators, such as the MerR and CopY families, major
conformational changes were observed upon DNA binding, indicating a different mode of action for this protein family.

■ INTRODUCTION
Copper, along with other metals such as zinc and iron, are
commonly found as natural prosthetic groups of proteins.
However, copper ions are toxic when free in biological fluids,
owing to their ability to cycle between two oxidation states,
Cu(II) and Cu(I). This cycle between oxidation states results
in reactive oxygen species (ROS) and ultimately leads to cell
death. Hence, various microorganisms have evolved a highly
sophisticated mechanism for copper homeostasis. They
dedicated an entire regulatory machinery to acquire, utilize,
traffic, detoxify, and otherwise manage the intracellular and
extracellular concentrations of copper ions encountered in
their microenvironment.1−6 For pathogenic bacteria, the
challenges are even harsher. These organisms face an ever-
changing landscape of metal deprivation and toxicity in human
hosts. Metal sensor proteins are unique metal-sensing tran-
scription regulators found only in bacteria; they act as metal
coordination sites that “sense” specific metal ions. To illustrate,
Mycobacterium tuberculosis, a human pathogen responsible for
at least 2 million deaths every year, encodes over 15 metal
sensor proteins. When the metalloregulator protein (metal
transcription factor) chelates a specific metal ion, it induces
conformational changes in the protein’s structure and
dynamics that control the transcription mechanism. These
conformational changes facilitate or prevent binding of the
DNA promoter sequence and regulate transcription initiation.
Thus, they control the transcription of genes, which encode
proteins involved in metal homeostasis, including transporting

proteins that import essential metals or export them if they are
present in excess.7−9

The copper-sensing operon repressor (CsoR) is a member
of a major Cu(I) sensing family of bacterial metalloregulator
proteins that has evolved to prevent copper toxicity in the
cytoplasm.10−14 CsoR was first discovered in M. tuberculosis;
other CsoRs were studied from Bacillus subtilis, Staphylococcus
aureus, Thermus thermophilus, Listeria monocytogenes, and
Streptomyces lividness.15−20 The first crystal structure of CsoR
from M. tuberculosis was reported in 2007; however, the last 30
amino acid residues of the C-terminus were not resolved.14

CsoR (PDB-ID: 2HH7) crystallized as a homodimer.21

Analysis of the protein interfaces with the Evolutionary
Protein−protein Interface Classifier (EPPIC) showed that
only one dimer interface is of biological nature, whereas the
remaining interaction sites are crystallographic and exper-
imental artifacts.22 Interestingly, one of these crystallographic
interfaces coincides with the predicted DNA binding site.21,23

Thus, the crystal structure of CsoR (2HH7) only provides
limited information about the DNA binding mechanism due to
the crystallographic artifact and the lacking C-terminus.
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Nevertheless, this structure revealed that CsoR is an all α-
helical protein with a four-helix bundle architecture (α1-α2-
α1′-α2′) flanked by C-terminal α3/α3′ helices. CsoR binds
one Cu(I) per monomer in an interdimer trigonal S2N
coordination via three residues: (1) Cys36 (α2 helix), (2)
Cys65′ (α2′ helix) from the opposite monomer within the
dimer, and (3) His61′ (α2′ helix). In the apo form (in the
absence of Cu(I)), M. tuberculosis CsoR represses the
transcription of the cso operon gene by binding to the gene’s
sequence (5′-GTAGCCCACCCCCAGTGGGGTGGGA-
TAC-3′). In the holo-form (bound to Cu(I)), CsoR
dissociates from the DNA, and transcription occurs. The cso
operon encodes CsoR, in addition to a Cu(I)-efflux P-type
ATPase, CtpV. The CsoR structure suggests that two CsoR
dimers fold into a D2-symmetric tetramer, and that two CsoR
tetramers bind to one cso operon.11 To date, no high-
resolution structure of a DNA-bound CsoR complex has been
reported. As a result, there is a general lack of molecular
information that might provide insights into the regulation of
the transcription mechanism.

EPR spectroscopy has emerged as an excellent tool for
resolving such systems since it does not require crystallization
and does not depend on protein size. EPR can be measured in
buffer solution, and even a weak interaction between protein
and DNA can be detected.24−26 EPR’s strength lies in its
sensitivity to both changes on an atomic level and nanoscale
fluctuations.27−31 In addition, EPR can measure distances
between paramagnetic probes within the protein, and between

proteins, up to 10.0 nm.32−43 Sometimes the measurement of
one distance (or a few) is sufficient to establish the plausibility
of a mechanism or to validate a proposed structure. The most
common means for obtaining nanoscale structural information
is by pulsed electron double resonance (PELDOR), also
commonly termed the double electron resonance experiment
(DEER). Pulsed EPR experiments can measure nanometer
distances between paramagnetic probes, and continuous wave
(CW) EPR can derive the dynamics of protein chains. The
combination of CW and pulsed EPR with site-directed spin
labeling (SDSL) has become widely used in biophysical
research,44−52 where an electron spin introduced into
diamagnetic proteins provides information on their local
environment and on the mobility of the protein domain.
Herein, we applied SDSL, together with EPR spectroscopy, to
target conformational changes in the CsoR protein upon DNA
binding.

■ RESULTS
The gene encoding M. tuberculosis CsoR (119 amino acids)
was cloned, expressed, and purified from E. coli. Figure 1A
shows the SDS-PAGE gel of the purified CsoR protein. Figure
1B presents an electrophoresis mobility shift assay by a
fluorescence (EMSA) gel picture of CsoR, confirming that
CsoR binds the DNA only in the apo form, in the absence of
Cu(I). To better understand the assembly of the protein,
which will be required for the EPR data analysis, cross-linking
experiments of CsoR as a function of different ratios of

Figure 1. (A) SDS-PAGE gel of purified M. tuberculosis CsoR (13 kDa) was stained with coomassie brilliant blue. (B) EMSA gel of CsoR bound to
a GC-rich DNA sequence as a function of different CsoR and Cu(I) concentration. (C) Cross-linking experiments were performed as a function of
various concentrations of the glutaraldehyde (GA) cross-linker.
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glutaraldehyde (the cross-linker) were performed (Figure 1C).
It shows that this protein is either in a dimeric (26 kDa) or
tetrameric (52 kDa) state. A weak trimer band was also
observed at 39 kDa. We then used ConSurf53 (Figure S1,
Supporting Information) to pinpoint potential nonconserved
residues that can be mutated to cysteine for SDSL with the 1-
oxyl-2,2,5,5-tetramethylpyrroline-3-methylmethanethiosulfo-
nate (MTSSL) nitroxide spin label (Figure S2, Supporting
Information). The following point mutations were chosen:
A34C mutation within the loop between α1 and α2 of the
protein, the A45C mutation located on helix α2, and A91C on
helix α3 (Figure 2). However, since we observed minor spin-
labeling of about 10−20% of cysteine C36 and C65 that are
involved in Cu(I) binding, we mutated these cysteine residues
to methionine. The following mutations were prepared:
CsoR_A34C_C36M_C65 M (termed CsoR_A34C), CsoR_-
A45C_C36M_C65 M (termed CsoR_A45C), and CsoR_-
A91C_C36M_C65 M (termed CsoR_A91C). Mass spectra
and CW-EPR confirmed that the yield of the spin-labeling is
above 90% (Figures S3 and S4, Supporting Information).CD
spectra verified that these mutations do not interfere with the
secondary structure of the protein (Figure S5, Supporting
Information), and EMSA experiments confirmed that these
mutants can bind to the DNA (Figure S6, Supporting
Information).

DEER experiments were first performed for all of the
mutants in the apo-state. Figure 3 presents the DEER time
domain data and corresponding distance distribution func-
tions. The DEER data suggest various conformations of the
protein, which is characterized by broad distance distribution
functions. Moreover, the predicted distance distribution, which
corresponds to the CsoR crystal structure conformation
(derived using the chiLife program54 and PDB: 2HH7) as a
dimer (orange line) and tetramer (green line) is presented, for
all mutants in Figure 3. The DEER data proposed that the
structure of CsoR in solution agrees well with the crystal
structure. Moreover, the modulation depth for all DEER traces
was in the same range of about 15−17%, which indicates that
the assembly of CsoR is similar for all solutions. Based on the
comparison with the predicted distance distributions of the
crystal structure, it seems that the protein can exist both in

dimeric and in tetrameric states. However, it seems that the
contribution of the dimer to the distance distribution function
is higher than the distances corresponding to the tetrameric
assembly. SEC-HPLC data (Figure S7) confirmed that the
protein exists in dimeric and tetrameric forms.

We then carried out DEER measurements on all mutants in
the presence of DNA (Figures 4−6). No change in the
distance distribution was observed for the CsoR_A34C
mutant. For CsoR_A45C, a small shift in the mean distance
from 2.5 nm in the absence of DNA, to 2.7 nm in the presence
of DNA, in addition, a slight narrowing in the distribution
upon DNA binding was detected. For CsoR_A91C, a slight
shift in the mean distance from 2.1 to 2.2 nm upon DNA
binding was also observed. The DEER data suggest minor
opening between helices α2 and α3 upon DNA binding.

CW-EPR experiments were performed at room temperature
(RT) on all spin-labeled proteins in the absence and presence
of DNA (Figure 7). Differences in the mobility of the spin-
labels at different sites were observed, where the lowest
mobility was detected for A91C site (α3 helix). However, no
significant change in dynamics for all sites was detected as a
function of DNA binding. The CW-EPR spectra were analyzed
using the easyspin program56 (Figure S8, Table S1, Supporting
Information). Some minor decreases in dynamics were
detected for CsoR_A34C and CsoR_A45C upon DNA
binding.

■ DISCUSSION
Bacteria rely on a unique and exclusive set of proteins to
quickly adapt to metal ion toxicity or deprivation. These
unique proteins are transcription factors that contain at least
two domains: a metal coordination site, which “senses” specific
metal ions, and a DNA-binding site. Both domains are
responsible for inducing conformational changes in the protein
and the DNA that eventually will lead to transcription.57−60

Bacteria contain various metal-sensitive transcription factors
that mediate metal homeostasis by regulating the expression of
genes encoding metal transporters, intracellular chelators and/
or other detoxification enzymes.9,58,61 At present, seven major
families of metal-sensitive transcription factors have been
identified in bacteria (i.e., the ArsR, MerR, CsoR, CopY, Fur,

Figure 2. CsoR dimer model with proposed DNA binding site (PDB: 2HH7). The spin-labeling sites are marked in pink and cyan according to
each monomer. Cu(I) sites are indicated with yellow spheres.
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Dtx1, and NikR families), with at least one crystal structure of
at least one representative of these seven families has been
reported.8,9,58,61 Proteins from the same family share sequence
similarities of 30−60%, and thus greatly resemble each other.
X-ray crystallography, NMR, and Cryo-EM techniques have
been able to report on different structures of these proteins,
especially when they are bound to the specific metal ion.
However, targeting different conformations as a function of
metal ion concentration and DNA, which provides a better
understanding of the mechanism of action of these proteins, is
more challenging.7,62−65 EPR spectroscopy can overcome
these gaps since it can follow conformational and dynamical
changes in solution and in-cell upon DNA and metal ion
binding.66−68 In our lab, we have been implementing EPR
measurements on E. coli CueR, S. pneumoniae CopY, and the
current study onM. tuberculosis CsoR. Figure 8 summarizes the
structural changes observed for the three transcription factors
using EPR measurements. For M. tuberculosis CsoR (Figure
8A), minor changes, where helices α2 and α3 are spreading
apart by 1−2 Å, were detected upon DNA binding. For E. coli

CueR (Figure 8B), major structural changes were observed,
where the two α2 helices in the DNA binding domain are
spreading apart by about 10 Å, while the two α4 helices are
getting closer to each other by about 8 Å.24,25,69 The DNA
binding domain that involves helices α1-α4 exhibits additional
conformational changes upon metal ion binding. However, no
changes in kinetics were detected for E. coli CueR as a function
of DNA binding, only as a function of metal ion
coordination.70 For S. pneumoniae CopY (Figure 8C), major
dynamical and conformational changes were detected upon
DNA binding, where the dynamics in the dimer interface and
the metal binding site becomes completely restricted upon
DNA binding, and the two-dimer interface regions of CopY are
spreading apart by 13 Å, while the two metal binding sites are
getting closer to each other by 5 Å.71 As compared to CueR
and CopY, the CsoR mechanism appears to be entirely
different upon DNA binding. This suggests a unique feature of
this repressor as compared to other copper transcription
factors.23 It was previously reported that mutagenesis of all
three residues Arg15 and Arg52 and Cys36 abolished DNA

Figure 3. DEER data for the various CsoR mutants. (A) DEER time domain raw data (black); the red line represents the background function. (B)
DEER time domain data after background subtraction (black) and the corresponding fit (red) obtained using DeerAnalysis program.55 (C)
Corresponding distance distribution function using Tikhonov regularization, where the regularization parameter was 30. The orange distance
distributions and the green distance distributions represent the distance distribution function predicted using the chiLife program for the selected
mutant based on the PDB: 2HH7 structure for the dimer and tetramer assembly. Distance distribution validation considered white noise,
background start, and dimensionality. The color bar indicates the reliability of the distance distributions (green: shape reliable; yellow: mean and
width reliable; orange: mean reliable; red: no quantification possible). Purified protein concentration was between 60 and 80 μM. For all samples
30% glycerol was added.
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binding.21 There, they proposed a crucial interaction between
the copper binding site and C-terminal Glu81, allowing CsoR
to dissociate from the DNA upon copper binding. Our study
revealed no significant conformational changes upon DNA
binding. Therefore, further studies are required to understand
the complex interplay between metal ions and DNA binding
on dynamical and conformational changes of CsoR. Moreover,
DNA labeling will be applied to fully understand the
conformational changes that occur within the promoter region
during binding and dissociation of CsoR. Altogether, only
comprehensive data including all factors will allow for a

detailed understanding of the enigmatic transcription regu-
lation by CsoR.

■ CONCLUSIONS
CsoR is a copper-sensitive repressor found in many bacterial
systems. The reported structure of CsoR was resolved in
various bacterial systems; however, it is available only in the
absence of DNA. The structure suggests an alpha helical
structure in a dimer or tetramer assembly. Here, we performed
EPR measurements on CsoR as a function of DNA binding in
solution. We showed that also in solution CsoR can exist in

Figure 4. DEER data for the CsoR_A34C mutant in the presence and absence of DNA. (A) DEER time domain raw data (black), the red line
represents the background function. (B) DEER time domain data after background subtraction (black) and the corresponding fit (red) obtained
using DeerAnalysis program and Tikhonov regularization.55 (C) Corresponding distance distribution function. Distance distribution validation
considered white noise, background start, and dimensionality. The color bar indicates reliability of the distance distributions (green: shape reliable;
yellow: mean and width reliable; orange: mean reliable; red: no quantification possible).

Figure 5. DEER data for the CsoR_A45C mutant in the presence and absence of DNA. (A) DEER time domain raw data (black), the red line
represents the background function. (B) DEER time domain data after background subtraction (black) and the corresponding fit (red) obtained
using DeerAnalysis program and Tikhonov regularization.55 (C) Corresponding distance distribution function. Distance distribution validation
considered white noise, background start, and dimensionality. The color bar indicates reliability of the distance distributions (green: shape reliable;
yellow: mean and width reliable; orange: mean reliable; red: no quantification possible).
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both dimeric and tetrameric states. Interestingly, only minor
dynamical and conformational changes were determined as a
function of DNA binding including the unresolved C-terminus.
This behavior is unique to this transcription factor because
other bacterial copper transcription factors showed major
conformational and dynamical changes upon DNA binding,
which explain the mechanism of action. It reveals our lack of
understanding of gene transcription regulation by CsoR.
Hence, further research is required to shed light on this
enigmatic process triggered by copper binding.

■ MATERIALS AND METHODS
Cloning, Expression, and Purification of CsoR. CsoR

was cloned in modified pET28a by PCR, and the resulting
plasmid was confirmed by DNA sequencing. The plasmid was
transformed into E. coli BL21 and grown in LB media at 37 °C
until the OD600 reached 0.5. Then 1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG, Bio-Lab) was added. After an
additional overnight incubation at 18 °C, cells were separated
by centrifugation. Bacterial pellets were resuspended in buffer
containing 25 mM Tris-HCl (Bio-Lab) pH 7.4, 250 mM NaCl
(Fisher Bioreagents),10 mM imidazole (Fisher Bioreagents),
treated with homogenizer, and then passed through a
Microfluidizer processor. Next, 2 mM PMSF protease inhibitor
(Sigma-Aldrich) was added to the lysed culture and
centrifuged at 14,000 rpm and 4 °C for 40 min. The protein
lysate in the soluble fraction was purified with Ni-NTA beads
(Cytiva) according to the manufacturer’s instructions.

CsoR Spin-Labeling. The protein was spin-labeled with S-
(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) methylme-
thane-thiosulfonothiate (MTSSL, TRC). CsoR elution frac-
tions were incubated with 10 mM DTT (Holland Moran) to
reduce potential disulfide bonds and dialyzed against Tris
buffer [25 mM Tris (pH 7.4), 250 mM NaCl], using 1 kDa
dialysis cassettes, at 4 °C for 12 h, to remove free DTT. The
protein was subsequently incubated with 15 mM MTSSL,
vortexed overnight at 4 °C, and dialyzed against Tris buffer at 4
°C for 72 h, to remove free MTSSL.

Mass-Spec Analysis. Liquid chromatography mass spec-
trometry (LC−MS) analysis was performed on a 6545 QTOF
mass spectrometer (Agilent) that was equipped with an
electrospray ionization (ESI) coupled to a 1260 UHPLC.
UHPLC was carried out on a Agilent Infinity Lab Poroshell
120 EC-C1850 × 4.6 mm, 2.7 μm column.

Circular Dichroism Experiments. Circular dichroism
(CD) measurements were conducted by using a Chirascan
spectrometer. Measurements were carried out over a range of
20−90 °C in a 1 mm optical path length cell, and the spectra
were recorded from 190 to 260 nm. The CD signal was an
average of 3 scans for each sample.

HPLC-SEC Experiments. HPLC measurements were
performed using a PSS PROTEEMA 5 μ column with
dimensions 300 mm × 8.0 mm on an Agilent 1260 Infinity
II LC System. The column was calibrated using protein

Figure 6. DEER data for the CsoR_A91C mutant in the presence and absence of DNA. (A) DEER time domain raw data (black), the red line
represents the background function. (B) DEER time domain data after background subtraction (black) and the corresponding fit (red) obtained
using DeerAnalysis program and Tikhonov regularization.55 (C) Corresponding distance distribution function. Distance distribution validation
considered white noise, background start, and dimensionality. The color bar indicates reliability of the distance distributions (green: shape reliable;
yellow: mean and width reliable; orange: mean reliable; red: no quantification possible).

Figure 7. RT CW-EPR experiments in the absence (black lines) and
presence (gray lines) of DNA, for the different mutants.
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standard mix 15−600 kDA (Thyroglobulin bovine 670 kDa,
gamma-globulins 150 kDa, ovalbumin 44.3 kDa, ribonuclease
A 13.7 kDa, p-aminobenzoic acid 137 Da) (Sigma-Aldrich)
using buffer containing 25 mM Tris-base (Fisher Bioreagents)
pH 7.4, 250 mM NaCl, 10 mM imidazole with an isocratic
flow rate of 0.75 mL/min for 25 min and absorbance detection
of UV-280 nm.

Cross-Linking Experiments. Cross-linking reactions were
carried out with different ratios of glutaraldehyde (GA, Sigma-
Aldrich) and CsoR protein at RT for 30 min in buffer
containing 25 mM Hepes (Biological Industries) and 250 mM
NaCl in a 40 μL final volume. The reactions were stopped by
Tris-HCl buffer pH = 7.4 in a final concentration of 125 mM.
Regarding the cross-linking experiments with copper, the
proteins were incubated for 30 min with Cu(l) (Sigma-
Aldrich) at different ratios and then for 30 min with GA at RT.

Electrophoretic Mobility Shift Assay Experiment. The
GC-rich DNA sequence that binds CsoR protein was labeled
using cy5 fluorescent dye. A protein−DNA complex was
formed in 40 μL of incubation buffer [25 mM Tris-base pH
7.4, 250 mM NaCl, 5% vol/vol glycerol (Sigma-Aldrich)] for
30 min at RT, and then formaldehyde cross-linking assays were
performed. Formaldehyde (Fisher Bioreagents) was added to a
final concentration of 0.74%, and the reactions were incubated
for an additional 30 min on ice. The cross-linked protein−
DNA complexes were resolved on 4.5% (37:1) native
polyacrylamide gels that were prerun at 20 mA for 1 h. The
samples were loaded onto the gel running at 10 mA for an
additional hour. The gels were imaged by a typhoon
phosphorimager (Typhoon FLA9500).

Addition of DNA. For EPR measurements, the duplex
sequence of (GC-rich) DNA (Integrated DNA Technologies)
was added to apo-CsoR and holo-CsoR in ratio 2:1 protein:

DNA (5′-GTAGCCCACCCCCAGTGGGGTGGGATAC-
3′).

X-Band CW-EPR Experiments. CW-EPR spectra were
recorded using an E500 Elexsys Bruker spectrometer operating
at 9.0−9.5 GHz and equipped with a superhigh-sensitivity CW
resonator. The spectra were recorded at room temperature
(292 ± 5 K), at a microwave power of 20.0 mW, a modulation
amplitude of 1.0 G, a time constant of 60 ms, and a receiver
gain of 60.0 dB. The samples were measured in 1.0 mm quartz
tubes (Wilmad-LabGlass, Vineland, NJ). CW-EPR simulations
were carried out using MATLAB, with the EasySpin toolbox.56

Q-Band DEER Experiments. The DEER experiment π/
2(νobs) − τ1 − π(νobs) − T − π(νpump) − (τ1 + τ2 − T) −
π(νobs) − τ2 − echo was carried out at 50 ± 1.0 K on a Q-band
Elexsys E580 spectrometer, equipped with a 2 mm resonator
and a 50 W traveling wave tube amplifier. A two-step phase
cycle was employed on the first pulse. The echo was measured
as a function of T, and τ2 was kept constant to eliminate any
relaxation effects. The durations of the observer and the pump
π pulse were 24 ns each. The dwell time was 12 ns. τ1 was set
to 200 ns, and τ2 was set to 1400−3200 ns. The pump pulse
was set to the maximum of the nitroxide spectrum, and the
observer was set 70 MHz higher. The samples were measured
in 1.6 mm capillary quartz tubes (Wilmad-LabGlass). The data
were analyzed using the DeerAnalysis program.55,72
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