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ABSTRACT: Bacillus subtilis CsoR (Bsu CsoR) is a copper-sensing transcriptional repressor that regulates
the expression of the copZA operon encoding a copper chaperone and a Cu efflux P-type ATPase,
respectively. Bsu CsoR is a homologue of Mycobacterium tuberculosis CsoR (Mtb CsoR), representative
of a large Cu(I)-sensing regulatory protein family. We show here that Bsu CsoR binds ≈1 mol equiv of
Cu(I) per monomer in vitro with an affinity g1021 M-1. X-ray absorption spectroscopy shows Cu(I) adopts
a trigonal S2N coordination like Mtb CsoR. Both apo and Cu(I)-bound Bsu CsoR are stable tetramers in
the low micromolar monomer concentration range by sedimentation velocity and equilibrium ultracen-
trifugation. Apo-Bsu CsoR binds to a pseudopalindromic 30 bp copZA operator-promoter DNA with a
stoichiometry of two tetramers per DNA and stepwise affinities of K1

apo ) 3.1((0.8) × 107 M-1 and
K2

apo ) 8.3 ((2.2) × 107 M-1 (0.4 M NaCl, 25 °C, pH 6.5). Cu(I) Bsu CsoR binds to the same DNA with
greatly reduced affinities, K1

Cu ) 2.9((0.4) × 106 M-1 and K2
Cu e 1.0 × 105 M-1 consistent with a

copper-dependent derepression model. This Cu-dependent regulation is abrogated by a “second shell”
Glu90-to-Ala substitution. Bsu CsoR binds Ni(II) with very high affinity but forms a non-native coordination
geometry, as does Co(II) and likely Zn(II); none of these metals strongly regulates copZA operator DNA
binding in vitro. The implications of these findings on the specificity of metal-sensing sites in CsoR/
RcnR proteins are discussed.

As an essential catalytic cofactor of metalloenzymes,
copper (Cu) plays crucial roles in many important biological
processes (1). The reversible oxidation of Cu(I) and reduction
of Cu(II) makes Cu versatile in catalyzing a wide range of
different chemical reactions in the cell. However, these redox
properties also make Cu toxic with the amounts of “free”
Cu inside the cell thought to be strongly limiting. An
undesirable pool of available Cu in the cytosol could mediate
the production of reactive oxygen species (ROS), i.e., OH-•

and O2
-•, through the Fenton reaction but may also be

involved in amyloid formation and toxicity in mammals (2-4).
Therefore, the total and bioavailable concentrations of Cu
inside the cell are thought to be strictly regulated by a Cu
homeostasis system, which includes Cu transporters, chap-
erones, scavengers, and regulatory proteins.

Recent findings suggest that, like iron, copper and copper
homeostasis related proteins can be required for full virulence
of pathogenic bacteria. For example, a Cu-efflux P-type
ATPase CtpA in Listeria monocytogenes is a reported
virulence factor as is Cu-superoxide dismutase in Mycobac-
terium tuberculosis (Mtb) (5, 6). Furthermore, recent mi-
croarray studies carried out with Mtb at different Cu

concentrations suggest a strong relationship between Cu
toxicity and oxidative stress, the latter of which is one of
the challenges Mtb encounters during its survival in mac-
rophages (7). A proteomics study carried out in Lactococcus
lactis identified three oxidative stress related proteins as
highly induced by Cu stress (8). Although precisely how Cu
stress induces an oxidative stress response is not firmly
established, the reversible redox cycling of excess Cu in an
aerobic environment may well be at least partly causative;
in any case, proteins involved in Cu homeostasis have been
shown to play important roles in the defense mechanisms
of the pathogens against oxidative stress (9, 10).

Bacillus subtilis CsoR1 (Bsu CsoR) has recently been
found to be a Cu sensor that regulates the transcription of
copZA operon, which encodes the Cu chaperone CopZ and
the Cu-efflux P-type ATPase CopA (11). Bsu CsoR shares
high sequence similarity with M. tuberculosis CsoR (Mtb
CsoR), the first characterized member of what is predicted
to be a large family of Cu regulatory proteins in bacteria
(Figure 1) (12). It has been shown that Bsu CsoR specifically
binds to a pseudopalindromic DNA in the operator-promoter
region of copZA operon and represses the transcription.
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transcription, allowing the expression of CopZ/CopA proteins
to traffic and efflux the excess Cu from the cytosol.

The Ni(II)/Co(II) sensor RcnR from Escherichia coli is a
distant orthologue of Mtb CsoR (Figure 1). RcnR regulates
the expression of a Ni-efflux system in E. coli (13). Recent
studies show that RcnR binds Ni(II)/Co(II) with a higher
coordination number (n ) 5 or 6) relative to the trigonal
planar Cu(I) site (n ) 3) in Mtb CsoR and is proposed to
utilize a subset of CsoR Cu ligands as Ni(II)/Co(II) ligands
in RcnR (12, 14). This observation, coupled with other CsoR/
RcnR orthologues for which we have no biological or
structural insight, opens up opportunities to understand the
mechanisms of ligand (metal) selectivity at the molecular
level, while expanding the range of known functions in this
new family of proteins (14).

Here, using a series of biochemical and biophysical
experiments, we show that Bsu CsoR binds 1 mol equiv of
Cu(I) per monomer with very high affinity (g1021 M-1) in
vitro. X-ray absorption spectroscopy (XAS) shows Cu(I)
adopts, as expected, an S2N coordination geometry similar
to Mtb CsoR (12). Both apo and Cu(I)-bound Bsu CsoRs
are nondissociable tetramers in the low micromolar monomer
concentration range. Size exclusion chromatography reveals
apo-Bsu CsoR binds a 30 bp copZA operator DNA with a
stoichiometry of 8 monomers, or 2 tetramers, to one 2-fold
symmetric, pseudopalindromic DNA sequence. The stepwise
DNA binding affinities were further determined by fluores-
cence anisotropy for both apo-Bsu CsoR and Cu(I)-bound
Bsu CsoR. The Cu(I)-dependent regulation of DNA binding
is abrogated in an E90A mutant. Interestingly, Bsu CsoR is
also capable of binding other divalent metal ions including
Co(II), Zn(II), and Ni(II) and, in fact, binds Ni(II) and Zn(II)
with 108-109 M-1 affinities at equilibrium. However, each
of these metals adopts a non-native (nontrigonal) coordina-
tion geometry, and each fails to strongly negatively regulate
operator DNA binding in vitro.

METHODS

Plasmid Construction, Protein Expression, and Purifica-
tion. The Bsu CsoR-pET16b expression plasmid was a
generous gift of Dr. John D. Helmann (Cornell University).
Amino acid substitutions were introduced to the plasmid by
site-directed quick-change mutagenesis, and the resulting

plasmids were confirmed by DNA sequencing. Wild-type
and E90A Bsu CsoRs were expressed and purified using
similarproceduresasdescribedpreviouslyforMtbCsoR(11,12).
Expression plasmids containing wild-type or mutant Bsu
CsoR were transformed into E. coli BL21(DE3) and grown
in LB media until OD600 reached 0.6-0.8. IPTG (0.4 mM)
was then added, and cells were grown for an additional 2 h
before harvesting by low-speed centrifugation. Cell pellets
were suspended in 200 mL of buffer A (25 mM MES, 2
mM DTT, 1 mM EDTA, pH 5.8) and lysed by sonication.
The lysate was centrifuged, and 0.15% (v/v) polyethylen-
imine (PEI) was added to the supernatant to precipitate the
nucleic acids. Bsu CsoR remained in the supernatant and
was subjected to (NH4)2SO4 precipitation, and the ammonium
sulfate pellet was resuspended in buffer A and dialyzed
against buffer A containing 0.05 M NaCl. The sample was
then purified by SP Fast Flow, Superdex 200 size exclusion
chromatography as described previously (12). The resultant
proteins were pooled, concentrated, and dialyzed against
buffer S (10 mM MES, 0.2 M NaCl, pH 6.5) in an anaerobic
Vacuum Atmospheres glovebox. The purity of the final
products was estimated by visualization of Coomassie-stained
18% Tris-glycine SDS-PAGE gels to be g90%. Protein
concentration was determined by UV absorption using ε280nm

) 1615 M-1cm-1, and free thiols were determined by DTNB
assay to be more than 95% of the expected value (11, 12).
Less than 0.1% copper was detected by atomic absorption
spectroscopy in all purified protein samples.

Cu(I) Binding and BCS Competition Monitored by UV-Vis
Absorption Spectroscopy. Aliquots (250 µL) of 20 µM Bsu
CsoR monomer with or without 50 µM bathocuprionedis-
ulfonate (BCS) in buffer S were prepared in an anaerobic
glovebox. Different amounts of CuCl were added to each
aliquot, and UV-vis absorption spectrum was taken. Samples
with BCS were equilibrated in the glovebox at room
temperature (≈22 °C) for 4 h before recording the spectrum
to ensure that equilibrium was reached. Absorption at 240
and 483 nm was plotted against Cu concentration, respec-
tively. Cu(I) binding affinity was determined by fitting the
BCS competition data by a simple competition model using
Dynafit (15) with the overall affinity constant KCu(BCS)2

(�2)
fixed at 1019.6 M-2. This value is corrected to pH 6.5 (the
pH used here) from the reported value of �2 ) 19.8 measured
at pH 8.0 (pKa ) 5.7) (16).

FIGURE 1: Multiple sequence alignment of known CsoR/RcnR family Cu-sensing CsoR homologues from several mycobacteria, Bsu CsoR
(11) and E. coli RcnR (13). Organisms and locus tags (in parentheses) for the other entries are as follows: M. tuberculosis (Rv0967) (12);
M. marinum (MM4874); M. ulcerans (MUL_0425); M. smegmatis (MSMEG_0230). Conserved metal binding residues are highlighted in
red, and proposed key residues for allosteric regulation of DNA binding are in blue. The unique C-terminal tails from CsoR homologues
encoded by pathogenic mycobacteria are shaded in green. Secondary structure elements are labeled according to Mtb CsoR structure (12).
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Cu(I) Binding Monitored by Tyrosine Fluorescence. Ten
micromolar Bsu CsoR (1700 µL) was loaded into an
anaerobic cuvette fitted with an adjustable-volume Hamilton
gastight syringe loaded with 100 µL of Cu(I) titrant prior to
removal from the anaerobic glovebox. Emission spectra from
295 to 400 nm were taken at each ith addition of Cu(I) with
λex ) 280 nm. The ratio of emission intensity at 307 nm
after the ith addition (I) with the initial intensity (I0) was
plotted against Cu(I) concentration after correcting for
dilution (17). No significant photobleaching of the Tyr
fluorescence was observed in these experiments.

Cu(I) X-ray Absorption Spectroscopy. Both wild-type and
E90A Bsu CsoRs were mixed with 0.8 mol equiv of Cu(I)
in 10 mM MES, 0.2 M NaCl, and 30% (v/v) glycerol, pH
6.5, in an anaerobic environment to about 1 mM final protein
concentration. Samples were loaded into a five-well poly-
carbonate XAS cuvette and immediately frozen in liquid N2.
XAS data were collected at Stanford Synchrotron Radiation
Lightsource (SSRL) on beamline 9-3 with the SPEAR
storage ring operating at 3.0 GeV. EXAFS data analysis was
performed using EXAFSPAK software, using ab initio phase
and amplitude functions computed with FEFF v7.2, accord-
ing to standard procedures as described before (17). Given
the minor contribution of Cu-N/O scattering to EXAFS that
is dominated by Cu-S, models used for curve fitting
contained a fixed Cu-N/O distance that is expected for
3-coordinated Cu(I) imidazole coordination (2.05 Å).

Sedimentation Velocity and Equilibrium Experiments. All
analytical ultracentrifugation experiments were carried out
using a Beckman model Optima XL-I analytical ultracen-
trifuge equipped with an An-60 Ti rotor in the Physical
Biochemistry Instrumentation Facility at Indiana University.
All samples were prepared in buffer S and loaded into
centerpieces inside the anaerobic glovebox. Samples (110
µL) for equilibrium experiments were prepared at 8, 14, and
20 µM monomer concentrations (about 0.3, 0.5, and 0.8
OD230 initially) and loaded into six-channel Epon charcoal-
filled centerpieces. Intensity scans at 230 nm were taken at
speeds of 19300, 30600, and 38700 rpm at 20 °C. All
equilibrium data were fit globally to a single species model
using Ultrascan as described (18). For sedimentation velocity
experiments, 450 µL samples were loaded into a two-channel
aluminum centerpiece with 1.2 cm path length. The rotor
speed was 60000 rpm at 20 °C, and intensity data at 230
nm were collected as a function of time. Sample concentra-
tions were 8 and 20 µM Bsu CsoR monomer (≈0.3 and 0.8
OD230 initially). Data were analyzed using Ultrascan software
interfaced with a genetic algorithm and Monte Carlo analysis
package essentially as described (19-22).

Size Exclusion Chromatography. A 30 bp DNA derived
from the copZA operator-promoter region (5′-TTGTAATAC-
CCTACGGGGGTATGGTAGGAT-3′ and the complemen-
tary sequence) was used for all DNA binding experiments.
Ten micromolar DNA was mixed with different concentra-
tions of Bsu CsoR monomer up to 100 µM in buffer S with
2 mM DTT at room temperature. Each mixture (100 µL)
was loaded onto a Tricon Superdex 200 column (GE
healthcare) on an Akta purifier. Elution profiles were obtained
by monitoring the absorption at 240, 260, and 280 nm
simultaneously.

Fluorescence Anisotropy. A 30 bp 5′-fluorescein-labeled
DNA with the same sequence as above was used. The

double-stranded DNA was made by mixing the labeled strand
with 1.1 mol equiv of the unlabeled complementary strand.
The mixture was heated at 95 °C for 10 min and then slowly
cooled to room temperature. Formation of double-stranded
DNA was further confirmed by native TBE gel electrophore-
sis. A typical anisotropy experiment was done with 4 nM
DNA in 10 mM MES, 0.4 M NaCl, and 2 mM DTT, pH
6.5, at 25 °C unless noted otherwise. Anisotropy was
monitored by exciting the fluorescein at 487 nm. With apo
or Cu(I)-bound Bsu CsoRs added, the average anisotropy of
five measurements was reported for each addition. For Ni(II)-
and Zn(II)-bound Bsu CsoRs, 1 mol equiv of metal ions was
mixed with Bsu CsoR as titrant; an additional 5 µM Ni(II)
or Zn(II) was present in the cuvette to ensure that only the
metal-bound CsoR was present during these titrations. The
resulting data were fitted to a stepwise model involving
the binding of two nondissociable tetramers to one DNA
using Dynafit, assuming a linear change in anisotropy with
fractional saturation of the DNA (15, 17). Since Cu(I)-bound
Bsu CsoR does not reach saturation, the maximum anisotropy
value was fixed at the same value as that obtained for apo-
Bsu CsoR. The coupling free energy, ∆Gc, is operationally
defined by ∆Gc ) -RT ln(K1

CuK2
Cu/K1

apoK2
apo), where K1

apo,
K2

apo, K1
Cu, and K2

Cu are stepwise DNA binding constants
for apo and Cu(I)-bound Bsu CsoRs, respectively. This
formalism for ∆Gc was used since the saturating and
presumably fully repressing complex invokes two bound
tetramers bound per palindromic operator DNA segment, as
well as the high inverse correlation between the magnitudes
of K1 and K2.

Other Metal Binding Experiments. Zn(II) binding was
monitored by a chelator competition assay with mag-fura-2
(KZn ) 5.0 × 107 M-1 at pH 7.0) using UV-vis absorption
spectroscopy as previously described (17, 18). The data were
fit using a competitive binding model with Dynafit (15) to
determine the Zn(II) binding affinity. Co(II) and Ni(II)
binding experiments were carried out as described previously
(17, 18) in buffer S. Ni(II) binding affinity was determined
by a competition assay with EGTA (23). All concentrations
of metal titrants were determined using atomic absorption
spectroscopy.

RESULTS

Bsu CsoR Binds 1 Monomer Mol EquiV of Cu(I) with an
Affinity Higher than That of BCS. It has been previously
shown that Bsu CsoR regulates the expression of copZA
operon by binding to the promoter region and that the
addition of CuSO4 and DTT as reductant resulted in
disruption of the DNA binding. It was therefore proposed
that the DNA binding affinity of Bsu CsoR is regulated by
Cu(I) binding. Here, we show that Bsu CsoR binds Cu(I)
directly in vitro by both UV-vis and tyrosine fluorescence
spectroscopies.

Addition of Cu(I) into an anaerobic solution of Bsu CsoR
causes increased absorption in the ultraviolet region (ε240nm

≈ 16000 M-1 cm-1); this reports on the formation of
thiolate-copper coordination bonds, and the spectrum is
quite similar to that of Cu(I)-saturated Mtb CsoR (12, 17).
This increase is saturable at about 1.0 mol equiv of Cu(I)
per monomer (Figure 2A). Significant quenching of tyrosine
fluorescence, the importance of which is further discussed

Metal Selectivity of B. subtilis CsoR Biochemistry, Vol. 48, No. 15, 2009 3327



below (see Discussion), is observed upon Cu(I) binding as
shown in Figure 2B. Maximum quenching is achieved upon
addition of about 1.2 mol equiv of Cu(I). Therefore, both
UV-vis and tyrosine fluorescence suggest Bsu CsoR binds
≈1 Cu(I) ion per mole of monomer.

The Cu(I) binding affinity was estimated by a competition
experiment using BCS, a Cu(I) specific competitor which
can form a Cu(I)(BCS)2 complex that absorbs at 483 nm
with a �2 ) 19.8 (16). Figure 3 shows the change of the
absorbance at 483 nm when Cu(I) is added to a mixture of
20 µM Bsu CsoR monomers and 50 µM BCS. No change
of absorbance is observed until about 20 µM Cu(I) is added,
suggesting the Cu(I) added initially is bound to Bsu CsoR
but not BCS. After Bsu CsoR is saturated with 1 mol equiv
of Cu(I), additional Cu(I) forms a complex with BCS
reported by the linear increase of absorbance at 483 nm,
which is saturated at about 45 µM total Cu(I), reporting on
the formation of ≈25 µM Cu(I)(BCS)2 complex. The fact
that no Cu(I)(BCS)2 complex is formed until saturation of
Bsu CsoR suggests that Bsu CsoR binds Cu(I) with much
higher affinity than BCS. Due to the sharpness of the
transition, this binding isotherm provides only a lower limit
of the apparent binding affinity of KCu g1021 M-1 when fit
to a single site binding model [1:1 Cu(I) per protomer] under
these solution conditions (see Methods, Table 2). Although
CsoR is a tetramer, microscopic binding constants for
individual sites in the tetramer, and thus any cooperativity
of metal binding to these sites, cannot be resolved by this

assay under these conditions given the stoichiometric nature
of the complex formation.

Cu(I) Forms a Trigonal S2N Coordination Site in Bsu
CsoR. Copper K-edge X-ray absorption spectroscopy was
used to determine the structure of Cu(I) complex formed at
0.8:1 Cu(I):Bsu CsoR monomer molar ratio (chosen to ensure
that all Cu(I) was bound to protein). The preedge peak at
8940 eV in the edge spectrum shown in Figure 4A is
consistent with a 1sf 4p excitation typical for 3-coordinate
Cu(I) (24). The Cu K-edge extended X-ray absorption fine
structure (EXAFS) spectrum as well as the Fourier transforms
are shown in panels B and C of Figure 4, respectively;
structural parameters derived from EXAFS curve fitting are
shown in Table 1. The data are best fit to a 3-coordinate
model, with two Cu-S interactions at 2.20 Å and a sin-
gle Cu-N/O interaction (fixed at 2.05 Å). This Cu-S
distance is consistent with 3-coordinate Cu(I) and is similar
to the Cu-S distance previously reported for Mtb CsoR.
Significant outer-shell scattering observed between 3 and 4
Å is consistent with the third coordinating ligand being a
nitrogen atom from a His residue, possibly from His70 which
corresponds to known Cu(I) ligand His61 in Mtb CsoR
(Figure 1) (12). These data are consistent with the idea that
Cu(I) is coordinated by Cys45′, His70, and Cys74 in Bsu
CsoR within a dimer, which are analogous to the Cu(I)
ligands in Mtb CsoR dimer (Figure 1). Virtually identical
spectra and curve-fitting results were obtained for E90A Bsu
CsoR, suggesting no significant change in the first-shell
coordination of Cu(I) in this mutant (see Discussion).

Both Apo and Cu(I)-Bound Bsu CsoR Are Tetramers. A
preliminary characterization using Superdex 200 size exclu-
sion chromatography on both apo and Cu(I)-bound Bsu CsoR
revealed a single species roughly corresponding to a ho-
motetramer in both cases (data not shown). To better
characterize the assembly state of Bsu CsoR in solution,
analytical sedimentation equilibrium and velocity ultracen-
trifugation experiments were carried out with apo and Cu(I)-
bound Bsu CsoRs in the low micromolar monomer concen-
tration range.

The equilibrium scans were globally fit with a single ideal
species model, with representative data and fits shown for
the apo and Cu(I)-bound Bsu CsoRs in panels A and B of

FIGURE 2: Bsu CsoR binds 1 mol equiv of Cu(I). (A) Apoprotein-
subtracted molar absorptivity spectrum of Cu(I):Bsu CsoR mixture
at 1:1 molar ratio with the binding isotherm shown in the inset.
(B) Anaerobic titration of 10 µM apo-Bsu CsoR with Cu(I) as
monitored by change in tyrosine fluorescence. Conditions: 10 mM
MES, 0.2 M NaCl, pH 6.5, 25 °C.

FIGURE 3: BCS competition experiment with wild-type Bsu CsoR.
Different amounts of Cu(I) were mixed with 20 µM Bsu CsoR
monomer and 50 µM BCS in buffer S with the absorption at 483
nm plotted against the total Cu(I) concentration. The solid curve
represents the best fit to a simple competition model (see text for
details).
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Figure 5, respectively. For apo and Cu(I)-bound Bsu CsoR,
the single species molecular masses of 41.0 ( 0.5 and 39.8
( 0.6 kDa, respectively, were obtained. This suggests that
the assembly state of both forms of CsoR is tetrameric under
these solution conditions (expected molecular mass of 45.9
kDa), and a lower limit of the dimer-tetramer equilibrium
constant is 107 (M dimer)-1. This is in full agreement with
results for the Ni(II)/Co(II) sensor E. coli RcnR (14), but

distinct from what we reported for Mtb CsoR, where a
significant dimer-tetramer equilibrium was observed (12).
One possible explanation is that the dimer-tetramer equi-
librium of Mtb CsoR is influenced by the 30 amino acid
C-terminal tail found only in CsoR homologues from
pathogenic mycobacteria (see Figure 1).

To confirm the assembly state and obtain further insight
into the hydrodynamic properties of the apo and Cu(I)-bound
tetramers, sedimentation velocity experiments were carried
out under the same solution conditions. Consistent with the
equilibrium experiments, a single boundary was observed
for all samples; quantitative analysis of these distribution
plots is consistent with a single species of sedimentation
coefficient 3.03 S for apo-Bsu CsoR and 3.34 S for Cu(I)-
bound Bsu CsoR (panels C and D of Figure 5, respectively).
The fitted parameters and predicted hydrodynamic charac-
teristics are compiled in Table 3. These data taken col-
lectively suggest that the dominant assembly state of each
form of CsoR is that of a highly asymmetric tetramer with
Cu(I) binding inducing a small but measurable change in
the hydrodynamic properties of the molecule (see Discus-
sion).

Apo-Bsu CsoR Binds Operator DNA with 2:1 Tetramer:
DNA Stoichiometry. It was previously shown that Bsu CsoR
is capable of binding to an operator in the promoter of copZA
operon, although the stoichiometry and affinity were not
investigated in detail (11). Size exclusion chromatography
was first used to determine the DNA binding stoichiometry
(Figure 6A). Addition of 40 µM apo-Bsu CsoR monomer to
10 µM DNA gives rise to a new peak with an elution volume
of 13.7 mL, assigned to a Bsu CsoR-DNA complex, with
a significant fraction of DNA. Addition of 80 µM apo-Bsu
CsoR monomer to 10 µM DNA reveals that only the 13.7
mL peak is observed with no evidence of free DNA,
suggesting that all the protein and DNA added form the
complex. Further addition of protein does not affect the
protein-DNA complex peak at 13.7 mL, with only free
protein peak eluting at 15.9 mL (data not shown). This
suggests that the Bsu CsoR-DNA interaction saturates at
8:1 monomer:DNA ratio corresponding to two tetramers per
DNA. Similar experiments carried out with Cu(I)-bound Bsu

FIGURE 4: X-ray absorption spectroscopy (XAS) of Cu(I)-bound
Bsu CsoR. (A) Cu K-edge X-ray absorption edge spectra of Cu(I)-
bound WT Bsu CsoR (solid) and E90A mutant (dashed). Copper
K-edge EXAFS spectra and the Fourier transforms (k3 weighted, k
) 2-12 Å-1) for Cu(I)-bound WT Bsu CsoR (B) and the E90A
mutant (C). In panels B and C, solid curves represent the
experimental data, and dashed curves represent best fits with
parameters compiled in Table 1.

Table 1: XAS Fitting Parametersa

sample (k range) ∆k3� fit shell Ras (Å) σas
2 (Å2) ∆E0 (eV) f ′b

WT Bsu CsoR 1 Cu-S2 2.20 0.0023 -3.853 0.070
(k ) 2-12 Å-1) Cu-N1 2.05c 0.0016 [-3.853]d

∆k3� ) 12.729 Cu-C1 [3.04] [0.0032] [-3.853]
Cu-C1 [3.08] [0.0033] [-3.853]
Cu-N1 [4.21] [0.0020] [-3.853]
Cu-C1 [4.24] [0.0020] [-3.853]

E90A Bsu CsoR 1 Cu-S2 2.20 0.0024 -4.322 0.076
(k ) 2-12 Å-1) Cu-N1 2.05 0.0016 [-4.322]
∆k3� ) 14.157 Cu-C1 [3.04] [0.0032] [-4.322]

Cu-C1 [3.08] [0.0033] [-4.322]
Cu-N1 [4.21] [0.0020] [-4.322]
Cu-C1 [4.24] [0.0020] [-4.322]

a Shell is the chemical unit defined for the multiple scattering
calculation. Subscripts denote the number of scatterers per metal. Ras is
the metal-scatterer distance. σas

2 is a mean square deviation in Ras. ∆E0

is the shift in E0 for the theoretical scattering functions. b f ′ is a
normalized error (chi-squared): f ′ ) ({∑i[k3(�i

obs - �i
calc)]2/N }1/2)/

[(k3�obs)max - (k3�obs)min]. c Underlined numbers were fixed at the
indicated value (not optimized). d Numbers in square brackets were
constrained to be either a multiple of the above value (σas

2) or to
maintain a constant difference from the above value (Ras, ∆E0).
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CsoR reveals the elution of only free DNA and free protein
and no protein-DNA complex peak (data not shown), which
is consistent with the fact that Cu(I) binding to Bsu CsoR
significantly decreases its DNA binding affinity.

Fluorescence anisotropy experiments carried out in buffer
S (0.2 M NaCl) with 2 mM DTT with 10 nM 30 bp DNA
further confirm the stoichiometry. Under these conditions,
apo-Bsu CsoR binds the fluorescein-labeled 30 bp DNA with
very high affinity (g109 M-1) as revealed by the stoichio-
metric binding curve (Figure 6B). The binding isotherm
increases linearly and saturates at about 8 Bsu CsoR
monomers to 1 DNA, consistent with the stoichiometry
determined by size exclusion chromatography. Since free Bsu
CsoR is a stable tetramer, these data are consistent with a
stoichiometry of two tetramers binding to one 2-fold sym-
metric DNA.

DNA Binding Affinity of Apo and Cu(I)-Bound Bsu CsoR.
The apparent DNA binding affinity of apo-Bsu CsoR was
estimated to be 2 × 107 M-1 by electrophoretic mobility
shift assay (EMSA) in 20 mM Tris, 50 mM NaCl, and 1
mM DTT at pH 8.0 (11). To determine the binding affinity
quantitatively, we performed the fluorescence anisotropy
experiments at 0.4 M NaCl in buffer S. Figure 7A shows a
typical normalized Bsu CsoR-DNA binding curve monitored

by fluorescence anisotropy. Since only a lower limit of
tetramerization constant of 107 M-1 was determined by
analytical ultracentrifugation, these DNA binding data were
fit using a stepwise binding model of two nondissociable
tetramers to one DNA. Apo-Bsu CsoR binds to the DNA
with K1

apo ) 3.1 ((0.8) × 107 M-1 and K2
apo ) 8.3 ((2.2)

× 107 M-1, while Cu(I)-bound Bsu CsoR binds the same
DNA with K1

Cu ) 2.9 ((0.4) × 106 M-1 and K2
Cu e 1.0 ×

105 M-1. This gives an operationally defined coupling free
energy (∆Gc) g5.4 kcal/mol (Table 2). The second binding
event was not observed for Cu(I)-bound protein under the
experimental conditions; therefore, only an upper limit for
K2

Cu is reported here.
DNA Binding by E90A CsoR Is Not Regulated by Cu(I)

Binding. How Cu(I) binding changes the conformation and/or
assembly state of CsoR in a way that results in an allosterically
inhibited conformation remains unclear; however, previous
preliminary observations suggested that a highly conserved
residue in the R3 helix, Glu81 in Mtb CsoR, may be crucial in
driving this switch (Figure 1) (12). Therefore, to test whether
Bsu CsoR shares an allosteric mechanism that is similar to that
suggested for Mtb CsoR, the equivalent residue in Bsu CsoR,
Glu90, was substituted with an Ala. As shown in Figure 7B,
Cu(I)-bound E90A binds the 30 bp DNA with a high affinity

FIGURE 5: Analytical ultracentrifugation of apo and Cu(I)-bound Bsu CsoRs. (A, B) Representative equilibrium data with a global fit to a
single ideal species model and residuals for both apo and Cu(I)-bound Bsu CsoR at 0.3 AU230, respectively. The three data sets correspond
to different rotor speeds: (1) 19300 rpm; (2) 30600 rpm; (3) 38700 rpm. The solid curves show a global fit to a single ideal species model
(residues in upper panel). (C, D) Distribution of sedimentation coefficient of apo and Cu(I)-bound Bsu CsoR, respectively. All parameters
derived from sedimentation velocity fits are compiled in Table 3.
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that is similar in magnitude to that of apo-E90A CsoR,
suggesting that Cu(I) binding does not negatively regulate the
DNA binding affinity of this mutant. Since the Cu(I) binding
affinity (data not shown) and coordination environment of E90A
CsoR (Figure 4) are indistinguishable from that of wild-type
CsoR, these data suggest that E90 plays an important role in
mediating Cu(I)-dependent negative regulation of DNA binding.

Binding of Zn(II), Co(II), and Ni(II) to Bsu CsoR. Although
studies in Mtb and in M. smegmatis reveal that Cu(I) is the
primary inducer of csoR-dependent gene expression, it was
of interest to determine the specificity of Cu(I) binding and
the degree to which other metals could allosterically regulate
copZA operator-promoter binding. A Zn(II) titration using
mag-fura-2 as a competition chelator shows that Bsu CsoR
binds Zn(II) with KZn ) 1.6 ((0.1) × 108 M-1 (see
Supporting Information Figure S1A, Table 2). To provide
insight into the coordination geometry of Zn(II), Co(II) was
used as a structural surrogate for Zn(II) (17, 18). Not
surprisingly, Co(II) binds to Bsu CsoR with an affinity far
lower than that of Zn(II), with KCo e105 M-1 under the same
conditions. As shown in Figure 8A, Co(II)-bound Bsu CsoR
shows strong ligand-to-metal charge transfer (LMCT) at 290
nm with an ε ) 1500 M-1 cm-1 and at 335 nm with an ε )
800 M-1 cm-1. The d-d transition envelope centered at
≈600 nm gives an ε ≈ 300 M-1 cm-1. These data taken
together are consistent with a tetrahedral or distorted
tetrahedral Co(II) complex with one or two of the Cys

residues as donor atoms to the Co(II). Since Co(II) is bound
tetrahedrally, Zn(II) may well bind with the same coordina-
tion geometry, although this was not directly determined here.

When apo-Bsu CsoR binds Ni(II), the UV-vis absorption
spectrum shows a feature at ≈480 nm with a molar intensity
of ε ) 100 M-1 cm-1(Figure 8B and inset). This feature is
consistent with a square planar or distorted square planar
coordination geometry as observed previously for E. coli
NikR (23) and nickel-substituted mutant retroviral-type zinc-
finger peptides (25). The intense charge transfer transitions
in the near-ultraviolet region suggest that Cys residues are
involved in coordinating Ni(II). The binding isotherm as
shown in the inset of Figure 8B shows a linear increase up
to about 1.2 mol equiv of Ni(II) followed by a sharp
transition to a plateau, revealing that Bsu CsoR binds ≈1
mol equiv of Ni(II) with a binding affinity g107 M-1 (i.e.,
stoichiometrically). The binding affinity estimated by an
EGTA competition experiment was determined to be KNi )
3.6 ((0.3) × 109 M-1 (see Table 2, Supporting Information
Figure S1B).

These metal binding experiments clearly show that Bsu
CsoR is also capable of binding other divalent metal ions
with widely different affinities and coordination geometries.
To test whether these metal ions are significant allosteric
negative effectors of DNA binding, fluorescence anisotropy
experiments analogous to that shown in Figure 7 for Cu(I)
were carried out with excess metal ion to ensure that the

FIGURE 6: Bsu CsoR-copZA operator DNA binding stoichiometry.
(A) Elution profile obtained with different Bsu CsoR:DNA ratios
from a Superdex 200 column as monitored by absorption at 260
nm. Conditions: 10 mM MES, 0.2 M NaCl, 2 mM DTT, pH 6.5.
(B) Normalized fluorescence anisotropy-based DNA binding iso-
therm (Bsu CsoR expressed in monomer concentration) with 10
nM DNA in 10 mM MES, pH 6.5, 0.2 M NaCl, 2 mM DTT,
25 °C.

FIGURE 7: Normalized fluorescence anisotropy-based DNA binding
isotherms of WT (A) and E90A (B) Bsu CsoRs (expressed as CsoR
monomer concentration) acquired in the absence (O) and presence
(0) of Cu(I). Curves represent the best fit using a stepwise two
tetramer DNA binding model with the fitting parameters given in
Table 2.
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metal-bound form of the protein is the predominant species
in solution. The fitted parameters are compiled in Table 2.
Both Zn(II)- and Ni(II)-complexed Bsu CsoR bind to the 30
bp copZA operator DNA with affinity close to that of apo-
Bsu CsoR, each resulting in only a small positive coupling
free energy (Supporting Information Figure S2). This is
consistent with previous observations that divalent metal ions
are poor regulators of DNA binding of Mtb CsoR both in
vitro and in vivo, despite their high equilibrium affinities
for these metals (12).

DISCUSSION

Bsu CsoR regulates the transcription of copZA operon,
which encodes two important components of the Cu homeo-

stasis system, the Cu-chaperone CopZ and the Cu-effluxer
CopA. It is widely accepted that in both eukaryotes and
prokaryotes the intracellular trafficking of copper ions is
dependent on metallochaperones which reinforces the idea
that there is little or no “free” or bioavailable copper ions in
the cell (26-28). It is still unclear how Bsu CsoR, as a Cu
sensor, obtains its copper ion in the cell, although one strong
possibility is from CopZ. Such a CopZ-dependent transfer
of Cu to Bsu CsoR is analogous to the well-studied
mechanism in Enterococcus hirae, where the Cu-sensor
CopY acquires Cu from the Cu-chaperone CopZ (29). Under
uninduced conditions, a background level of CopZ in the
cell functions as a copper chelator or buffer, perhaps
delivering copper to target proteins. The ratio between apo
and Cu-bound CopZ may be thermodynamically and kineti-
cally maintained in a certain window by various cellular
protein-protein interactions and Cu-transfer reactions. Upon
Cu stress, Cu-bound CopZ may be quickly formed, therefore
making it possible to transfer Cu to Bsu CsoR, leading to
derepression of the copZA operon; this, in turn, results in
increased expression of apo-CopZ and CopA required to
efflux excess Cu out of cytosol, bringing this ratio back into
a normal or unstressed range. Cu(I)-bound Bsu CsoR may
then be degraded or potentially transfer Cu to other target
proteins, e.g., CopA itself, via a ligand exchange reaction
(30).

Bsu CsoR and Mtb CsoR share very high amino acid
sequence identity. In particular, all three proposed Cu ligands
are conserved as are two proposed “second shell” residues,
corresponding to Tyr35 (Tyr44 in Bsu) and Glu81 (Glu90
in Bsu) in Mtb CsoR. The major difference between the two
CsoRs is that Mtb CsoR contains a unique ≈30 amino acid
C-terminal tail which is missing in the previously solved
crystal structure of Cu(I) CsoR from Mtb (Figure 1) (12).
Aside from this, these two CsoRs possess very similar
biochemical and biophysical properties. Both coordinate 1
monomer mol equiv of Cu(I) with very high affinity to form
a trigonal planar S2N coordination geometry with very similar
Cu-S distances. It is also the case that Bsu CsoR is a stable
tetramer in the low micromolar (monomer) concentration
range, while a dimer-tetramer equilibrium was observed in
previous analytical ultracentrifugation studies carried out on
full-length Mtb CsoR (12). Adjacent C2-symmetric dimers
in the crystal structure of Cu(I)-bound Mtb CsoR pack against
one another to form a tetramer with D2 rotational symmetry.
In this configuration of the tetramer, the C-terminal tail of
Mtb CsoR would be positioned at the dimer-dimer interface;
it therefore seems possible that the flexible C-terminal tail

Table 2: Summary of Metal and DNA Binding Affinities and Allosteric Coupling Free Energies for Metallo Derivatives of Wild-Type and E90A Bsu
CsoR

DNA binding affinityb

Bsu CsoR metal metal binding affinitya (M-1) K1 (M-1) K2 (M-1) ∆Gc (kcal/mol)

wild type apo 3.1 ((0.8) × 107 8.3 ((2.2) × 107

Cu(I) g1021 2.9 ((0.4) × 106 e1.0 × 105 g+5.4
Co(II) e105

Ni(II) 3.6 ((0.3) × 109 5.7 ((1.0) × 106 3.1 ((0.5) × 107 +1.6 ((0.3)
Zn(II) 1.6 ((0.1) × 108 c 1.0 ((0.3) × 107 1.5 ((0.4) × 107 +1.7 ((0.3)

E90A apo 9.5 ((3.0) × 106 1.3 ((0.4) × 107

Cu(I) g1021 4.8 ((2.0) × 106 1.1 ((0.4) × 108 -0.9 ((0.4)
a The results of fitting to a simple 1:1 (metal:monomer) binding model. b Solution conditions: 10 mM MES, 0.4 M NaCl, 2 mM DTT, pH 6.5, 25 °C.

We note that unique values of K1 and K2 are not readily resolved in this assay (see Methods). c A fit to two-site stepwise dimer binding models gives
KZn1 ) 1.7 ((0.4) × 109 M-1; KZn2 ) 4.5 ((0.3) × 107 M-1 (see Supporting Information Figure S1).

FIGURE 8: Co(II) and Ni(II) binding to Bsu CsoR. Apoprotein-
subtracted molar absorptivity spectra of Co(II):Bsu CsoR mixture
at 2:1 molar ratio (A) or Ni(II):Bsu CsoR mixture at 1:1 molar
ratio (B). The binding isotherms shown in the insets are fitted with
a simple 1:1 binding model with parameters collected in Table 2.
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may destabilize the Mtb CsoR tetramer toward dimer. This
has yet to be investigated systematically.

We find no significant differences in assembly states of
the apo and Cu(I)-bound forms of Bsu CsoR, which are both
tetrameric under the conditions investigated. Therefore, only
a lower limit of the tetramerization constant (Ktet) of about
107 (M dimer)-1 could be estimated from these data.
However, differences in Ktet in the nanomolar concentration
range cannot be ruled out by these data; if this is the case,
they may be partly responsible for the different DNA binding
affinities reported here for apo and Cu(I) CsoR. On the other
hand, the sedimentation velocity experiments show a small
increase in sedimentation coefficient in Cu(I)-bound Bsu
CsoR, suggesting a conformation with a smaller frictional
coefficient, thus more spherical relative to the apoprotein
(Table 3). However, this change may not play a primary role
in allosteric regulation of DNA binding because a similar
change in sedimentation coefficient appears to characterize
the E90A mutant as well (data not shown).

Understanding what happens when a particular metal
sensor binds the “wrong” metal is just as important as
understanding how the cognate metal ion drives regulation
of gene expression (31). We show here that the metal binding
site of Bsu CsoR can adopt a range of distinct coordination
numbers and geometries upon binding different metal ions.
Co(II), and by inference Zn(II), adopts a tetrahedral or
distorted tetrahedral geometry while Ni(II) appears to form
a square planar or distorted square planar geometry. Each
complex incorporates one or both Cys residues in Bsu CsoR;
in fact, it is formally possible that each employs all three
Cu(I) ligands while adding a fourth ligand, perhaps from
the N-terminal region as in RcnR (14) or from solvent. In
any case, the Co(II) and Ni(II) coordination geometries are
clearly distinct from that of RcnR, where each metal adopts
an octahedral or pseudooctahedral complex (14). Strikingly,
while the binding of Cu(I) stabilizes an allosterically inhibited
conformation of Bsu CsoR, neither Zn(II) nor Ni(II) is
capable of strongly regulating the DNA binding, despite their
high equilibrium affinities (albeit g10 orders of magnitude
smaller than KCu) (Table 2). In fact, KNi for CsoR may well
be comparable to KNi for the bona fide Ni/Co sensor E. coli
RcnR; in contrast, KCo is at least 104 smaller for Bsu CsoR
(KZn has not been reported for RcnR) (14). These features
are consistent with the emerging theme that formation of
the “native” coordination geometry is most closely linked
to biological metalloregulation, rather than absolute metal
binding affinity (18, 32, 33). This, in turn, suggests that
specific features of the trigonal planar Cu(I) coordination
complex in CsoR may organize a “second coordination shell”
of interactions used to drive defined conformational changes
that are linked to Cu(I)-mediated derepression of gene
expression (12, 17).

One strong candidate for propagating this structural change
in Cu(I) CsoRs is the Nε face of His70 (His61 in Mtb CsoR).
The crystal structure of Mtb CsoR reveals that this face of
the His61 imidazole ring is in close proximity to the side
chains of both Glu81and Tyr35′ in Mtb CsoR (12), which
correspond to Glu90 and Tyr44′ in Bsu CsoR. Glu90 is a
highly conserved residue in the R3 helix of all Cu(I)-specific
CsoRs (Figure 1), and we show here that an Ala substitution
abolishes negative regulation of DNA binding without
significantly interfering with the Cu(I) affinity or coordination
geometry. We note that the significant quenching of the
steady-state tyrosine fluorescence upon Cu(I) binding is
consistent with a tyrosinate-like species, that might form as
a result of hydrogen bonding of its hydroxyl proton with an
as yet unidentified acceptor, an excellent candidate for which
is Glu90 (34). Interestingly, both of these conserved residues
have also been shown to be crucial for allosteric regulation
in Mtb CsoR (Z. Ma and D. P. Giedroc, unpublished
observations).

One model for negative allosteric regulation of DNA
binding of CsoR by Cu(I) posits that the R3 helix is only
loosely associated with the R2′ helix of the four-helical dimer
bundle (R1-R2-R1′-R2′) within the dimer and/or tetramer in
the absence of Cu(I). This helix may in fact physically
interact with the adjacent tetramer when bound to the DNA,
thereby stabilizing an octameric assembly state on the DNA.
Cu(I) binding to this species may reorient and strongly
stabilize the intramolecular R3-R2′ interface within a tet-
ramer, leading to a conformation that is not optimized for
high-affinity DNA binding and/or forms a limiting 1:1
tetramer:DNA complex that is nonfunctional for repression
(see Figure 7). Uninducing metal ions, e.g., Ni(II) and Zn(II),
while detectably regulatory (see Table 2) do not block
formation of the repressing 2:1 tetramer:DNA complex and
are therefore nonfunctional; this model is consistent with the
DNA binding characteristics of each metalloderivative of Bsu
CsoR reported here. Further biochemical and structural
support for this proposed mechanism of regulation is
required.
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SUPPORTING INFORMATION AVAILABLE

Competition experiments for Zn(II) and Ni(II) binding to
Bsu CsoR (Figure S1) and DNA binding curves for Zn(II)-
and Ni(II)-bound Bsu CsoR (Figure S2). This material is
available free of charge via the Internet at http://pubs.acs.org.

Table 3: Summary of Fitted Parameters Derived from Sedimentation
Velocity Experiments with Bsu CsoR

CsoR s × 1013 (s) D × 107 (cm2/s) rmsd f/f0
a

apo (0.3 OD230) 3.05 6.84 0.0067 1.50
apo (0.8 OD230) 3.01 7.08 0.011 1.52
Cu(I) bound (0.3 OD230) 3.34 6.07 0.0082 1.37
Cu(I) bound (0.8 OD230) 3.34 6.10 0.0095 1.37

a Frictional coefficients calculated from s and D upon fixing the
molecular mass of the tetramer to 45.9 kDa.
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