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ABSTRACT: The RcnR metalloregulator represses the transcription of
the Co(II) and Ni(II) exporter, RcnAB. Previous studies have shown
that Co(II) and Ni(II) bind to RcnR in six-coordinate sites, resulting in
derepression. Here, the roles of His60, His64, and His67 in specific
metal recognition are examined. His60 and His64 correspond to ligands
that are important for Cu(I) binding in the homologous Cu(I)-
responsive metalloregulator, CsoR. These residues are known to be
functionally important in RcnR transcriptional regulation. X-ray
absorption spectroscopy (XAS) was used to examine the structure of
bound cognate and noncognate metal ions, and lacZ reporter assays
were used to assess the transcription of rcnA in response to metal binding in the three His → Cys mutations, H60C, H64C, and
H67C. These studies confirm that both Ni(II) and Co(II) use His64 as a ligand. H64C-RcnR is also the only known mutant that
retains a Co(II) response while eliminating the response to Ni(II) binding. XAS data indicate that His60 and His67 are potential
Co(II) ligands. The effects of the mutations of His60, His64, and His67 on the structures of the noncognate metal ions [Zn(II)
and Cu(I)] reveal that these residues have distinctive roles in binding noncognate metals. None of the His → Cys mutants in
RcnR confer any response to Cu(I) binding, including H64C-RcnR, where the ligands involved in Cu(I) binding in CsoR are
present. These data indicate that while the secondary, tertiary, and quaternary structures of CsoR and RcnR are quite similar,
small changes in primary sequence reveal that the specific mechanisms involved in metal recognition are quite different.

Transition metal ions are essential cofactors for many
enzymes and proteins that carry out a variety of

processes.1 Excessively high concentrations of these metal
ions can have severe effects on cellular metabolism.2 For this
reason, the levels of metal ions in cells need to be tightly
regulated. Cellular trafficking systems for transition metals are
equipped with importers, exporters, chaperones, and accessory
proteins involved in metallocenter assembly, and transcriptional
regulators that respond to specific transition metals. It is
essential for trafficking systems to be selective with respect to
their cognate metals to generate a metal-specific biological
response.
The nickel trafficking pathway in Escherichia coli supplies

nickel for hydrogenase active site assembly3,4 and consists of
the importer NikABCDE,5,6 a nickel metallochaperone
(HypA)7,8 and other proteins that bind nickel and are involved
in hydrogenase active site assembly (e.g., HypB and SlyD),7,9,10

and an exporter RcnAB.11−13 Two transcriptional regulators,
NikR14,15 (for NikABCDE) and RcnR16 (for RcnAB), work
together to regulate the expression of the importer and the
exporter and to maintain nickel homeostasis.16 Genetic studies
published by Iwig et al.16 indicate that RcnA is important for
H2ase3 activity by modulating NikR activity. RcnR and CsoR, a
copper-responsive transcriptional regulator that represses cso

that encodes a P-type ATPase for efflux of copper and a gene of
unknown function, constitute a new structural class of
transcriptional regulators characterized by an all-α-helical
structure in a four-helix bundle.17,18 E. coli RcnR is a 40 kDa
tetrameric nickel- and cobalt-responsive transcriptional repress-
or.16 The apoprotein recognizes a TACT-G6-N-AGTA DNA
motif, of which there are two located in the rcnA−rcnR
intergenic region.19 Apo-RcnR binds to DNA repressing the
transcription of rcnAB, the genes encoding nickel and cobalt
efflux proteins, RcnAB.11 RcnR also interacts with flanking
DNA regions of ∼50 bp, leading to DNA wrapping.19 DNA
binding is disfavored by the binding of 1 equiv of Ni(II) or
Co(II) to RcnR, four per tetramer,16,20 allowing for the
transcription of the RcnAB exporter under conditions of excess
metal. In addition to controlling the transcription of rcnAB,
RcnR also controls the transcription of its own gene,19,20 as
does CsoR.17

The structurally related copper-responsive metalloregulator,
CsoR, has been crystallographically characterized as an
apoprotein from Thermus thermophilus21 and Streptomyces
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lividans22 as well as a Cu(I) complex using protein from
Mycobacterium tuberculosis.17 These structures show that the
protein adopts an all-α-helical dimer of dimers quaternary
structure. In the complex, Cu(I) is coordinated by two cysteine
residues, Cys36 from one subunit and Cys65 from another
subunit, as well as a histidine residue, His61, from the same
subunit as Cys65.17 Binding of Cu(I) to CsoR weakens the
interaction between CsoR and the operator−promoter region
of the cso operon,17 presumably by disfavoring the DNA
binding conformation. However, in the absence of a structure
of the DNA complex, the details of how this occurs are
unknown. Recently, a new member of the CsoR/RcnR family
of proteins, InrS, was discovered in Synechocystis PCC 6803.23

InrS is a Ni(II)-responsive transcriptional regulator that
represses the transcription of nrsD, which encodes a Ni(II)
efflux protein.23 InrS binds Co(II), Ni(II), and Cu(I) and
contains the Cu(I) binding ligands found in CsoR (Figure 1).
However, InrS is responsive to the binding Ni(II), but not to
Cu(I) binding. UV−vis data determined that the Ni site is four-
coordinate with planar geometry,23 and is more similar to the
metal site structure of CsoR than RcnR.23−26

There is no crystal structure of RcnR, but data regarding the
metal site structures obtained from XAS studies have
established that the details of the metal binding are distinct
from those of CsoR.24,25 RcnR forms six-coordinate M(N/O)5S
complexes with its cognate metal ions [Ni(II) and Co(II)],
employing the single Cys that is conserved in the RcnR family
of proteins (Cys35, homologous with Cys36 in CsoR) to bind
both cognate metals.24 Noncognate metal ions [e.g., Cu(I) and
Zn(II)] are bound to RcnR by three protein ligands with an
(N/O)2S donor atom set and may also incorporate an anion
from the buffer.25 One of the ligands missing from the
noncognate sites is the N-terminal amine, which is bound to
both cognate metals, or the side chain of His3, which is a ligand
for only Co(II).25 The Co(II) and Ni(II) sites are therefore
distinguished by their histidine coordination, as well as by the
M−S bond distance [2.31 Å for Co(II) vs 2.62 Å for
Ni(II)].24,25 E. coli RcnR possesses five histidine residues:
His3, His33, His60, His64, and His67 (Figure 1). All five
histidine residues were mutated by Iwig et al.,24 who showed
using a lacZ reporter assay that the three conserved residues in
RcnR, His3, His60, and His64, are required for full sensitivity to
Co(II) binding, while only His3 and His64 were required for
full sensitivity to Ni(II) binding. The mutations of the
nonconserved His33 and His67 had no significant effect on
either the Co(II) or Ni(II) transcriptional response in cells.24

However, these functional studies do not distinguish whether
these His residues directly coordinate cognate or noncognate
metals or which His residues might bind only to certain metals
as all of these mutations involved side chains that are not
expected to coordinate metals (Ala, Leu, Asn, or Arg).24 To
gain improved insight into Ni(II), Co(II), and noncognate

metal binding, His → Cys mutations were introduced with the
expectation that the additional S donor ligand would be
apparent in the EXAFS spectrum if the substituted His residue
is indeed a ligand. Additionally, CsoR possesses one His ligand
and two Cys ligands that are used to coordinate Cu(I), so it is
possible that a change in metal recognition might be
promulgated by creating the Cu(I) ligand set of CsoR in
RcnR (the H64C mutant). The metal site structures for Co(II),
Ni(II), Cu(I), and Zn(II) complexes of the mutant proteins
were then characterized using XAS, and the response of the
mutant proteins to various metal ions was determined by using
lacZ reporter assays. These studies provide additional insight
into the role of His ligation in cognate and noncognate metal
complexes, although surprisingly the mutant proteins failed to
produce a Cu(I) sensor or even CsoR-like Cu(I) coordination,
indicating that there is more complexity to metal responsive-
ness besides the coordination number, ligands employed, and
their position in the protein amino acid sequence even in this
simple helical bundle structural scaffold.

■ EXPERIMENTAL PROCEDURES
RcnR Mutagenesis. Point mutations of His60, His64, or

His67 to Cys were introduced into the wild-type RcnR
plasmid24 using the QuikChange site-directed mutagenesis kit
(Stratagene). Primers used in the polymerase chain reactions
(PCRs) are listed in Table S1 of the Supporting Information.
The PCR product was transformed into NovaBlue (Novagen)
competent cells. The cells were then grown on LB/agar plates
overnight, and a single colony was selected and grown
overnight in a 5 mL culture (LB amp medium). The DNA
was isolated using the Qiagen miniprep kit and sequenced at
GENEWIZ Inc. (South Plainfield, NJ) to confirm that the
correct mutation was present.

RcnR Overexpression and Purification. Single colonies
of E. coli DL41(DE3) pLysS cells containing the plasmid
encoding H60C-, H64C-, and H67C-RcnR mutant proteins
were grown in 150 mL of Luria-Bertani broth (LB) cultures,
supplemented with 30 μg/mL cam and 100 μg/mL amp
overnight at 37 °C while being shaken. An aliquot (20 mL) of
the overnight culture was added to 2 L of fresh LB with cam
and amp. The cultures were grown to an OD600 of ∼0.8 and
then induced by addition of IPTG to a final concentration of
0.8 mM. The cells were harvested after 3 h by centrifugation
(5000 ×g for 8 min), resuspended in residual medium, and
frozen at −80 °C. The cells were lysed upon being thawed in a
water bath at 37 °C and treated with 10 μL of a DNase I
solution (10 mg/mL DNase I and 40% glycerol), 1.5 mM (final
concentration) PMSF (MP Biomedicals), and 5 mM (final
concentration) TCEP (Thermo Scientific). The mixture was
then incubated at 37 °C for 0.5 h.
All chromatographic purifications employed an AKTA-FPLC

system (Amersham Biosciences) and were conducted at room

Figure 1. Sequence alignment of E. coli RcnR,M. tuberculosis CsoR, and Synechocystis PCC 6803 InrS generated using ClustalW.27 The metal binding
residues of RcnR and CsoR are highlighted as well as the corresponding residues in InrS. The additional histidine residues in RcnR are boxed.
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temperature. The lysed cells were centrifuged (∼6000 ×g for 30
min), and the lysate was applied to a SP Sepharose column (18
mL) equilibrated with 20 mM Hepes (pH 7.0), 1 mM TCEP, 5
mM EDTA, 10% glycerol, and 50 mM NaCl (buffer A). The
column was washed with 50 mL of buffer A followed by a linear
gradient from 0 to 100% buffer B [20 mM Hepes (pH 7.0), 1
mM TCEP, 5 mM EDTA, 10% glycerol, and 1 M NaCl], in a
total volume of 117 mL at a flow rate of 2 mL/min while 5 mL
fractions were collected. A sodium dodecyl sulfate−polyacry-
lamide gel electrophoresis (SDS−PAGE) was used to
determine the fractions containing RcnR; RcnR eluted between
∼35 and 55% buffer B. These fractions were combined,
concentrated to 4 mL, and loaded on a HiLoad 16/60 Superdex
200 (GE Life Sciences) column equilibrated with buffer C [20
mM Hepes (pH 7.0), 1 mM TCEP, 5 mM EDTA, 10%
glycerol, and 300 mM NaCl]. One column volume (120 mL) of
buffer C was run over the column at a flow rate of 0.7 mL/min,
and fractions were collected on the basis of the absorbance at
280 nm. Protein fractions with an absorbance of >10 mAU
were collected in 2 mL fractions. Following this column, SDS−
PAGE was used to identify the fractions that contained RcnR;
RcnR eluted as a single peak at a volume consistent with that of
a tetramer. These RcnR fractions were concentrated and buffer-
exchanged into buffer A. A MonoS 5/50 GL column (GE Life
Sciences) was equilibrated with buffer A before 20 mL of the
protein was loaded in buffer A. The column was washed with
20 mL of buffer A, followed by a linear gradient of 0 to 100%
buffer B over 40 mL at a flow rate of 1.5 mL/min while 2 mL
fractions were collected. The purity of the fractions was
checked using SDS−PAGE; RcnR eluted as a single peak at
∼15−30% buffer B. Pure fractions of RcnR were pooled
together and stored at 4 °C. Molecular weights of the expressed
proteins were determined by electrospray ionization mass
spectrometry (ESI-MS) using a Bruker Esquire instrument
equipped with an HP-HPLC system (Agilent) for the removal
of salt present in the protein solutions. The molecular weight of
expressed proteins was determined by ESI-MS and confirms
the presence of the His → Cys mutation in each case (the
calculated mass for each is 9969 Da; the masses obtained from
mass spectrometry were 9967 Da for H60C-RcnR, 9967 Da for
H64C-RcnR, and 9970 Da for H67C-RcnR). The molecular
masses obtained are also consistent with the loss of the N-
terminal methionine residue, as seen for the wild-type protein
and all the previously characterized mutations.24,25

Metal Complexes of RcnR Proteins. The proteins were
concentrated to ∼150 μM and desalted twice using a buffer
containing 20 mM Hepes (pH 7.0), 10% glycerol, and 300 mM
NaBr, NaCl, or NaOAc salt (buffer M) using Zebra spin
desalting columns, with a 7K molecular weight cutoff, in a
volume of 10 mL (Pierce) to remove EDTA and TCEP. In the
case of the Cu(I) samples, the final buffer also contained 2 mM
TCEP. A buffer containing either NaOAc or NaCl was used in
some cases to confirm the binding of exogenous buffer ligands.
The protein concentrations were determined by using the
experimentally determined extinction coefficient ε276 of 2530
M−1 cm−1 from protein denatured with 8 M guanidine
hydrochloride.24 Two to three equivalents of 10 mM aqueous
stock solutions of CoCl2·6H2O, NiCl2·6H2O, Zn-
(CH3COO)2·2H2O, Cu(CH3COO)2·H2O (Fisher Scientific),
or [(CH3CN)4Cu]PF6 (Aldrich) salts was then added to the
RcnR solutions to prepare the respective complexes. These
samples were allowed to equilibrate overnight before being

incubated with Chelex beads for ∼30 min to remove any
nonspecifically bound metal ions.
Cu(I)-RcnR was prepared under anaerobic conditions. Air

was removed from the protein solution on a Schlenk line by
alternating between argon and vacuum five times. The protein
was then placed into a Coy (Coy Laboratory Products Inc.,
Grass Lakes, MI) anaerobic chamber (90% N2 and 10% H2)
and incubated with 3 equiv of a 10 mM (CH3CN)4CuPF6
solution (nitrogen-saturated anaerobic solution of 10%
acetonitrile in water) overnight. Chelex beads were added to
the solution to remove any nonspecifically bound metal ions.
The oxidation states of the Cu(I) samples were verified using
X-band EPR (Bruker ELEXSYS E-500 X-band spectrometer) at
77 K on the samples frozen in XAS holders and inserted into a
finger dewar. The percentage of Cu(II) present in the sample
was determined by comparing the second integrals of the Cu(I)
protein spectra with that of a 1.03 mM Cu(II)-EDTA sample
used as a standard. The Cu(I)-H60C-RcnR sample in buffer M
with NaBr and the Cu(I)-H64C-RcnR sample in buffers with
NaBr and NaCl had <1% Cu(II) present, while Cu(I)-H67C-
RcnR in buffer M with NaBr had ∼1.6% Cu(II) present (Figure
S1 of the Supporting Information).
On the basis of the previously determined protein

concentrations, samples of RcnR proteins containing ∼1 ppm
of the respective metals were prepared for metal analysis by
diluting aliquots of the metal complexes to 1 mL with deionized
water. The metal content was determined using a Perkin-Elmer
Optima DV4300 ICP-OES instrument. The metal:protein
ratios for samples prepared in buffer M with NaBr were as
follows: H60C-RcnR, 0.84:1 with Co(II), 1.17:1 with Ni(II),
1.05:1 with Cu(I), and 1.17:1 with Zn(II); H64C-RcnR, 1.26:1
with Co(II), 0.59:1 with Ni(II), 1.33:1 with Cu(I), and 1.21:1
with Zn(II); H67C-RcnR, 0.935:1 with Co(II), 1.21:1 with
Ni(II), 1.03:1 with Cu(I), and 1.05:1 with Zn(II). Complexes
of H64C-RcnR in buffer M with NaCl had the following
metal:protein ratios: 0.87:1 with Co(II), 0.76:1 with Ni(II), and
1.29:1 with Cu(I). A sample of Zn(II)-RcnR was made in buffer
M with 300 mM NaOAc and a metal:protein ratio of 0.95:1.
Metal complexes of H60C- and H67C-RcnR proteins in buffer
M with NaOAc had the following metal:protein ratios: H60C-
RcnR, 1.10:1 with Ni(II) and 1.00:1 with Zn(II); H67C-RcnR,
1.125:1 with Ni(II) and 0.70:1 with Zn(II).

β-Galactosidase Reporter Experiments. β-Galactosidase
reporter experiments were conducted using two plasmids as
follows.24 The chloramphenicol-resistant PrcnA-lacZ plasmid,
pJI115,16 was transformed into E. coli strain PC888 (ΔlacZ
ΔrcnR) after which ampicillin-resistant plasmids expressing the
H60C-, H64C-, or H67C-RcnR protein were transformed into
the strain. This strain background provides for low-level
expression of the RcnR proteins. To assay reporter activity,
the transformed cells were grown anaerobically in medium
containing ampicillin and chloramphenicol with metals added
at the maximal concentration for Ni(II), Co(II), Cu(II), Zn(II),
or Cd(II) that resulted in <10% inhibition of growth (measured
by the final OD600): 500 μM NiCl2, 150 μM CoCl2, 100 μM
CuCl2, 300 μM ZnCl2, and 50 μM CdSO4.

24

X-ray Absorption Spectroscopy (XAS). Samples of the
metalated proteins were concentrated to 1−3.2 mM (50 μL) in
20 mM Hepes (pH 7.0) and 300 mM NaBr, NaCl, or NaOAc
with 10% glycerol using a microspin concentrator (Vivas-
cience). The samples were injected via syringe into
polycarbonate XAS holders that were wrapped in kapton tape
and rapidly frozen in liquid nitrogen. The final concentration
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and freezing of Cu(I)-RcnR were conducted under an
anaerobic atmosphere in a Coy chamber.
XAS data for the RcnR protein samples were collected as

previously described.28 Data were collected under dedicated
ring conditions on beamline X3b at the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratories
(Upton, NY), with the exception of H67C-RcnR with Ni in
buffer M with NaOAc, which was collected on beamline 9-3 at
Stanford Synchrotron Radiation Laboratory (SSRL). For data
collection at NSLS, each sample was injected via syringe into
polycarbonate sample holders that were wrapped in kapton
tape and frozen in liquid nitrogen. The samples were loaded
into an aluminum sample holder, which was cooled to ∼50 K
using a He displex cryostat. Data were collected under ring
conditions of 2.8 GeV and 120−300 mA using a sagittally
focusing Si(111) double-crystal monochromator. Harmonic
rejection was accomplished with a Ni-coated focusing mirror.
X-ray fluorescence was collected using a 13-element Ge
detector (Canberra). Scattering was minimized by placing a
Z-1 filter between the sample chamber and the detector.
Additionally, for H64C-RcnR with Ni(II), H64C-RcnR with
Zn(II), and H67C-RcnR with Zn(II) in buffer M containing
NaCl, NaOAc, and NaOAc, respectively, data were collected at
NSLS using a 30-element fluorescence detector (Canberra). At
SSRL, data were collected at 10 K using a liquid helium cryostat
(Oxford Instruments). The ring conditions were 3 GeV and
80−100 mA. Beamline optics consisted of a Si(220) double-
crystal monochromator and two rhodium-coated mirrors, a flat
mirror before the monochromator for harmonic rejection and
vertical columnation, and a second toroidal mirror after the
monochromator for focusing. X-ray fluorescence was collected
using a 100-element detector (Canberra). Soller slits with a Z-1
element filter were placed between the sample chamber and the
detector to minimize scattering.
XANES was collected from −200 to 200 eV relative to the

metal edge. The X-ray energy for each metal Kα-edge was
internally calibrated to the first inflection point of the
corresponding metal foil: Co, 7709.5 eV; Ni, 8331.6 eV; Cu,
8980.3 eV; Zn, 9660.7 eV. EXAFS was collected to 13.5−16k
above the edge energy (Eo), depending on the signal:noise ratio
at high k values.
Data Reduction and Analysis. The XAS data reported are

the average of 4−10 scans. Each XANES spectrum used in the
average was analyzed for edge energy shifts that might indicate
redox in the beam. None of the samples showed any significant
changes. XANES and EXAFS data were analyzed using
EXAFS12329 and SixPack,30 respectively. The SixPack fitting
software builds on the ifeffit engine.31,32 XANES analysis was
conducted as described previously28 by fitting a cubic function
to the baseline in the pre-edge region of the spectra and using a
75% Gaussian and 25% Lorenzian function to fit the rise in
fluorescence occurring at the edge. Transitions occurring at
lower energies were fit using Gaussian functions, and the areas
of the Gaussians were taken to be the peak areas.
For the EXAFS analysis, each data set was background-

corrected and normalized. The data were converted to k space
using the k = [2me(E − Eo)/ℏ

2)]1/2 relationship, where me is
the mass of the electron, ℏ is Planck’s constant divided by 2π,
and Eo is the threshold energy of the absorption edge. The
threshold energies chosen for the metals studied were 7723 eV
for Co, 8340 eV for Ni, 8990 eV for Cu, and 9670 eV for Zn.28

A Fourier transform of the data was produced using the data
range k = 2−12.5 Å−1, where the upper limit was determined by

the signal:noise ratio. Scattering parameters for EXAFS fitting
were generated using FEFF8.31 The k3-weighted data were fit in
r space. The first coordination sphere was determined by
setting the number of scattering atoms in each shell to integer
values and systematically varying the combination of N/O and
S donors (Tables S3−S22 of the Supporting Information).
Multiple-scattering parameters for imidazole ligands bound

to various metals were generated from crystallographic
coordinates using FEFF8 with previously published crystal
structures as input.17,31,33−36 The best fits resulted in four
prominent multiple-scattering features, and paths with similar
overall lengths were combined to make four imidazole
scattering paths, matching these four prominent features as
outlined by Costello et al.37,38 The four combined paths were
used to fit the data by setting the number of imidazole ligands
per metal ion to integral values allowing r and σ2 to vary.37,38

This method of fitting imidazoles is an approximation;
therefore, no physical label can be applied to these paths. To
compare different models of the same data set, ifeffit utilizes
three goodness of fit parameters: χ2, reduced χ2, and R factor.
These parameters are not to be confused with nomenclature in
which R is used for interatomic distance and χ for k space
EXAFS. The statistical parameter, χ2, that is minimized in a fit is
given by eq 1

∑χ χ χ
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where Nidp is the number of independent data points, Nε
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number of uncertainties to minimize, Re() denotes the real part
of the EXAFS function, Im() is the imaginary part of the
EXAFS fitting function, and χ ̃(Ri) is the Fourier-transformed
data or model function.
Reduced χ2 = χ2/(Nidp − Nvarys), where Nvarys is the number

of refining parameters and represents the degrees of freedom in
the fit. Additionally, ifeffit calculates the R factor for each fit,
which is directly proportional to χ2 and a measure of the
absolute misfit between the data and theory. The R factor is
given by eq 2 and is scaled to the magnitude of the data, making
it proportional to χ2.
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In a comparison of different models, the R factor and
reduced χ2 parameter were used to determine which model was
the best fit for the data. The R factor will always generally
improve with an increasing number of adjustable parameters,
while reduced χ2 will go through a minimum and then increase,
indicating that the model is overfitting the data.39

■ RESULTS
RcnR Metal Specificity in Vivo. The His→ Cys mutations

were tested for metal responsiveness using a lacZ reporter assay
(Figure 2). The H60C and H67C mutant RcnR proteins show
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significant depression of PrcnA transcription in response to
addition of Ni(II) or Co(II). The H64C mutation was tested
for metal responsiveness to Ni(II), Co(II), Cu(II), and Zn(II)
(Figure 2); Cu(II) ions will be reduced to Cu(I) in the
cytoplasm of the cell, as well as Cd(II) (Figure S2 of the
Supporting Information).40 Only in the presence of Co(II) was
the H64C-RcnR mutant protein able to derepress PrcnA
transcription. Although several mutants have been previously
characterized by Iwig et al.24 that show a significant response to
Ni(II) binding but not to Co(II) binding, this is the first
mutant characterized to date that shows a significant response
to binding Co(II) over binding Ni(II), and this is further
evidence that the two cognate metals are recognized by distinct
mechanisms.
XANES Analysis of H60C-, H64C-, and H67C-RcnR.

Information regarding the coordination number and geometry
of a metal center can be obtained by analyzing the XANES
spectrum. XANES for H60C-, H64C-, and H67C-RcnR metal
complexes are summarized in Table 1 and shown in Figure 3.
Metals with a vacancy in the 3d manifold [e.g., Co(II) and
Ni(II)] exhibit features in the XANES associated with bound
transitions below the edge energy. These features include the 1s
→ 3d transition (with shake-down contributions), which is a
measure of centrosymmetricity in the complex, and the peak
associated with a 1s → 4pz transition, which is present in
tetragonal geometries lacking one or more axial ligands.
The Co(II) complexes of H60C-, H64C-, and H67C-RcnR

proteins have a single pre-edge feature at ∼7710 eV (Table 1
and Figure 3) that is associated with the 1s → 3d transition.
Like the WT protein,24 the peak areas observed for the Co(II)
protein complexes are larger than that of typical octahedral
Co(II) complexes [0.069(8) eV]28 but smaller than that
observed for five-coordinate complexes [0.220(3) eV].29 The
larger 1s → 3d peak areas observed for these Co(II) RcnR
mutant protein complexes are consistent with a distorted
octahedral geometry.41 The Ni(II) complexes of H60C-,
H64C-, and H67C-RcnR all have a relatively small peak
associated with the 1s → 3d transition located at ∼8330 eV
(Table 1 and Figure 3), suggesting that the ligand arrangements
are centrosymmetric.42 Only the spectrum obtained for H64C-
RcnR and Ni(II) exhibits a small shoulder at ∼8338 eV, which
corresponds to a 1s → 4pz transition, consistent with either a
distorted square-planar geometry or square-pyramidal geome-
try.42 The presence of this small shoulder coupled with the
small 1s → 3d peak area (0.016 eV) is most consistent with a
distorted square-planar geometry.42 The rest are therefore
determined to be six-coordinate.
Cu(I) and Zn(II) complexes have no 1s → 3d transitions as

they are d10 metals. For the Cu(I) complexes, there is a well-
resolved 1s → 4p transition between 8983 and 8985 eV.43 The

shape, energy, and intensity of this peak can be used to
determine the coordination geometry of the Cu(I) metal
center.43 The 1s → 4p transition in two-, three-, and four-
coordinate model complexes have normalized absorption
magnitudes of ∼1, ∼0.55, and between 0.6 and 0.9 at ∼8994,
8994, and 8995.5 eV, respectively.43 H60C-, H64C-, and
H67C-RcnR and WT RcnR25 Cu(I) complexes have
normalized intensities of 0.49, 0.48, 0.49, and 0.46, respectively,
at ∼8984 eV. The intensity and energy of this peak suggest that
the Cu(I) complexes are three-coordinate.
For Zn(II) complexes, information can be gained about the

coordination number and geometry from the intensity and
shape of the XANES spectra.44,45 Information regarding the
coordination number of the Zn(II) center can be determined
by the intensity of the XANES as well as the relative position of
the edge in energy.45 The normalized intensity of what is
termed the white line, the sharp intense peak arising from the
absorption edge, increases with an increase in coordination
number. For four-coordinate complexes, the normalized
intensity of the white line is ∼1.3; five- and six-coordinate
complexes have an intensity between 1.3 and 2, with six-
coordinate being the most intense.45 The edge energy for six-
coordinate complexes is ∼2 eV higher than that of four- or five-
coordinate complexes.45 The XANES spectra for the WT
Zn(II) complex is consistent with a four-coordinate complex,25

whereas the edge energies and intensities of the Zn(II)
complexes of H60C-, H64C-, and H67C-RcnR in buffer M with
300 mM NaBr are consistent with six-coordinate complexes for
all three mutations. The corresponding Zn(II) complexes in
buffer M with 300 mM NaOAc have edge energies that are
more consistent with four- or five-coordinate Zn(II) complexes
(∼9663 eV).45

EXAFS Analysis of H60C-, H64C-, and H67C-RcnR
Complexes. EXAFS analysis provides information about the
atomic number of scattering atoms (Z ± 2), the distance
between the absorbing and scattering atom (±0.02 Å in the first
coordination sphere), and an estimate of the number of similar
and distinct ligands (approximately ±20% for the total number
of ligands).

H60C-RcnR. Table 1 and Figure 4 show the best fits for
metal complexes of H60C-RcnR proteins in buffer M
containing NaBr as well as the Zn(II) complex in buffer M
with NaOAc. The best fits for the cognate metals, Ni(II) and
Co(II), are six-coordinate, in agreement with the XANES
analysis (vide supra), and the ligand environment is composed
of five N/O donor ligands and one S donor ligand, as is the
case for the WT protein.24,25 Neither cognate metal picks up a
second S donor ligand, nor do they bind anions (e.g., Br−) from
the buffer, suggesting that like WT-RcnR, all six ligands are
derived from the protein.24,25 The Ni(II) site structure in
H60C-RcnR is essentially unaltered from the WT Ni(II) site
structure, as both feature a long ∼2.61(2) Å Ni−S distance and
one or two His imidazole ligands among five N/O donors with
Ni−L distances of ∼2.1 Å. These results are consistent with the
His60 side chain not being a ligand in the WT RcnR Ni(II)
complex.
The Co(II) site fits best for two or three imidazole ligands;

the tendency for an increase in the number of His ligands in the
Co(II) complex relative to the Ni(II) complex is similar to that
seen in the WT protein.25 However, the Co(II) site in H60C-
RcnR has a long 2.6 Å Co−S distance that is significantly
altered from that of the Co(II) site in WT RcnR (2.3 Å) and
more closely resembles that of the Ni(II) site in WT RcnR in

Figure 2. LacZ reporter assay showing the effect of the H60C-,
H64C-, and H67C-RcnR mutations on the expression of PrcnA in
response to binding metal ions.
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Table 1. XANES and EXAFS Analysis for Metal Complexes of H60C-, H64C-, H67C-RcnR Mutant Proteins in Buffer with 300
mM NaBra

XANES analysis EXAFS analysis

metal ion
K-edge energy

(eV)
1s → 3d peak area

(×102 eV)
1s → 4pz
observed

coordination
number shell r (Å)

σ2

(×10−3 Å2) ΔEo (eV) %R
reduced

χ2

H60C-RcnR
Co(II) 7720.6 13(3) no 6 5N/O

(2Im)
2.13(1) 1.0(7) 0(2) 6.84 18.6

1S 2.61(3) 4(3)
5N/O
(3Im)

2.13(1) 1.0(8) 0(2) 7.74 21.0

1S 2.60(3) 4(4)
Ni(II) 8343.7 5(1) no 5/6 5N/O

(1Im)
2.080(7) 6.2(6) 11(1) 1.64 5.4

1S 2.685(8) 1.0(7)
5N/O
(2Im)

2.079(7) 6.2(6) 10.4(9) 1.92 6.4

1S 2.684(8) 0.9(7)
Cu(I) 8987.3 NA yes 3 2N/O

(1Im)
2.13(2) 2(2) 5(2) 2.56 10.0

1S 2.33(9) 7(6)
1Br 2.50(3) 7(2)
2N/O
(2Im)

2.13(2) 1(2) 6(2) 2.57 10.1

1S 2.36(7) 8(7)
1Br 2.49(2) 7(3)

Zn(II) 9665.1 NA NA 6 3N/O
(2Im)

2.00(3) 8(2) −9(3) 2.01 17.9

2S 2.36(3) 1(3)
1Br 2.33(3) 0.2(13)
3N/O
(3Im)

2.00(4) 8(3) −10(4) 2.10 18.7

2S 2.35(3) 0.3(29)
1Br 2.32(3) 0.1(15)

Zn(II)b 9662.6 NA NA 5 3N/O
(1Im)

2.04(1) 6.8(7) −8(1) 0.51 4.0

2S 2.297(6) 4.5(3)
3N/O
(2Im)

2.04(1) 6.7(8) −8(1) 0.53 4.1

2S 2.299(7) 4.5(4)
H64C-RcnR

Co(II) 7721.0 9(1) no 6 3N/O
(3Im)

2.02(2) 6(1) −8(3) 1.27 5.6

2S 2.33(3) 9(1)
1Br 2.67(3) 6(2)
3N/O
(2Im)

2.03(2) 6(1) −8(3) 1.38 6.0

2S 2.33(3) 9(2)
1Br 2.67(3) 6(2)

Ni(II) 8343.9 1.6(9) yes 4/5 3N/O
(3Im)

2.05(1) 3(1) 5(2) 2.63 7.7

1S 2.31(3) 4(3)
1Br 2.69(5) 8(9)
2N/O
(2Im)

2.00(3) 3(3) −3(4) 4.42 12.9

1S 2.25(4) 0(2)
1Br 2.51(8) 6(6)

Cu(I) 8987.1 NA yes 3 2N/O
(1Im)

2.12(2) 2(3) 4(2) 2.18 8.5

1S 2.32(6) 6(5)
1Br 2.50(2) 7(2)

Zn(II) 9664.5 NA NA 6 3N/O
(3Im)

2.05(2) 4(2) −5(3) 1.81 11.0

2S 2.40(4) 1(3)
1Br 2.36(4) 1(2)
3N/O
(2Im)

2.06(2) 4(1) −5(2) 1.82 11.1
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this respect.24,25 Although the data cannot unambiguously
differentiate Cys35 from Cys60 as the source of the S donor
ligand, the fact that Co(II), Ni(II), Cu(I), and Zn(II) ions all
bind to Cys35 in the WT protein25 and other mutants in which
the Co(II) site features the long M−S distance have been
characterized (e.g., H3C-RcnR and H3E-RcnR)25 is consistent
with the S donor present being Cys35. Nonetheless, it is not

clear whether the structure changed because of the loss of
His60 as a ligand or as a result of another structural change in
the metal site (e.g., loss of an H-bond) that results in Co(II)
occupying a site that more closely resembles the WT RcnR
Ni(II) site. Because one might expect that the mutation would
result in the loss of one His ligand and feature two Cys S
donors if His60 were a Co(II) ligand, the result is more

Table 1. continued

XANES analysis EXAFS analysis

metal ion
K-edge energy

(eV)
1s → 3d peak area

(×102 eV)
1s → 4pz
observed

coordination
number shell r (Å)

σ2

(×10−3 Å2) ΔEo (eV) %R
reduced

χ2

H64C-RcnR
2S 2.41(3) 3(3)
1Br 2.38(3) 2(2)

Zn(II)b 9662.7 NA NA 5 3N/O
(3Im)

2.02(1) 7.0(9) −9(2) 0.67 10.6

2S 2.280(7) 3.8(4)
3N/O
(2Im)

2.02(1) 7(1) −9(2) 0.75 11.9

2S 2.279(7) 3.8(4)
H67C-RcnR

Co(II) 7720.8 13(2) no 6 3N/O 2.07(2) 2(1) −4(2) 2.13 5.2
2N/O
(3Im)

2.20(2) 0(2)

1S 2.63(1) 1(1)
3N/O 2.07(2) 2(2) −3(2) 2.18 5.3
2N/O
(2Im)

2.20(2) 0(2)

1S 2.63(1) 1(1)
Ni(II) 8343.3 5(1) no 5/6 5N/O

(3Im)
2.05(1) 2.1(9) 5(2) 6.81 98.0

1S 2.7(1) 5(11)
5N/O
(2Im)

2.06(1) 2(1) 6(2) 7.15 102.9

1S 2.62(8) 6(8)
Ni(II)b 8343.1 3(1) no 6 5N/O

(2Im)
2.083(6) 3.8(5) 9(1) 2.23 16.3

1S 2.67(2) 4(2)
5N/O
(3Im)

2.083(7) 3.8(5) 9(1) 2.55 16.5

1S 2.67(2) 4(2)
5N/O
(1Im)

2.083(7) 3.8(5) 9(1) 2.27 16.6

1S 2.67(2) 3(2)
Cu(I) 8984.9 NA yes 3 1N/O

(1Im)
2.04(3) 0(3) 5(5) 5.45 45.4

1S 2.31(5) 3(3)
1Br 2.51(2) 3(2)

Zn(II) 9665.0 NA NA 6 4N/O 2.15(2) 6(1) 5(2) 2.63 26.2
1N/O
(2Im)

1.90(4) 14(4)

1S 2.69(4) 8(5)
4N/O 2.14(2) 5(1) 4(2) 2.64 26.3
1N/O
(3Im)

1.90(4) 14(5)

1S 2.69(6) 11(8)
Zn(II)b 9663.6 NA NA 4 2N/O

(1Im)
1.981(8) 3.6(6) −9(1) 0.61 13.6

2S 2.271(7) 6.0(4)
2N/O
(2Im)

1.980(9) 3.6(6) −9(1) 0.61 13.7

2S 2.271(8) 6.0(4)
aThe numbers in parentheses are the estimated uncertainties in the corresponding variables. These uncertainties are calculated by SixPack and reflect
the change in the variable that will result in an increase in χ2 of 1. EXAFS fits in bold type are shown in Figures 4−6. bSample prepared in buffer with
20 mM Hepes, 300 mM NaOAc, and 10% glycerol (pH 7.0).
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consistent with a role for His60 as a secondary coordination
sphere residue involved in stabilizing the WT Co(II)
conformation of the protein. The lacZ assay data (vide supra)
show that the protein is still responsive to both Co(II) and
Ni(II) binding. This is probably due to the fact that both metals
adopt a geometry and a ligand set that is similar to that of
binding of Ni(II) to WT RcnR and therefore supports a role for
His60 in stabilizing the Co(II) conformation as seen in the WT
RcnR Co(II) complex.24

The structures of the noncognate metal ions, Cu(I) and
Zn(II), show dramatically different responses to the H60C
mutation in RcnR. A four-coordinate Cu(I) complex forms
with H60C-RcnR that is composed of a (N/O)2SBr ligand
donor atom set that incorporates a bromide from the buffer. As
in the Co(II) and Ni(II) complexes of H60C-RcnR, the metal
does not bind to two S donors. The ligands involved in the

H60C-RcnR Cu(I) complex are identical to those seen for the
Cu(I) complex of WT RcnR; the M−L distances are similar
[for WT-RcnR, Cu−N = 2.13(2) Å, Cu−S = 2.291(7) Å, and
Cu−Br = 2.62(1) Å].25 The similarity of these structures
indicates that His60 is not a ligand involved in the binding of
Cu(I) to WT-RcnR. According to the EXAFS analysis, the
coordination number of the Cu(I) center is four, a result that is
inconsistent with the XANES analysis (vide supra) that predicts
a three-coordinate Cu(I) site (Table 1 and Figure 3). A similar
discrepancy is observed in the analysis of data from the WT
RcnR Cu(I) complex.25 It is possible that the long (weak)
interactions with Br− are not enough to alter the XANES
features to indicate a four-coordinate site.
In contrast to the Ni(II), Co(II), and Cu(I) complexes of

H60C-RcnR, the best fit for the H60C-RcnR Zn(II) complex
shows that both Cys residues are ligands. Additionally, the data
obtained for the Zn(II) site indicate that the Zn(II) is
coordinated by three N/O donors, of which two or three are
imidazoles, and a bromide ligand, making the complex six-
coordinate, in agreement with the XANES analysis (vide
supra). This contrasts with the four-coordinate tetrahedral
Zn[(N/O)2SBr] complex found for the WT RcnR Zn(II)
complex.25 Although six-coordinate Zn(II) sites are unusual,46

they are not unprecedented in RcnR mutants. In a series of
His3 mutations, the H3L mutation has no effect on the Zn(II)
site, and the H3C mutation results in a five-coordinate Zn[(N/

Figure 3. XANES spectra of metal complexes of RcnR proteins in
buffer with 20 mM Hepes, 300 mM NaBr, and 10% glycerol: H60C
(red), H64C (dark green), H67C (purple), and WT from ref 25
(black). XANES spectra in buffer with 300 mM NaOAc instead of
NaBr: H60C (orange), H64C (aqua), and H67C (light green).

Figure 4. K-Edge XAS spectra of H60C-RcnR metal complexes in
buffer containing 20 mM Hepes, 300 mM NaBr/1NaOAc, and 10%
glycerol (pH 7.0). For Cu(I), the buffer also contained 2 mM TCEP:
(left) Fourier-transformed EXAFS data (colored lines) and fits (black
lines) and (right) unfiltered k3-weighted EXAFS spectra and fits.
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O)2S2Br] that becomes a six- or seven-coordinate (with a
bidentate carboxylate) Zn[(N/O)6S] site in H3E-RcnR and
confers Zn sensing capability to the protein.25 Although His3 is
clearly not a ligand for the WT RcnR Zn(II) site, the site
displays an ability to accommodate additional ligands and to
change coordination number. The coordination number of the
Zn(II) complexes of H60C-RcnR also shows some unusual
sensitivity to the nature of the anions present in the buffer. The
Zn(II) complex of H60C-RcnR is six-coordinate in buffer M
with NaBr but five-coordinate in buffer M with NaOAc (Table
1). The H60C-RcnR Zn(II) in buffer M with NaBr fits best for
three N/O donors at an average distance of 2.00 Å, of which
two or three are imidazoles, two S donord at 2.35 Å, and a Br−

ligand at 2.33 Å. The lengths determined for the Zn−S and
Zn−Br bonds are almost indistinguishable. For this reason, the
data were also taken in buffer M with NaOAc. The EXAFS data
from the Zn(II) H60C protein in buffer M with NaOAc
(Figure 4) fit best for three N/O donors at 2.04 Å, of which
one or two are imidazoles, and two S donors at 2.30 Å. The
sample in NaOAc buffer yielded a similar fit sans the Br− ligand,
confirming that the protein did, in fact, bind both sulfurs
present in the H60C protein.
H64C-RcnR. The His64 residue of RcnR corresponds to a

cysteine residue in M. tuberculosis CsoR, Cys65 (Figure 1), and
this cysteine residue is a key ligand used to coordinate Cu(I) in
CsoR.17 The Co(II) complex of H64C-RcnR is shown by
XANES analysis to be six-coordinate, and EXAFS analysis is
consistent with this. The EXAFS analysis shows more than one
change in metal site structure occurs for this mutation. The
Co(II) site is composed of three N/O donors, of which two or
three are histidines, at an average distance of 2.02 Å, two S
donors at an average distance of 2.33 Å, and one Br− ligand at
2.67 Å (Table 1 and Figure 5). The fit is similar in buffer with
NaCl except that a Cl− ligand is bound instead of a Br− ligand
(Table S10 of the Supporting Information). This mutation
resulted in binding of the Cys64 residue, which is consistent
with His64 being a ligand in the WT RcnR Co(II) complex, but
also opened a coordination site on Co(II) that is occupied by
an exogenous buffer ligand. The analysis cannot identify the N/
O donor ligand that is lost, and the reason for the loss is not
clear. However, changing a protein ligand from an imidazole to
a thiolate will affect the electronic structure of the metal, which
can influence the strength of the interaction with other ligands.
In contrast to the Co(II) site in H64C RcnR, the best fit for

the Ni(II) EXAFS data is five-coordinate with three histidine
ligands at an average distance of 2.05 Å, one S donor at 2.31 Å,
and a Br− ligand at 2.69 Å (Table 1 and Figure 5). [There is
also a four-coordinate fit that is similar with the exception that
there is one fewer histidine ligand and the Ni−S bond distance
is shorter, consistent with a four-coordinate nickel center.47

However, the five-coordinate fit improves both %R and reduced
χ2 by 40%. A similar result was observed for this sample in
buffer with NaCl (Table S12 of the Supporting Information),
where the five-coordinate EXAFS fit improves %R and reduced
χ2 by 12% (Table S12 of the Supporting Information).]
Whether the site has a distorted four- or five-coordinate
geometry, the data show a major disruption of the WT RcnR
Ni(II) site structure that is at least consistent with the
involvement of His64 as a Ni(II) ligand. The structure obtained
for the mutant protein involves a short Ni−S bond that is
comparable to the Co−S distance that is found in WT
RcnR,24,25 but it is not clear which of the two Cys residues is

involved, particularly given the large number of structural
changes involved.
The complexes formed with H64C-RcnR and noncognate

metal ions, Cu(I) and Zn(II), are similar to those formed by
the H60C mutation, suggesting that His64 may be a ligand of
Zn(II) but is clearly not a ligand for Cu(I). EXAFS analysis for
the Cu(I) sample reveals that the Cu(I) site is four-coordinate
and binds the exogenous buffer ligand similar to that seen for
the H60C-RcnR Cu(I) complex and in WT RcnR.25 However,
the H64C-RcnR Cu(I) complex in buffer with NaCl (Table
S14 of the Supporting Information) indicates that the best fit
for the data is three-coordinate with two N/O donors at 2.10 Å
and one S donor at 2.36 Å. The appearance of Br−, but not Cl−,
in the coordination sphere of Cu(I) was also noted in the WT
RcnR Cu(I) complex25 and is not surprising considering the
facts that Cu(I) often occupies three-coordinate sites and is also
a softer acid and would thus have a higher affinity for Br− than
for Cl−.
Like the H60C-RcnR Zn(II) protein, the Zn(II) site in the

H64C-RcnR protein is also six-coordinate in buffer M with
NaBr and five-coordinate in buffer with NaOAc (Table 1), the
difference between the two fits being that the sample in buffer
M with NaBr has an additional Br− ligand derived from the
buffer. The H64C-RcnR Zn(II) complex formed in buffer M
with NaBr is coordinated by three N/O ligands at an average

Figure 5. K-Edge XAS spectra of H64C-RcnR metal complexes in
buffer containing 20 mM Hepes, 300 mM NaBr/1NaOAc, and 10%
glycerol (pH 7.0). For Cu(I), the buffer also contained 2 mM TCEP:
(left) Fourier-transformed EXAFS data (colored lines) and fits (black
lines) and (right) unfiltered k3-weighted EXAFS spectra and fits.
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distance of 2.05 Å, of which two or three are imidazoles, two S
donors at 2.40 Å, and a Br− ligand at 2.36 Å.
H67C-RcnR. The XANES and EXAFS analysis are in

agreement for the cognate metals, which feature six-coordinate
sites (Table 1). As in H60C-RcnR, the Co(II) site resembles
the Ni(II) site in that the Co(II) metal ion is coordinated by a
S donor ligand at 2.63 Å. The best fit for the Co(II) site also
includes two shells of N/O donors, three at an average distance
of 2.07 Å and two at an average distance of 2.20 Å, of which
two or three are imidazoles (Table 1 and Figure 6). The Ni(II)

site fits best for five N/O donors at an average distance of 2.06
Å, of which two are imidazoles, and a S donor at 2.62 Å. The
corresponding fit involving three imidazoles results in an
improvement in both %R and reduced χ2; however, the error
for the sulfur bond distance is larger, and for this reason, the
sample was repeated in buffer M containing NaOAc. The best
fit for this data is five N/O donors, of which two are imidazoles,

and a S donor ligand, a result that is indistinguishable from that
for the WT RcnR Ni(II) site structure.25

The Cu(I) site in H67C-RcnR is three-coordinate, in
agreement with the XANES analysis. The site is coordinated
by a histidine ligand at 2.04 Å, a S donor at 2.31 Å, and a Br− at
2.51 Å. The Cu(I) is still coordinated by an exogenous buffer
ligand but differs from the H60C- and H64C-RcnR Cu(I)
samples in that it binds one fewer N/O donor. Thus, His67 is
either a ligand of the Cu(I) complex or necessary for the
positioning of another amino acid side chain to coordinate
Cu(I). The Zn(II) site shows some variability based on buffer
selection. The sample in buffer with NaBr (Table 1 and Figure
6) is a six-coordinate Zn[(N/O)5S] site, with a Zn−S distance
of 2.27 Å. As such, it resembles the WT RcnR Co(II) site
structure. However, in buffer containing NaOAc, the Zn(II) ion
adopts a four-coordinate Zn[(N/O)2S2] structure that
coordinates both Cys residues present in the protein, consistent
with H67 being a ligand in the four-coordinate site. This is the
fourth example of the coordination number of a metal site in an
RcnR protein being influenced by the nature of the anion
bound, and the first example of an alteration of protein ligand
selection by the metal center. For Cu(I), the metal is often
four-coordinate with bromide present but is three-coordinate in
alternate buffers, without an obvious alteration in the three
remaining ligands.

■ DISCUSSION
Metalloregulator function depends upon a selective response to
binding by a cognate metal ion. Selectivity is generally elicited
by requiring a coordination geometry that is favored by the
cognate metal and disfavored by noncognate metals. The
ramifications of the RcnR His to Cys mutations for metal site
structures provide further insight into the role of specific His
ligands in complexes formed with cognate and noncognate
metal ions and show that in some cases, a Co(II) response may
be observed when the Co(II) ion adopts a structure similar to
that of the WT RcnR Ni(II) site.

Cognate Metal Complexes. The results presented here,
along with those obtained previously,24,25 collectively suggest
that His3, His60, His64, and His67 are potential Co(II) ligands.
Histidine coordination appears to be less important for Ni(II)
binding, as only His64 has been clearly shown to be important
for the six-coordinate Ni(II) site. The precise roles of His60
and His67 in the WT RcnR Co(II) complex are obscured by
the fact that the H60C and H67C mutations lead to Co(II) site
structures that resemble the WT RcnR Ni(II) complex24,25 and
do not introduce an additional S ligand. Thus, it is possible that
His60 and His67 play allosteric roles that stabilize a unique
protein structure that gives rise to the WT RcnR Co(II)
complex. Alternatively, because the mutation affects the
chemical identity of the side chain, the potential for main
chain coordination cannot currently be excluded. These results
are in general agreement with those from a mutational survey
by Iwig et al.,24 based on the loss of transcriptional response in
lacZ reporter assays. Those studies showed that His3 and His64
are important for response to both Ni(II) and Co(II) bound to
WT RcnR, and His60 mutations impair only the Co(II)
response.24 His3 was later shown using XAS to be a ligand in
the Co(II) complex, but not in the Ni(II) complex, suggesting
an allosteric role for His3 in the Ni(II) complex.25

Functional studies conducted by Iwig et al.24 showed that
when His60 was mutated to Ala, Asn, Leu, and Arg, all of the
mutations resulted in a loss of Co(II)-responsive transcriptional

Figure 6. K-Edge XAS spectra of H67C-RcnR metal complexes in
buffer containing 20 mM Hepes, 300 mM NaBr/1NaOAc, and 10%
glycerol (pH 7.0). For Cu(I), the buffer also contained 2 mM TCEP:
(left) Fourier-transformed EXAFS data (colored lines) and fits (black
lines) and (right) unfiltered k3-weighted EXAFS spectra and fits.
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regulation by RcnR. However, only H60R-RcnR resulted in a
loss of responsiveness for both cognate metals [Ni(II) and
Co(II)], with the remaining mutations resulting in proteins that
were still Ni(II)-responsive, demonstrating that the His60 side
chain was not essential for response to Ni(II)-specific function.
For the H60C mutation studied here, RcnR retains a response
to both cognate metals. However, the structural information
available from XAS analysis shows that this is not due simply to
the swap of one protein ligand (His) for another (Cys),
because neither cognate metal ion coordinates an additional S
donor ligand. The structure of the Ni(II) site is not perturbed
by the mutation, indicating that His60 is not a ligand in the
Ni(II) site, and in agreement with expectations from the prior
mutagenesis studies.24 However, the Co(II) site structure is
altered in H60C-RcnR. Although it also does not show ligation
of both Cys residues, the structure features the long Co−S
distance that is reminiscent of the M−S distance seen in the
WT RcnR Ni(II) site,24,25 but not in the WT RcnR Co(II) site.
On the basis of studies of the N-terminus of the protein that
showed that differential recognition of Co(II) versus Ni(II)
involved His3 as a ligand only in the case of Co(II), as well as
the different M−S distances, a model that involved different
protein conformations in the two complexes was developed to
explain differential recognition of Co(II) and Ni(II). Other
mutants involving His3 were found to bind Co(II), but with
metric parameters that closely resembled those of the WT
RcnR Ni(II) site.25 Many of these mutants had residual
responses to Co(II) ions. The H60C-RcnR mutant protein may
be responsive to Co(II) because it is recognizing the ion by the
same mechanism that WT RcnR recognizes Ni(II).
When His64 was mutated to Leu, it eliminated Co(II)

response but only slightly impaired Ni(II) responsiveness,24

suggesting a scenario similar to that described above for the
His60 mutations. However, the H64C mutation results in the
first example of an RcnR protein that retains a significant
response to Co(II) but lacks a response to binding Ni(II)
(Figure 2). The XAS studies show that the H64C-RcnR Co(II)
site resembles the Co(II) site in WT RcnR25 with substitution
of a His64 ligand by the additional Cys ligand, including
maintenance of the 2.3 Å Co−S distance. This is the result
expected for a simple ligand substitution, producing a protein
that is able to maintain the six-coordinate structure of the WT
RcnR complex, and thus its response to Co(II) binding.
Therefore, His64 may play a role in Co(II) binding in RcnR
similar to that of His86 and His100 in the Zn(II)-responsive
transcriptional regulator in Staphylococcus aureus CzrA. CzrA
binds Zn(II) in a tetrahedral geometry with three histidines and
one aspartate (His86, His97, His100, and Asp84).48 Muta-
genesis studies coupled with DNA binding and UV−vis studies
[using the Co(II) protein] revealed that Asp84 and His97 are
necessary to maintain tetrahedral geometry and Zn(II)-
mediated regulation. Mutations of these residues resulted in
metal binding in non-native geometries that did not support
allosteric coupling of metal and DNA binding.49 However,
His86 and His100 are necessary for Zn(II) binding, but metal
binding residues like Asp, Glu, Asn, and Gln were shown to
coordinate Zn(II) in a tetrahedral environment and mediate
DNA binding.49 Like His86 and His100 in CzrA, His64 in
RcnR is necessary for Co(II) binding, and mutating His64 to
another metal binding residue such as Cys maintains an
octahedral geometry for the Co(II) site necessary for mediating
the regulation of binding of RcnR to DNA.

In the case of Ni(II), the H64C-RcnR binding site is
disrupted in the complex in a way that does not maintain the
Ni−S distance in the WT RcnR structure, does not incorporate
a second Cys ligand, and opens the site to exogenous anion
binding. This mutation changes the Ni(II) site from six-
coordinate in the case of WT RcnR24,25 to four- or five-
coordinate with the loss of at least two protein ligands and the
addition of an exogenous buffer ligand, suggesting that His64,
like the N-terminus,25 is necessary for maintaining a six-
coordinate Ni(II) site. The H64C mutation results in a loss of
Ni(II) response but provides no further insight into the role of
His64 as a Ni(II) ligand, which could be part of an allosteric
network that maintains the conformation of the protein in the
Ni(II) complex.
Finally, His67 has also been previously mutated to Leu,

which had no effect on the responsiveness to either of the
cognate metals. This result is also seen for the H67C-RcnR
mutation reported here. However, XAS structural analysis
shows that the Co(II) ion adopts a structure similar to the WT
RcnR Ni(II) site structure (M−S distance of ∼2.6 Å),25

indicating that the Co(II) response is being maintained in
H67C-RcnR by the mechanism used to generate a response to
Ni(II) binding. Although the results do not prove a role for
His67 as a Co(II) ligand, His67 must at least play a role in
stabilizing the Co(II) site structure in WT RcnR, either as a
ligand or through H-bonding interactions that stabilize the
protein structure. His67 is not conserved in RcnR proteins and
is predicted to be in a loop region, based on structural
homology with CsoR.

Noncognate Metal Complexes. The effect of the His60,
His64, and His67 residues on the structures of the noncognate
metal ions reveals that these residues have distinctive roles in
binding noncognate metals. These sites overlap with the
cognate metal binding sites, for example, in the use of Cys35 as
a ligand, but in some cases, His ligands that are involved in
binding noncognate metals are not involved in binding the
cognate metals. This suggests that the sites occupied by
noncognate metals may prevent these metals from binding to
some of the ligands adopted by cognate metals (e.g., the N-
terminal amine).

Cu(I). The Cu(I) complexes with the His→ Cys mutants are
either three- or four- coordinate, depending upon whether a
buffer anion is bound. Even with the additional Cys residue
added by the H60C-, H64C-, and H67C-RcnR mutant
proteins, the Cu(I) site does not resemble that of Cu(I)-
bound CsoR, which has a coordination environment involving
one His ligand and two S donors.17 The Cu(I) complex of
H60C-RcnR has a structure that is very much like that of the
WT RcnR Cu(I) complex25 and does not bind the second Cys
residue available in this mutant. Thus, His60 is likely not a
ligand for the RcnR Cu(I) complex. Similarly, the Cu(I) site in
H64C-RcnR is unaffected by the mutation and is similar to that
seen for the Cu(I) complex of WT RcnR25 and H60C-RcnR.
The complex formed by Cu(I) and H67C-RcnR is distinct from
those of the H60C and H64C mutants. The coordination
number decreases from four in the other mutants (including
bromide) to three with the loss of one His ligand. Thus, His67
is identified as a ligand for Cu(I). On the basis of the His2(Cys)
Br ligand set seen in the WT RcnR Cu(I) complex in buffer M
with NaBr,25 the only ligand in common with the WT RcnR
Ni(II) site is the single Cys35 ligand. Interestingly, Cu(I) never
bound a His(Cys)2 ligand set like that of found in the CsoR
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Cu(I) complex, even when presented with the identical CsoR
ligand set in H64C-RcnR.
Zn(II). The situation for Zn(II) is more complex. In buffer M

containing NaBr, all three His → Cys mutants are six-
coordinate and therefore presumably occupy a six-coordinate
site that is more similar to the WT RcnR Co(II) and Ni(II)
sites than to the WT Zn(II) site. The cognate metals both
utilize His64, and Co(II) may also bind to His60 (vide supra).
The Zn(II) complexes of H60C- and H64C-RcnR show the
formation of a six-coordinate (N/O)3S2Br complex in buffer M
with NaBr, consistent with these residues being ligands in the
six-coordinate site. The Zn−S distance is 2.40 Å, so the site
most closely resembles the WT RcnR Co(II) site and is very
similar to the (N/O)3S2Br Co(II) site in the H64C-RcnR
mutant. In buffer M with NaOAc, the bromide ligands are not
present and five-coordinate (N/O)3S2 complexes are observed.
The complex formed by H67C-RcnR with Zn(II) is distinct

from the other His mutants. In buffer M with NaBr, the (N/
O)5S complex formed is six-coordinate but features only a
single S donor and has no bromide ligand. The Zn−S distance
is long [2.69(4) Å], and thus, this site most closely resembles
the WT RcnR Ni(II) site. However, in buffer M with NaOAc,
Zn(II) adopts a four-coordinate (N/O)2S2 site, where Cys67 is
a ligand, consistent with His67 being a ligand in the four-
coordinate WT RcnR Zn(II) site. However, this possibility
cannot be distinguished from simple displacement of the
bromide ligand found in the WT RcnR (N/O)2SBr site by the
additional cysteinate ligand.
Distinct Mechanisms for Metal Recognition by

Orthologs RcnR and CsoR. The results of this and previous
studies24,25 indicate that besides coordination number and
ligand selection, there is a key difference between the molecular
mechanisms that couple metal recognition to allosteric
response in the RcnR/CsoR family of transcriptional regulators.
Only two of the Cu(I) binding residues in CsoR are conserved
in RcnR, Cys36 and His61 (using M. tuberculosis CsoR
numbering). Additionally, in RcnR proteins, there is a
conserved His residue at position 3. This residue corresponds
to Glu4 in M. tuberculosis CsoR. On the basis of the M.
tuberculosis CsoR crystal structure, Glu4 is positioned close to
the CsoR Cu(I) binding site.17 Prior studies of RcnR have
established that cognate metal binding to the N-terminal amine
and the interaction with His3 are key determinants in the
mechanism of metal recognition by RcnR that apparently play
no role in CsoR Cu(I) binding.24,25

None of the RcnR His → Cys mutants studied here confer
any response to either Cu(I) or Zn(II), including H64C-RcnR,
where the residues are identical to those in the Cu(I) binding
site of CsoR or adopt the Cu(I) site structure found in that
protein. As seen in InrS,23 simply having the first-coordination
sphere residues present necessary for Cu(I) binding (as seen in
CsoR) is not sufficient to elicit Cu(I) responsiveness.17,50 The
CsoR Cu(I) structure reveals that there is a hydrogen bonding
network involving metal-binding residue His61 as well as Tyr35
and Glu81. Work done by Ma et al. determined that this
hydrogen bonding network is important in allosterically
coupling metal binding with DNA binding in CsoR.50 Even if
Cu(I) were to bind H64C-RcnR with His(Cys)2 coordination,
as in CsoR, it is likely the protein would not show a change in
DNA binding affinity because the protein lacks the second-
coordination sphere residues needed to couple metal binding
with DNA binding.17,50 These data indicate that while the
secondary, tertiary, and quaternary structures of CsoR and

RcnR are similar, the specific mechanisms for metal ion
recognition are quite different and small changes in primary
sequence account for changes not just in coordination
geometry but also in the allosteric network of residues required
for a functional response.
The H60C-, H64C-, and H67C-RcnR mutants with Zn(II)

all feature six-coordinate Zn(II) sites. However, binding of
Zn(II) to these mutant proteins does not result in the
derepression of PrcnA transcription. Thus, the mere formation of
a six-coordinate Zn(II) site is not sufficient to provide a
transcriptional response, despite the one observed for the
Zn(II) complex of H3E-RcnR.25 Although Zn(II) adopts the
correct geometry in the H60C-, H64C-, and H67C-RcnR
mutations, they apparently do not allow the Zn(II) ion to bind
the N-terminus of RcnR and therefore cannot drive the
necessary conformational changes required to disfavor RcnR−
DNA binding interactions.
The identification of Cu(I)- and Zn(II)-coordinating

residues in RcnR, combined with the different allosteric
networks utilized by RcnR and CsoR, suggests that the metal
specificity of RcnR could be reengineered via judicious
mutations that promote Cu(I) or Zn(II) binding but not
Ni(II) or Co(II) binding. Additional directed mutations in the
N-terminus of RcnR would be required to ensure binding
produces a functional response. This has already been observed
in Zn(II)-substituted H3E-RcnR,25 which offers promise for
additional successful engineering.
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