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ABSTRACT: The manganese transport regulator (MntR) ofBacillus subtilisis activated by Mn2+ to repress
transcription of genes encoding transporters involved in the uptake of manganese. MntR is also strongly
activated by cadmium, both in vivo and in vitro, but it is poorly activated by other metal cations, including
calcium and zinc. The previously published MntR‚Mn2+ structure revealed a binuclear complex of
manganese ions with a metal-metal separation of 3.3 Å (herein designated the AB conformer). Analysis
of four additional crystal forms of MntR‚Mn2+ reveals that the AB conformer is only observed in monoclinic
crystals at 100 K, suggesting that this conformation may be stabilized by crystal packing forces. In contrast,
monoclinic crystals analyzed at room temperature (at either pH 6.5 or pH 8.5), and a second hexagonal
crystal form (analyzed at 100 K), all reveal the shift of one manganese ion by 2.5 Å, thereby leading to
a newly identified conformation (the AC conformer) with an internuclear distance of 4.4 Å. Significantly,
the cadmium and calcium complexes of MntR also contain binuclear complexes with a 4.4 Å internuclear
separation. In contrast, the zinc complex of MntR contains only one metal ion per subunit, in the A site.
Isothermal titration calorimetry confirms the stoichiometry of Mn2+, Cd2+, and Zn2+ binding to MntR.
We propose that the specificity of MntR activation is tied to productive binding of metal ions at two
sites; the A site appears to act as a selectivity filter, determining whether the B or C site will be occupied
and thereby fully activate MntR.

Manganese is essential to all forms of life. By virtue of
its ability to participate in Lewis acid catalysis and redox
chemistry, manganese contributes to a broad array of
enzymatic functions (1). In plants, a manganese-containing
cofactor is at the heart of the oxygen-evolving complex (2),
and in mammals, a manganese-dependent superoxide dis-
mutase helps to protect mitochondria from the byproducts
of aerobic metabolism (3). In bacteria, manganese also
performs these functions, and it plays a significant role in
the virulence of several pathogens (4-6). Despite its
contributions to cellular chemistry, manganese becomes toxic
at elevated concentrations. Workers overexposed to manga-
nese may experience a behavioral disorder known as
“manganese madness” and suffer damage to motor neurons
(7). An excess of manganese can also be toxic to bacteria
(5, 8, 9). Thus, the health of the organism requires both the
ability to acquire manganese from the environment and the

capacity to block uptake when cellular concentrations become
excessive.

The Bacillus subtilis manganese transport regulator
(MntR)1 is the prototype for a subgroup of proteins from
the DtxR/IdeR superfamily that respond to Mn2+ rather than
Fe2+ (8). Subsequent studies have revealed MntR orthologues
in several other bacterial species (10-14). When activated
by Mn2+, MntR binds to its operators to block expression
of manganese transport systems encoded by themntABCD
and mntH operons (8, 9). A B. subtilis mutant lacking a
functionalmntRgene is unusually sensitive to extracellular
manganese and shows reduced growth on medium containing
just 3 µM Mn2+ (8). Characterization of MntR in vivo and
in vitro (8, 15-17) has shown that it is highly selective for
Mn2+ as an effector; DNA-binding activity is distinctly
diminished in the presence of other metal cations including
Mg2+, Ca2+, Fe2+, Co2+, Ni2+, and Zn2+. However, Cd2+

activates MntR as well as, or better than, Mn2+ (8, 16, 17).
A nonessential metal cation, Cd2+ is a threat to cellular
health. In bacteria and humans, cadmium is taken up
adventitiously by manganese transporters (5, 18), and
cadmium sensitivity is enhanced in anmntRnull mutant of
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B. subtilis (8). The activation of MntR by Cd2+ blocks
expression of proteins inadvertently responsible for the
uptake of cadmium, suggesting that cadmium is a second
biologically relevant activator of MntR.

In the past few years, a number of biochemical and
structural studies have begun to elucidate the sources of metal
specificity in a variety of metal ion dependent transcriptional
regulators (19). As examples, the structures of metal-bound
forms of NikR (20), CueR, and ZntR (21) point to a
combination of factors, including coordination number,
geometry, and charge complementarity. In an extreme
example of metal ion selectivity, CueR binds its cognate
effector Cu+ with zeptomolar (10-21) affinity, while showing
no activation by Zn2+ at concentrations up to 1 mM (21).
Analyses of metalloregulators of the SmtB/ArsR family
reveal that selective metal responses require binding sites
finely tuned to respond to the ambient metal ions within the
cell; some metals do not elicit genetic responses simply
because they are present in the cytosol at concentrations too
low to trigger a response. Conversely, other metals can bind
to the regulator but fail to elicit a response due to an altered
coordination number or geometry (22).

Within the diphtheria toxin repressor (DtxR) superfamily,
Corynebacterium diphtheriaeDtxR and theMycobacterium
tuberculosis iron-dependent repressor (IdeR) have been
crystallized in the presence of various metal ion effectors,
revealing two metal-binding sites per subunit, separated by
over 9 Å (23-25). DtxR discriminates against 5 mM Mn2+

in the site responsible for effecting the Fe2+-dependent
allosteric change that activates DtxR for DNA binding (26,
27). Guedon and Helmann have shown that modifications
to sulfur-containing ligands, replacing Cys102 with glutamate
or Met10 with aspartate, generate a mutant DtxR that is
strongly activated by Mn2+ in B. subtiliscells (15), indicating
that ligand selection plays a role in allowing DtxR to
discriminate against the noncognate metal ion manganese.

MntR demonstrates the opposite selectivity in vivo and
in vitro, responding selectively to Mn2+ over Fe2+, despite
being a homologue of DtxR (8, 15, 17). Ligand selection
was initially hypothesized to be responsible for this selectiv-
ity. Unlike DtxR, MntR has no sulfur-containing residues
in metal-binding positions. Indeed, it is possible to relax the
specificity of MntR with respect to Fe2+ by mutation of the
metal-binding residue, Asp8, to methionine, which replaces
a carboxylate side chain with a thioether group. The resulting
MntR mutant, D8M, is better activated by Fe2+ in vivo than
wild-type MntR (15).

To develop a better understanding of the structural origins
of metal ion selectivity in MntR, we determined the X-ray
crystal structures of wild-type MntR and the D8M mutant
bound to Mn2+ (28). Wild-type MntR, like DtxR, binds two
metal ions per subunit of the active homodimer. However,
the metal ion geometry for this ion pair is substantially
different than that observed in DtxR, with the metal ions
bound at a distance of 3.3 Å (28). Manganese ions occupying
the two sites, labeled A and B, lie at the interface of two
domains: an N-terminal DNA-binding domain (residues
2-70) and a C-terminal dimerization domain (residues 71-
142; Figure 1). Our hypothesis for the selectivity of MntR
for Mn2+ over Fe2+ noted the unusual, pseudo-heptacoordi-
nate geometry of the A site, with seven protein and solvent
ligands within 2.6 Å of the manganese ion (28). When the

B site is disrupted by the D8M mutation, the A site collapses
to a lower coordination number, and the selectivity of MntR
for Mn2+ over Fe2+ is compromised (15, 17).

To further describe the structural origins of metal ion
selectivity in MntR, we present here a crystallographic and
thermodynamic study of MntR binding to Mn2+, Cd2+, Ca2+,
and Zn2+. Significantly, we now find that Mn2+, Cd2+, and
Ca2+ all generate a novel binuclear complex in which the B
site is vacant and the second ion occupies a new site to
generate a binuclear complex (the AC conformer) with a 4.4
Å internuclear distance. The AB and AC conformers use
the same set of protein ligands to bind metals but differ in
side chain conformations and the additional involvement of
one backbone oxygen in conformer AC. Thus, MntR is
flexible in its metal-binding geometry. Comparison of the
biologically active Mn2+ and Cd2+ complexes with the
inactive, mononuclear Zn2+ complex suggests that both
geometry and ligand selection contribute to selectivity. The
A site appears to act as a selectivity filter that controls
occupancy of the second site, which is essential for full
activation of MntR for DNA binding.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.Wild-type MntR was
expressed and purified from recombinantEscherichia coli
as described previously (28). MntR solutions (10-14 mg/
mL) to be used for crystallization were dialyzed extensively
against 25 mM HEPES, pH 7.5, containing 200 mM NaCl
and 10% glycerol, with 10 g/L Chelex resin added to the
final exchange of buffer. In preparation for isothermal
titration calorimetry (ITC), MntR solutions were dialyzed
against 25 mM Tris‚HCl, pH 8.0, containing 500 mM NaCl
and 10% glycerol. The final exchange of buffer included 10
g/L Chelex resin.

Crystallization and Data Collection.All crystals were
grown using the hanging drop vapor diffusion method, with
equal volumes of protein and well solutions added to the
drop. The MntR‚Cd2+ complex was crystallized under
conditions similar to those reported for the MntR‚Mn2+

FIGURE 1: Structure of the MntR dimer bound to Mn2+ (28). One
subunit is colored yellow and the second is blue, with the
dimerization domain in dark blue and DNA-binding domain in
turquoise. The A-site manganese ions are in green, and the B-site
manganese ions are in red. The N- and C-termini are labeled for
the yellow subunit, as are the secondary structure elements.
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complex (Table 1;28), except that 500µM CdCl2 replaced
2 mM MnCl2 in the well solution. Other conditions were
developed from broad crystallization screens containing the
metal ion of interest. Crystals of the MntR‚Mn2+ complex
in a hexagonal space group were obtained from mixtures
containing 23 base pair duplex DNA containing themntH
operator sequence, 5′-GTAATTTGCCTTAAGGAAACTCC,
but DNA did not cocrystallize with MntR (Table 1). Data
collection was performed using an R-Axis IV imaging plate
system coupled to a Rigaku RU300 rotating anode generator
providing Cu KR radiation and several synchrotron sources
(Table 2). Low-temperature data were collected from crystals
equilibrated with solutions containing cryoprotectants (Table
1) that were flash-cooled by placing the crystals in a flow
of nitrogen gas cooled to 100 K. The data were processed
using MOSFLM (29) or D*Trek (30) and scaled using the
SCALA program implemented in the CCP4 suite of crystal-
lographic analysis software (31).

Structure Determination and Refinement.The structure of
MntR from the previously reported MntR‚Mn2+ complex
(PDB ID 1ON1; 28) was used, without bound metal ions,
as a search model to obtain molecular replacement solutions

for each crystal form using CNS (32). Subsequent refinement
proceeded with a random set of 5-10% of the crystal-
lographic data set aside for cross-validation. Metal ions were
added to the model after rigid body refinement of the original
molecular replacement solution, usingσA-weightedFo - Fc

maps as a guide. Anomalous Fourier difference maps using
calculated phases were used, when possible, to confirm the
identity of bound metals. The anomalous signal of manganese
is strong when using Cu KR radiation and can be used to
readily distinguish manganese from calcium and magnesium
ions also present in the crystallization buffer (33). Also, a
data set was collected from a crystal of the MntR‚Zn2+

complex at the zinc X-ray absorption edge in order to verify
placement and identity of the bound zinc ions. In the final
rounds of refinement solvent and solute molecules were
added where residual electron density inσA-weightedFo -
Fc maps exceeded 3σ and reasonable stereochemistry was
observed. The stereochemical quality of the models was
evaluated by PROCHECK (32). Crystallographic data and
the models reported here have been deposited in the RCSB
Protein Data Bank (PDB ID 1EV0, 1EV5, 1EV6, 2F5C,
2F5D, 2F5E, and 2F5F).

Table 1: Crystallization Conditions for Metal Complexes of MntR Reported in This Study

structure/PDB ID buffer precipitant metal/salt
temp (K)/

cryoprotectant

MntR‚Mn2+, AC conf, pH 6.5/2F2D 100 mM MES 15% PEG 4000 2 mM MnCl2/80 mM CaCl2 295
MntR‚Mn2+, AB conf, pH 6.5/2F5E 100 mM sodium cacodylate 15% PEG 4000 2 mM MnCl2/100 mM MgCl2 100/20% glycerol
MntR‚Mn2+, AC conf, pH 8.5/2F5F 100 mM Tris‚HCl 25% PEG 400 2 mM MnCl2/200 mM Li2SO4 295
MntR‚Mn2+, hexagonal, pH 8.5/2F5C 100 mM Tris‚HCl 25% PEG 400 2 mM MnCl2/120 mM Li2SO4 100/10% glycerol
MntR‚Cd2+, pH 8.5/2EV0 100 mM Tris‚HCl 15% PEG 400 0.5 mM CdCl2/200 mM Li2SO4 100/35% PEG 400
MntR‚Ca2+, pH 8.0/2EV5 100 mM Tris‚HCl 18% PEG 8000 200 mM calcium acetate 100/20% glycerol
MntR‚Zn2+, pH 7.0/2EV6 100 mM sodium citrate 20% PEG 3000 5 mM ZnCl2/200 mM triammonium

citrate
100/20% glycerol

Table 2: Data and Refinement Statistics for Structures of Metal Complexes with MntR

MntR‚Mn2+,
pH 6.5,
conf AC

MntR‚Mn2+,
pH 6.5,
conf AB

MntR‚Mn2+,
pH 8.5,
conf AC

MntR‚Mn2+,
hexagonal,
conf AC

MntR‚Cd2+,
pH 8.5

MntR‚Ca2+,
pH 8.0

MntR‚Zn2+,
pH 7.0

data source R-Axis IV R-Axis IV R-Axis IV ALS 4.2.2 SSRL 9.2 ALS 8.2.1 ALS 8.2.1
wavelength (Å) 1.5418 1.5418 1.5418 1.1271 0.9840 1.0781 1.0781
temp (K) 295 100 295 100 100 100 100
space group P21 P21 P21 P6522 P21 P21 P21

a (Å) 50.7 49.4 50.6 41.3 48.9 49.7 49.7
b (Å) 46.4 46.0 46.4 41.3 46.2 45.8 46.0
c (Å) 75.8 74.4 75.4 301.4 74.9 74.7 74.4
â (deg) 94.6 94.3 94.3 93.0 93.8 93.2

resolution (Å)a 31.50-1.90 20.0-2.20 31.7-2.40 20.0-2.40 39.95-1.65 39.01-2.00 37.14-1.70
(2.02-1.90) (2.34-2.20) (2.55-2.40) (2.4-2.49) (1.75-1.65) (2.00-2.13) (1.81-1.70)

no. of reflections
total 57546 40735 29487 104036 88240 50943 74441
unique 25228 16728 13217 5943 37469 21041 34860

completeness 90.0 (61.1) 97.3 (97.1) 95.0 (93.8) 88.1 (48.9) 92.6 (90.7) 91.8 (91.4) 93.6 (72.1)
I/σ(I) 6.2 (2.5) 7.7 (2.2) 5.2 (2.0) 19.8 (6.6) 8.4 (3.7) 4.4 (2.4) 5.6 (2.2)
Rmerge(%)b 6.4 (27.0) 8.3 (32.5) 8.7 (34.2) 9.6 (32.3) 4.8 (19.5) 10.9 (27.8) 7.7 (32.8)
no. of protein atoms 2147 2154 2238 1164 2154 2165 2261
no. of metal ions 4 4 4 2 5 4 2
no. of solvent atoms 87 69 37 8 262 89 214
no. of solute atoms 0 0 0 10 0 0 3
Rcryst/Rfree(%)c 21.0/23.0 23.7/28.6 22.2/25.7 24.8/30.3 20.7/22.9 24.8/29.1 23.3/26.0

(29.5/31.1) (30.1/35.1) (26.6/33.4) (29.9/40.2) (26.0/28.4) (30.8/33.8) (31.4/36.2)
bond length deviation (Å) 0.004 0.006 0.006 0.007 0.005 0.006 0.005
bond angle deviation (deg) 0.98 1.0 1.1 1.20 1.0 1.0 1.0
averageB-factor 36.4 34.7 43.7 45.2 28.3 31.9 26.8

a Numbers in parentheses reflect the highest resolution shell.b Rmerge) ∑h∑j|Ih,j - <Ih>|/∑j∑h|Ih,j|, whereIh,j is the jth observation of reflection
h. c Rcryst ) ∑h||Fo| - |Fc||/∑h|Fo|, whereFo andFc are the observed and calculated structure factors for reflectionh. Rfree is calculated similarly for
5-10% of the data not used in refinement.
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Isothermal Titration Calorimetry.Calorimetric titrations
of MntR with metal ions were performed on a MicroCal VP-
ITC instrument (Northampton, MA). The sample cell was
held at 25°C. Metal ion salts and protein were dissolved in
25 mM Tris‚HCl, pH 8.0, 500 mM NaCl, and 10% glycerol.
The high salt concentration was necessary to maintain the
solubility of the MntR-metal ion complexes during the
titration. Typical protein concentration, determined by UV
absorbance at 280 nm (16), was 30-100 µM in MntR
subunits, and metal ion concentration in the injector was
typically 7-20-fold higher (depending on the number of
binding sites detected). Solutions were degassed for 5-10
min prior to use. After an initial addition of 4µL of metal
ion solution, all subsequent additions were 8µL with 180 s
intervals between additions. Background data were collected
by titrating metal ion solutions into buffer alone and were
subtracted from data obtained with MntR present. Titration
data were fit assuming independent interaction of each MntR
monomer with the metal ions of interest. Titration data were
analyzed using Origin 7.0 software (OriginLab, Northampton,
MA) and tested with models provided by the instrument
manufacturer that describe a single site per monomer, two
sequential binding sites, and two noninteracting binding sites.

Fluorescence Anisotropy.The DNA-binding activity of
MntR was measured using fluorescence anisotropy (35). A
5′-fluoresceinated 21-base oligodeoxynucleotide with the
sequence GAGTTTCCTTAAGGCAAATTG, which contains
themntHoperator sequence, was annealed with a 10% molar
excess of its complement at 80°C for 10 min to create a
fragment of duplex DNA with a single fluorescein label.
Binding was measured by titrating solutions of MntR into 1
mL of solution containing labeled DNA (1 nM) in 25 mM
Tris‚HCl, in the presence or absence of 1 mM MnCl2, and
300 mM NaCl, 100 mM CaCl2, or 100 mM MgCl2.
Anisotropy was measured on a Beacon 2000 fluorescence
polarization instrument (Panvera, Madison, WI). Data were
analyzed assuming a 1:1 binding stoichiometry between the
MntR dimer and labeled DNA.

RESULTS

Crystallization, Data Collection, and Model Refinement.
All but one of the complexes reported here crystallized in
the monoclinic space groupP21 with similar cell parameters
(Table 2). The exception is a crystal of the MntR‚Mn2+

complex grown in the hexagonal space groupP6522 from
PEG 400 in the presence of a 23 base pair DNA duplex,
which did not cocrystallize with the MntR‚Mn2+ complex.
In monoclinic crystals, the asymmetric unit contains two
MntR subunits in the biologically active, dimeric form of
the protein. In the hexagonal crystal form, a single subunit
occupies the asymmetric unit, and the active dimer is
generated by rotation about a crystallographic 2-fold axis.
The protein chain is generally well-defined in the electron
density and can be traced from the second or third residue
through to or near to the C-terminus, with disorder obscuring
placement of the last few residues in most models. In
addition, a flexible loop (residues 54-58) connecting the
two â-strands that form the “wing” in the winged helix-
turn-helix DNA-binding motif (36) is often unrepresented
in electron density maps. This loop is visible in the MntR‚
Zn2+ complex, the room temperature structure of MntR‚Mn2+

at pH 8.5, and the hexagonal MntR‚Mn2+ complex but is

omitted from the other models. Refinement of all models
included bound metal ions and solvent molecules yielding
excellent geometry and agreement with the crystallographic
data (Table 2).

Tertiary Structure of Metal Ion Complexes with MntR.
There is extensive similarity among the structures described
here. Regardless of the bound metal ion or crystallization
conditions, MntR adopts a common fold, with an N-terminal
70-residue DNA-binding domain, containing a winged
helix-turn-helix motif, and a C-terminal dimerization
domain, comprising residues 71-142. The two domains are
connected by a 23-residue helix (R4, residues 64-86) that
reaches from the wing of the DNA-binding motif to the dimer
interface. Among the different MntR-metal ion complexes,
the dimeric C-terminal domains show virtually no structural
variation. Root mean square deviations in the positions of
the CR atoms of dimers of the C-terminal domain are
universally less than 0.36 Å. There is somewhat greater
variation in the positions of the DNA-binding domains with
respect to the dimerization domain, which leads to a
maximum RMSD between CR atoms for the entire dimer of
1.20 Å. While the DNA-binding domain retains a constant
fold, except for the flexible loop and the first four to five
residues, it can shift in position via motion centered on the
backbone of residues 66-71, at the base of helixR4. The
twisting motion that takes place has the effect of slightly
altering the separation of the symmetry-related recognition
helices that are presumed to interact in the major groove of
DNA duplexes containingmnt operator sequences (see
below).

Two AlternatiVe Conformations of Mn2+ Binding in MntR‚
Mn2+ Complexes.In the published structure of the MntR‚
Mn2+ complex, MntR binds two manganese ions per subunit
in a binuclear complex (Figure 2A;28). The two sites,
labeled A and B, are separated by 3.3 Å, and the manganese
ions are bridged three groups: Glu11 in aµ-1,3 fashion,
Glu102, which bridges with a single oxygen atom, and a
solvent molecule that we have labeled W1. The high pH of
the original crystallization conditions raises the possibility
that W1 exists as aµ-hydroxo ligand and could be protonated
at a lower pH (37). To investigate the potential effects of
pH, new crystallization conditions were developed at pH 6.5.
The MntR‚Mn2+ complex again crystallized in the mono-
clinic space groupP21. When flash-cooled prior to data
collection, crystals grown at pH 6.5 contain a structure
virtually identical to that previously observed at pH 8.5. The
coordination sphere of the A site is completed by the side
chains of His77 and Glu99, which each interact as mono-
dentate ligands, a solvent molecule, and the nonbridging
carboxylate oxygen of Glu102. The B-site Mn2+ is coordi-
nated by the side chain groups of Asp8 and His103, as well
as a solvent ligand, which combine with the bridging ligands
to create roughly octahedral geometry.

While pH does not affect the conformation of manganese
binding in cryocooled crystals of MntR‚Mn2+, temperature
does. A novel pattern of metal binding was revealed in a
large crystal of the MntR‚Mn2+ complex grown at pH 6.5
and mounted at 295 K for data collection. In the new
conformation, the two manganese ions are separated by 4.4
Å, as opposed to the 3.3 Å separation observed in the low-
temperature structure. The A-site manganese retains its
position in both conformations, but at 295 K a novel binding
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site, labeled C, is occupied by the second Mn2+ 2.5 Å away
from the now vacant B site. We distinguish the two
conformations with the labels AB and AC to denote the sites
occupied by the two metal ions. Upon further investigation,
it was determined that the AC conformation is also observed
in crystals grown at pH 8.5, when data collection is
conducted at 295 K. In an additional experiment (data not
shown) we found that equilibration of crystals with cryo-
protectant followed by data collection at room temperature
also captures the MntR‚Mn2+ complex in the AC conforma-
tion.

The interconversion between the AB and AC conforma-
tions is accompanied by significant reorganization of the
metal-binding residues in MntR, centered around the ligands
that bridge the two metals in both conformations. In the AB
conformation, Glu11, Glu102, and the solvent molecule, W1,
are bridging, while in conformer AC, the manganese ions
are bridged by Glu99 and Glu102. While the side chain
carboxylate Glu99 interacts with the A-site metal as a
monodentate ligand in the AB conformation, at 295 K it
forms aµ-1,3 bridge between the two metal ions through its
side chain carboxylate. The side chain of Glu11, which
bridges in aµ-1,3 fashion in conformer AB, interacts as a
bidentate ligand to the A-site metal in conformer AC (Figure
2).

In conformer AC, the A-site metal has retained an
expanded coordination sphere observed previously in crystals
cooled to 100 K (28). The geometry of the A site in the AB
conformation can be described as pseudo-heptacoordinate,

reflecting its distorted octahedral geometry with an additional
longer range interaction (2.6 Å) to a seventh ligand, Oε1 of
Glu102. The side chains of His77 and Glu102 bond similarly
to the A-site metal in both conformations, but the nonbridg-
ing solvent molecule seen in conformation AB is absent in
the AC conformation, essentially replaced by a second
interaction with Glu11. The bridging solvent molecule in
conformer AB, W1, is retained as a ligand by the Mn2+ in
site A (Figure 2B). While the position of W1 is somewhat
dynamic in the AC conformation, varying between 2.3 and
2.9 Å in the two room temperature structures (Table 3), the
electron density for that water molecule is clearly visible in
Fo - Fc omit electron density maps at 5σ above background.
The other metal-ligand distances range from 1.95 to 2.62
Å (Table 3).

The C site occupied in conformer AC lacks interactions
with Glu11 and theµ-aquo/hydroxo bridging ligand of
conformer AB but is compensated by interactions with the
side chain carboxylate of bridging residue Glu99 and its
backbone oxygen. The side chain positions of Asp8 and
His103 are altered slightly in the higher temperature con-
formation but remain bonded to the metal in site C and, along
with a solvent ligand, sustain octahedral coordination to the
manganese ion.

Although temperature determines the metal-binding con-
formation in monoclinic crystals of the MntR‚Mn2+ complex,
its influence does not extend to the hexagonal crystal form
of manganese-bound MntR. In those crystals, cooled to 100
K for data collection, conformer AC predominates despite

FIGURE 2: Structures of Mn2+ complexes with MntR. (A) Conformer AB from monoclinic crystals grown at pH 8.5 and cooled to 100 K.
Carbons and Mn2+ ions are colored turquoise (28). (B) Conformer AC from monoclinic crystals grown at pH 6.5 and held at 295 K.
Carbons and Mn2+ ions are colored green. (C) Conformer AC from hexagonal crystals grown at pH 8.5 and cooled to 100 K. Carbons and
Mn2+ ions are colored yellow. (D) Overlay of the three structures. Metal-side chain interactions between 2.5 and 2.8 Å are shown as
purple dashed lines in panels A-C.
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the low temperature. The Mn2+ ions are separated by 4.4 Å
in the hexagonal crystal form and are in positions virtually
identical to those observed at 295 K in monoclinic crystals
(Figure 2C). Data from the hexagonal crystals are 88%
complete to only 2.7 Å resolution and extend maximally to
2.4 Å (Table 2), so a detailed analysis of metal-bond
distances is inadvisable. Nevertheless, there is strong struc-
tural similarity in manganese binding between cryocooled
hexagonal crystals and room temperature monoclinic crystals
of MntR‚Mn2+, showing that the temperature-dependent shift
in metal ion binding is dependent on the crystal-packing
environment.

Domain MoVements in the MntR‚Mn2+ Complex.The two
conformers of the MntR‚Mn2+ complex observed in mono-
clinic crystals are associated with observable movement of
the DNA-binding domains with respect to the dimer interface.
In the original structure of the MntR‚Mn2+ complex, solved
from cryocooled crystals grown at pH 8.5, the distance
between the putative DNA recognition helices of the MntR
dimer (as measured between the CR atoms of Lys41 from
each subunit) is 30.2 Å. The separation measured in the room
temperature structure of MntR, crystallized at pH 8.5, is 31.6
Å. The separation between DNA-binding domains is con-
sistently greater among structures of the MntR‚Mn2+ complex
obtained at room temperature than at 100 K in the monoclinic
crystal form. The packing of MntR dimers into the hexagonal
unit cell leads to a novel set of crystal packing interactions
and accommodates a significantly larger interhelix separation

(33.5 Å) than in any of the monoclinic crystals of MntR‚
Mn2+. The difference can be observed in the immediate
vicinity of the bound Mn2+ ions. The CR atoms of residues
Asp8 and Glu11, on the N-terminal helix of the DNA-binding
domain, are shifted about 0.5 Å with respect to the positions
in monoclinic crystals at 295 K and over 1 Å from the
positions in conformer AB, observed in monoclinic crystals
at 100 K (Figure 2C,D).

MntR‚Cd2+ Complex.The structure of the MntR‚Cd2+

complex contains two cadmium ions in the A and C sites as
well as a cadmium ion indicated by a less prominent peak
in electron density, visible at 10σ, located at the dimer
interface, bound by symmetry-related His104 residues. Omit
electron density and anomalous Fourier difference maps
confirm the presence of a cadmium ion at each position,
though we have modeled the cadmium ion at the dimer
interface at 50% occupancy. The conditions in the crystal
are virtually the same as those that favor the AB conformer
of MntR‚Mn2+, but the structure of MntR complexed with
Cd2+ is nearly identical to that observed for MntR bound to
manganese in conformer AC, both globally and locally. A
3.0 Å resolution data set collected from cadmium-containing
crystals at room temperature yields a virtually identical
structure, with the two cadmium ions separated by 4.4 Å
(data not shown). The RMSD between CR atoms between
the AC conformer of the MntR‚Mn2+ complex and the MntR‚
Cd2+ complex is 0.37 Å, and the metal-protein interactions
are conserved in both. However, the number of bound solvent

Table 3: Table of Metal-Ligand Distances (in Å) and Metal-Metal Distance for MntR-Metal Ion Complexesa

Mn2+ conf AB,
pH 8.5, 100 K,b

pH 6.5, 100 K

Mn2+ conf AC,
pH 8.5, 295 K,
pH 6.5, 295 K Cd2+ Ca2+ Zn2+

subunit 1 subunit 2 subunit 1 subunit 2 subunit 1 subunit 2 subunit 1 subunit 2 subunit 1 subunit 2

A site
Glu11 Oε1, Oε2 na,c 2.19 na, 2.16 2.28, 2.25 2.24, 2.21 2.48, 2.39 2.31, 2.39d 2.61, 2.47 2.69, 2.41 na, 2.06 na, 1.93

na, 2.41 na, 2.16 2.36, 2.41 2.35, 2.49 2.67, 2.40d

His77 2.20 2.18 2.19 2.13 2.33 2.26 2.41 2.36 1.98 2.01
2.22 2.11 2.13 2.12

Glu99 Oε2 2.19 2.21 2.05 2.13 2.26 2.28 2.27 2.18 2.59c 3.00
2.12 2.14 2.22 2.19

Glu102 Oε1, Oε2 2.57, 2.25 2.60, 2.24 2.53, 2.28 2.12, 2.62 2.44, 2.43 2.41, 2.54 2.40, 2.58 2.43, 2.64 2.48, 2.06 2.56, 2.04
2.51, 2.33 2.42, 2.49 2.31, 2.41 2.31, 2.43

solvent 1e 2.40 2.40 2.42 2.28 2.46 npf 2.33 2.21 na na
2.45 2.50 2.91 2.52

solvent 2g 2.35 2.40 np np na na 2.41 2.57 2.15 2.07
2.39 2.18

B/C site
Asp8 2.39 2.28 2.38 2.27 2.32 2.30 2.87, 2.46 2.80, 2.48

2.41 2.49 2.42 2.38
Glu11 2.14 2.18 na na na na na na

2.22 2.30
Glu99 Oε1, O na na 2.54, 2.61 2.43, 2.56 2.30, 2.41 2.39, 2.38 2.61, 2.59 2.46, 2.65

2.51, 2.62 2.56, 2.32
Glu102 Oε2 2.14 2.23 2.53 2.22 2.30 2.26 2.34 2.38

2.23 2.01 2.44 2.46
His103 2.33 2.23 2.34 2.18 2.28 2.23 2.51 2.40

2.22 2.37 2.21 2.34
solvent 1e 2.45 2.50 na na na na na na

2.49 2.61
solvent 2 2.31 2.28 1.95 2.00 2.20 2.25 2.35 2.50

2.36 2.41 2.30 2.16
M2+-M2+ 3.29 3.37 4.25 4.40 4.31 4.34 4.41 4.47

3.41 3.30 4.44 4.43
a Distances for the two Mn2+-binding conformers are listed separately, with the structures solved at pH 8.5 and 6.5 listed separately in roman and

italic type. b From ref28. c Not applicable, distance>2.80 Å. d Two conformations are modeled for the side chain Glu11.e Solvent ligand in bridging
position or equivalent position in conformer AC.f Not present.g Position varies between MntR‚Mn2+, MntR‚Ca2+, and MntR‚Zn2+ complexes.
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ligands in the A site is ambiguous. The electron density for
the side chain carboxylate of Glu11 does not correspond to
a unique position, even at 1.65 Å resolution, and suggests
that Glu11 may interact with the A-site Cd2+ in one of two
orientations (Figure S1; see Supporting Information). In one
of the subunits in the asymmetric unit, Glu11 is modeled as
a 50:50 mixture of the two orientations, without a solvent
ligand on the A-site Cd2+. In the other subunit, the electron
density suggests that Glu11 chiefly adopts a single orientation
and that W1 resides 2.46 Å from the A-site metal (Figure 3,
Table 3). The impact of the disorder associated with the side
chain of Glu11 is constrained to W1. The A-site cadmium
and all other side chains are well-defined. Although Cd2+

has a larger ionic radius in hexacoordinate geometries than
high-spin Mn2+ (1.09 vs 0.94 Å;38), there is no clear trend
toward longer metal-ligand bond distances in the MntR‚
Cd2+ complex relative to the MntR‚Mn2+ complex (Table
3).

MntR‚Ca2+ Complex.The metal-ligand interactions be-
tween calcium and MntR are similar to those observed with
Mn2+ in conformer AC and with Cd2+. Calcium ions occupy
both the A and C sites, separated by 4.4 Å (Figure 3, Table
3). The identity of the bound Ca2+ ions is confirmed by the
weak anomalous signal obtained using Cu KR radiation,
which yields peaks of less than 4.5σ in the anomalous Fourier
difference maps from the MntR‚Ca2+ complex, in contrast
to peaks of 8σ or higher obtained from Mn2+. In the A site,
Ca2+ binds in an octacoordinate, roughly square antiprismic
geometry with two solvent molecules and six protein ligands
(Figure 3). The six protein ligands are bound in similar
positions to those adopted in the AC conformation of the
MntR‚Mn2+ and MntR‚Cd2+ complexes (Figure 3), and one
of the solvent molecules is at the W1 position. The second
solvent molecule in the calcium A site occupies a position
roughly trans to Glu102. (Solvent molecules were likewise
observed in this region in the MntR‚Cd2+ complex, but the
distances are greater than 2.8 Å in both subunits, so those
solvents are not described as ligands in the cadmium
complex.) The C site of the MntR‚Ca2+ complex retains
hexacoordinate geometry as in all other binuclear metal ion
complexes of MntR. The metal-ligand distances are gener-
ally similar to those observed with either Mn2+ or Cd2+,
ranging from 2.18 to 2.69 Å (Table 3). The interhelix distance
between dyadic recognition helices is 31.4 Å and close to
that observed for the MntR‚Mn2+ structure at room temper-
ature, and the overall RMSD between CR atoms in the

manganese (conformer AC) and calcium complexes is 0.31
Å.

MntR‚Zn2+ Complex.Of the four complexes investigated
in this study, the MntR‚Zn2+ structure is unique in containing
a single metal ion per MntR subunit, in the A site (Figure
3). While Mn2+, Cd2+, and Ca2+ bind to the A site with
geometries that involve six to eight ligands, Zn2+ binds with
tetracoordinate geometry, accepting metal-ligand bonds
from Glu11, His77, Glu102, and a solvent molecule. The
second carboxylate oxygen of Glu102 is about 2.5 Å from
the zinc ion, but given that the first carboxylate oxygen is
found less than 2.1 Å from the zinc (Table 3), the longer
interaction is judged to be considerably weaker. The unoc-
cupied C site contains a solvent molecule, hydrogen bonded
to the side chain carboxylate of Asp8 and the backbone
carbonyl oxygen of Glu99. The absence of a second zinc
ion was confirmed by an anomalous Fourier difference map
calculated from data collected at the zinc X-ray absorption
peak at 1.278 Å.

The failure of zinc to bind in either the B or C sites appears
to result from the negative influence of the bound Zn2+ in
the A site. None of the carboxylate ligands observed to form
bridging interactions in other complexes (Glu11, Glu99, and
Glu102) are in a position to interact with a metal in the B/C
sites. The side chain carboxylate of glutamate 99 is excluded
from the coordination sphere of the A-site zinc, which

FIGURE 3: Overlays of (A) cadmium, (B) calcium, and (C) zinc complexes of MntR on conformer AC of the MntR‚Mn2+ complex (in thin
purple lines).

FIGURE 4: The N-terminus of the zinc complex of MntR (green
carbon and zinc ion) is unwound with respect to the N-terminus of
the MntR‚Mn2+ complex (purple carbon and manganese ions). The
AB conformer of the MntR‚Mn2+ complex is shown.
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removes it from a potential bridging position. Glutamate 11,
which is a bridging ligand in the AB conformation, has
maintained a position closer to its nonbridging conformation
in conformer AC of the MntR‚Mn2+ complex, reducing its
proximity to both the B and C sites. And glutamate 102,
which acts as a monodentate bridging carboxylate in the
binuclear complexes typically observed in MntR, is signifi-
cantly reoriented toward the A-site metal. Furthermore, Oε1
of Glu102, which does not bond to the zinc, appears to be
within hydrogen- bonding distance (3.2 Å) of His103,
shifting its position away from both the B and C sites. The
ligand geometries are sufficiently perturbed so as to disfavor
a second bound zinc ion.

The global conformation of the MntR dimer bound to Zn2+

is most similar to conformer AB of the MntR‚Mn2+ complex.
The interhelix separation is 30.7 Å, shorter than that observed
in conformer AC in any of the other metal ion complexes.
This is reflected in a displacement of residues of Asp8 and
Glu11 from the positions observed in conformer AC (Figure
3C). Unlike in the MntR‚Mn2+ complexes, there is a slight
unwinding of the N-terminal helix, on which Asp8 and Glu11
reside, in the zinc complex. Proline 4 in the MntR‚Zn2+

complex is approximately 6.7 Å from its position in the
MntR‚Mn2+ complex in conformer AB (Figure 4).

Isothermal Titration Calorimetry.To confirm the stoichi-
ometry of metal ion binding and to measure affinities of
MntR to Mn2+, Cd2+, Ca2+, and Zn2+, isothermal titration
calorimetry (ITC) was performed. Typical thermograms fit
with the sequential binding model are shown in Figure 5.
Solutions of each metal ion were titrated into a cell containing
MntR at 298 K. Data are taken from three titrations using at
least two different protein preparations for each metal ion.
The results confirm two-site binding of Mn2+ and Cd2+ by
MntR, with stoichiometries ranging from 1.7 to 2.0 metal
ions per subunit. Curve fitting to the titration data does not
reliably distinguish between a model describing noncoopera-
tive, independent binding of the two metal ions, versus a

sequential, cooperative model, but the calculated affinities
for the two ions are consistent between the two models. For
manganese, the first dissociation constant ranges from 0.2
to 2 µM, and the second dissociation constant ranges from
5 to 13µM. Cadmium gives similar results, with dissociation
constants of 2-5 µM for the first site and 30-60 µM for
the second site. Titration of MntR with Zn2+ reveals single-
site binding with a dissociation constant of 2-6 µM and a
stoichiometry of binding of 0.9-1.2 zinc ions per MntR
subunit (Figure 5C). Titrations of 100µM MntR with 2 mM
Ca2+ failed to reveal a signal.

DNA Binding in the Presence of Calcium.The absence of
a detectable metal-binding signal with Ca2+ in ITC titrations
could be attributed either to a lack of detectable enthalpy of
binding or to a high dissociation constant. DNA-binding
studies monitored by fluorescence anisotropy indicate that
weak binding is the cause. MntR, activated by the presence
of 1 mM MnCl2, binds to a fluoresceinated 21 base pair
fragment of duplex DNA with a dissociation constant of 32
( 4 nM in 300 mM NaCl (Figure 6). In the absence of Mn2+,
there is no detectable binding at that concentration of NaCl.
In manganese-containing solutions where sodium chloride
is replaced with 100 mM CaCl2 or 100 mM MgCl2, theKd

of MntR rises to 550( 50 and 4000(1000 nM, respectively.
These increases inKd are expected due to the enhanced
competition of divalent cations for electrostatic interactions
with DNA relative to monovalent ions (39, 40). When no
Mn2+ is added to these solutions, MntR binds the fluores-
ceinated DNA with aKd of 1260 ( 310 nM in 100 mM
CaCl2, but no binding is observed in 100 mM MgCl2 (Figure
6). Calcium is capable of activating MntR for DNA binding,
but magnesium is not. The increasedKd observed in the
absence of Mn2+, 1260 vs 550 nM, indicates that Ca2+ fails
to promote the fully activated conformation of MntR or that
only about 50% of MntR dimers are in the activated
conformation at 100 mM CaCl2.

FIGURE 5: Results of isothermal titration calorimetry. (A) Titration of 2.5 mM MnCl2 into a solution of 87µM MntR (subunits). (B)
Titration of 1.0 mM CdCl2 into 82µM MntR. (C) Titration of 0.75 mM ZnCl2 into 38µM MntR. Data from the manganese and cadmium
titrations were fit with a two-site, sequential binding model, while data from the zinc titration was fit with a single-site model.

3500 Biochemistry, Vol. 45, No. 11, 2006 Kliegman et al.



DISCUSSION

MntR is activated by the formation of a binuclear metal
ion complex at the interface of its DNA-binding and
dimerization domains (28; Figure 1). The importance of the
metal-binding geometry is illustrated by the modification of
the metal-binding residue Asp8 to methionine. This substitu-
tion leads to a protein that binds a single metal ion per
subunit and has reduced specificity for metal ion effectors
and lower affinity for DNA (15, 17). The goal of the present
study is to understand how the intact binuclear complex
confers metal ion specificity to MntR. Previous structural
work implicated ionic size and the capacity to accept an
expanded coordination geometry as key attributes of man-
ganese as an activating metal. The results obtained here
present a more complex view of metal ion binding by MntR
but support the earlier conclusions. Also, they provide strong
evidence that each metal-binding site in the binuclear
complex has a distinct role in the metal-selective activation
of MntR.

Unexpectedly, the structures reported here reveal two
significantly different conformations, labeled AB and AC,
for metal ion binding to MntR. The interconversion between
the two conformers requires a shift in the position of the
B/C Mn2+ by 2.5 Å as well as reorganization of the bridging
ligands. Otherwise, the same set of residues contributes to
metal binding in both conformations, and the coordination
geometries at both metals remain roughly constant in both
conformations. The only obvious environmental differences
are temperature, the protein-protein contacts that derive from
crystal packing, and the conformational differences that
permit those contacts. MntR displays backbone flexibility
at the base of helixR4, including residues 66-71, that allows
independent motion of the DNA-binding domains with
respect to the dimerization domains, not unlike a pair of
calipers (Figure 7). In the hexagonal crystal form, the MntR

dimer is expanded, and the separation between recognition
helices is 3 Å greater than that observed in monoclinic
crystals at 100 K. Metal-binding residues Asp8 and Glu11
are on the N-terminal helix of MntR and move in concert
with the rest of the DNA-binding domain, shifting in position
by over 1.0 Å between the two crystal forms. Within
monoclinic crystals of MntR‚Mn2+ residues Asp8 and Glu11
shift roughly 0.5 Å upon cooling (Figure 2D), perhaps in
response to the decrease in unit cell volume that takes place
upon cooling (41, 42).

Precedent exists for the coupling of backbone movement
to metal ion binding conformation. The designed metallo-
protein L13G-DF1 binds a binuclear complex of manganese
in two distinct conformations depending on the position of
the protein in the asymmetric unit (43). A 0.7 Å shift in the
positions of helices contributing metal-binding residues leads
to displacement of a bridging solvent molecule and an
increased distance between Mn2+ ions, from 3.3 to 4.2 Å.
The similarity of the conformational shift seen in L13G-
DF1 and that observed in MntR is striking and has not to
our knowledge been previously observed in a naturally
occurring protein. Ultimately, the functionally important
contacts that are made by MntR-metal ion complexes to
elicit repression will only occur on cognate DNA. Recent
work with the OhrR repressor fromB. subtilis(44) reveals
a protein that is capable of adapting significantly different
“activated” conformations in the presence and absence of
DNA. In the case of MntR, additional structural changes in
the winged helix-turn-helix motifs and consequently in the
metal-binding site are likely to be induced by DNA binding.

Other influences on the conformation of metal ion binding
by MntR should not, however, be ruled out. Crystal packing
cannot be definitively assigned as the cause of conformational
changes seen in the coordination of manganese, though it
may be permissive of such changes. The hexagonal packing
geometry may disfavor conformer AB, and in other environ-
ments, it would predominate at low temperature. Simple
thermodynamics may account for the appearance of the AB

FIGURE 6: Normalized anisotropy vs the concentration of MntR in
solutions containing 1 nM fluoresceinated DNA and ([) 300 mM
NaCl and 1 mM Mn2+, (b) 100 mM CaCl2 and 1 mM Mn2+, (2)
100 mM CaCl2 without manganese, (O) 100 mM MgCl2 with 1
mM Mn2+, (×) 100 mM MgCl2 without Mn2+, and (9) 300 mM
NaCl without Mn2+. Curves were fit to the data assuming a 1:1
binding stoichiometry between the MntR dimer and DNA. The
titration data taken from solutions without Mn2+ in 300 mM NaCl
and 100 MgCl2 are normalized to the full signal observed in the
presence of manganese.

FIGURE 7: Overlay of the CR backbone traces of the MntR
complexes, superimposing residues 75-130 of both subunits.
Conformer AB of the MntR‚Mn2+ complex is in yellow, conformer
AC of the MntR‚Mn2+ complex is in blue, the MntR‚Mn2+ complex
found in hexagonal crystals, also conformer AC, is in green, the
MntR‚Cd2+ complex is in red, the MntR‚Ca2+ complex is in cyan,
and the MntR‚Zn2+ complex is in magenta. The A, B, and C
positions are labeled in the left subunit and the CR positions of
residues 67 and 71, representing the region where interdomain
motion isc.
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conformation at low temperature in monoclinic crystals. For
example, the coordination number at the metal sites of both
manganese and iron superoxide dismutases is sensitive to
temperature in solution (45, 46). Likewise, the equilibrium
between conjugate acids and bases can vary significantly with
temperature. An early study by Keilin and Hartree (47)
showed that the protonation state of the aquo ligand in
methemoglobin is sensitive to temperature. Given the known
sensitivity of bridging hydroxo ligands to pH in other
manganese-binding proteins (37) and the sensitivity of buffer
pKa to temperature change (48, 49), it may be that cooling
crystals of the MntR‚Mn2+ complex leads to a more basic
environment and a more acidic water ligand, favoring the
AB conformation.

The conformational shift in manganese binding observed
in MntR provides an unusual view into the plasticity of metal
ion binding by a regulatory protein and is an excellent
reminder of the dynamic nature of protein systems. While it
is somewhat surprising to see a>2 Å shift in metal ion
position during the cooling process, a conformational change
of this magnitude is consistent with observations in other
proteins and current understanding of the flash-cooling
process used in protein crystallography (41, 42). Future
studies, performed in solution, may be helpful in confirming
a predominant conformation of manganese binding in MntR
and specify which environmental influence(s) are responsible
for the conformational shift observed in monoclinic crystals
of MntR‚Mn2+. Additionally, structural studies of MntR
bound to DNA will be especially useful in identifying the
functional conformation(s) of the MntR‚Mn2+ complex.
However, the additional structural information reported here
on other metal ions complexed with MntR helps to describe
the role of metal ion coordination in activating the protein
for DNA binding.

The MntR‚Cd2+ complex provides additional insight into
the active structure of the protein-metal complex. Data from
in vivo and in vitro studies indicate that Cd2+ activates MntR
similarly to manganese (8, 16, 17). The dissociation constant
of MntR‚Cd2+ from DNA is comparable to that observed
with MntR‚Mn2+, and the ITC data reported here show that
Mn2+ and Cd2+ bind with comparable affinity and stoichi-
ometry to MntR. The binuclear cadmium complex is closest
in overall structure to the AC conformation of the MntR‚
Mn2+ complex (Figure 3A). Since the conformation of
cadmium binding is insensitive to temperature, and so closely
resembles the conformation of manganese binding observed
at room temperature from pH 6.5 to pH 8.5, and in the
hexagonal crystal form, it is reasonable to evaluate the AC
conformation as a physiologically relevant metal-binding
geometry in MntR. In the original structural analysis of
MntR, the distorted hexacoordinate geometry of the A site
with an additional weak metal-ligand interaction (∼2.6 Å)
was hypothesized to be the origin of manganese specificity.
That hypothesis is consistent with the current models. As in
conformer AB, both structures of the MntR‚Mn2+ complex
solved from data collected at room temperature reveal seven
ligands in close proximity to the A-site Mn2+ (Table 3). The
coordinate error associated with these structures and the
positional disorder of the side chain of Glu11 in the cadmium
complex (Figure S1) make it impossible to conclusively
argue for a strong seventh metal-ligand bond, but the
distorted geometry created by the other six ligands makes

such an interaction possible. Thus we conclude that the
unusual geometry of site A is accommodating to both high-
spin Mn2+ and Cd2+ (50, 51), which lack ligand field
stabilization of coordination geometry.

Calcium is also a closed-shell metal cation adaptable to
distorted coordination geometries (50) and in fact binds
analogously to cadmium and manganese, yet it is less able
to activate MntR, as demonstrated by previous studies
performed in solution (8, 16). ITC data presented here show
that manganese and cadmium bind in the micromolar range,
while no binding is observed for calcium at similar concen-
trations. However, 100 mM Ca2+, much too concentrated to
have physiological relevance, does partially activate MntR.
The crystals of the MntR complex with calcium grew at an
even higher concentration of calcium (200 mM) than used
in our fluorescence anisotropy studies. With a requirement
for Ca2+ concentrations in the range of 100 mM to achieve
even 50% activation, MntR possesses a roughly 104-fold
preference for manganese over calcium.

The selectivity of MntR against Ca2+ likely involves ligand
selection as a source of discrimination. The Irving-Williams
series predicts that calcium will bind less tightly to ligands
than manganese, especially nitrogenous ligands (52). In
support of this prediction, naturally evolved calcium-binding
sites rarely, if ever, contain histidine ligands as found in the
MntR-binding site. In a recent survey of the RCSB Protein
Data Bank by Lim and co-workers (53), it was found that
of 260 ligands to manganese ions, 10.8% are histidine side
chains, while among 437 ligands to calcium ions found in
proteins, none are histidine. Thus ligand selection may play
an important role in selectivity. The apparent aversion of
Ca2+ for nitrogen-containing sites enables substantial selec-
tivity between the two metal ions, especially in vivo where
the concentration of intracellular calcium in bacteria is
generally submicromolar (54).

The value of ligand selection in discriminating against
calcium is unlikely to extend to other first row divalent
transition metals, such as Zn2+, which have preferences for
protein ligands similar to those found in MntR. Yet iron,
cobalt, nickel, and zinc all activate MntR less well than Mn2+

(8, 16). While selectivity against each metal cation likely
results from chemical features unique to each, the selectivity
against zinc provides an interesting case study. In the
presence of 1 mM Zn2+, the dissociation constant of MntR
from DNA is 2 µM, quite high relative to theKd of roughly
10 nM measured in the presence of Mn2+ and Cd2+ (16).
The activation of MntR is clearly selective for manganese
and cadmium over zinc, despite comparable dissociation
constants in the micromolar range, as determined by ITC.

Single-site binding of Zn2+ by MntR provides insight into
the mechanism by which metal-selective activation is
achieved. Zinc can be distinguished from manganese by
virtue of its small ionic radius, which is 0.88 Å in octahedral
complexes and significantly smaller than the 0.97 Å mea-
sured for high-spin Mn2+ (38). The smaller size of zinc favors
a lower coordination number in the A site of MntR, which
in turn disrupts the ligand positions around the B/C sites,
preventing the binding of a second metal ion and blocking
the full activation of MntR. In the case of zinc, the A site
acts as a selectivity filter, controlling occupancy of the B/C
sites responsible for activation of MntR for high-affinity
binding to its operators.
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Structural and biochemical studies of the D8M mutant of
MntR support these distinct roles for the A and B/C sites
(17, 28). D8M binds only one manganese ion per subunit
due to modification of a B/C-site ligand, Asp8, to a
nonbinding methionine. Both the affinity of D8M for DNA
and its specificity for metal ion effectors are diminished (15,
17). Presumably, the disrupted B/C site in D8M negates the
ability of the A site to act as an effective selectivity filter,
since formation of a functional activation site is no longer
under the control of the metal-binding geometry in the A
site. Likewise, D8M cannot be fully activated for DNA
binding in the absence of a second bound metal.

The correlation of single-site binding to diminished activity
takes place without any substantial, observable perturbation
to the overall conformation of MntR in the crystalline state.
The distance between DNA recognition helices in the MntR‚
Zn2+ complex is not atypical for a dimer in the monoclinic
crystal form. However, comparison of the MntR‚Zn2+

complex to the other metal ion complexes of MntR reveals
an unraveling of the N-terminus that is unique to the zinc
complex (Figure 4). Perhaps this is due to electrostatic
repulsion between Asp8 and the other negatively charged
groups in the region. Recent studies in the Cohen laboratory
(17) indicate that the structure of D8M is considerably less
ordered than wild-type MntR, even in the presence of Mn2+

and Cd2+. Work with DtxR has likewise shown that the
crystalline state can obscure dynamic motion that is present
in solution (55). Thus, the MntR‚Zn2+ complex may be
considerably more flexible than the crystal structure reveals.

These results, coupled to the structures of cadmium and
calcium bound to MntR, present a consistent picture of the
selectivity of MntR for metal ion effectors. The three metal
ions forming a binuclear complex, Mn2+, Ca2+, and Cd2+

have relatively large ionic radii (0.97, 1.14, and 1.04 Å,
respectively;38) and a capacity to adopt expanded coordina-
tion geometries (50, 51). As a result, each metal ion can
bind in the A site in such a way to orient residues
appropriately for the second metal-binding site. Surprisingly,
manganese can bind in one of two sites, either 3.3 or 4.4 Å
distant from the A-site metal, but the principle of the A site
acting as an activation filter holds. Calcium is a poor activator
of MntR because it has low affinity for the A site, and zinc
is unable to activate MntR because it fails to adopt the correct
coordination geometry in that site. It is risky to extend these
observations to other metal ions, since additional factors may
come into play, but it is worth re-emphasizing that, among
the divalent first row transition metal ions in octahedral
environments, high-spin Mn2+ has the largest ionic radius
(38), and Mn2+ is unusually flexible with respect to its
coordination geometry (51). Thus, the selectivity of MntR
for Mn2+ over Fe2+ as observed in vivo and in vitro (8, 15,
17) may be based on the geometry and size in the metal-
binding sites. By extension, the somewhat surprising affinity
of Cd2+ for manganese-binding sites in proteins may be
ascribed to the overall size of these sites and the capacity of
d10 Cd2+ to adopt a variety of geometries (51).

MntR provides a unique illustration of how a binuclear
metal complex may be used to moderate selectivity for metal
ion effectors and activation for DNA binding. To our
knowledge, ZntR is the only other metalloregulatory protein
that has been seen to bind two effector ions (Zn2+) in a
binuclear complex (21), though several metalloregulatory

proteins are known to bind multiple metal ions per subunit.
Some, such as the ferric uptake regulator (Fur) ofE. coli
and the CadC regulator ofStaphylococcus aureus, bind two
different metal ions per subunit, with one metal ion (Zn2+

in both of these cases) serving a structural role (56, 57). A
second regulatory site possesses the required selectivity for
the cognate metal ion (Fe2+ for Fur and either Cd2+, Pb2+,
or Zn2+ for CadC) and imparts allosteric changes that affect
DNA binding. Members of the DtxR/MntR family bind two
identical metal ions as effector ions in two distinct sites. DtxR
has an ancillary site that is required for complete activation
of the protein following binding of the iron(II) ion to the
so-called primary site (26, 27), though it is unclear if there
is any communication between the sites responsible for
metal-binding specificity. MntR is distinctive in coordinating
two metal ion effectors in a binuclear complex at the interface
of the DNA-binding and dimerization domains and in
mediating a specific allosteric response to its cognate ion(s)
through the intimate interaction of the two metal-binding
sites.

Despite the revealing evidence presented here, significant
uncertainties remain. Further study is required to confirm
the physiological relevance of either or both metal-binding
conformations of the MntR‚Mn2+ complex in DNA-binding
activity. The conversation between the conformation of
manganese binding and the positions of the DNA-binding
domains may provide a means of adjusting the affinity of
MntR to its cognate operators. Cocrystals of MntR bound
to duplex DNA will be valuable in addressing those issues,
and spectroscopic studies will be helpful in identifying the
Mn2+-binding conformation(s) present in solution.
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