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Abstract

The manganese transport regulator (MntR) represses the expression of genes involved in
manganese uptake in Bacillus subtilis. 1t selectively responds to Mn?* and Cd2* over other
divalent metal cations including Fe2*, Co?* and Zn2*. Previous work has shown that MntR forms
binuclear complexes with Mn2* or Cd2* at two binding sites, labeled A and C, that are separated
by 4.4 A. Zinc activates MntR poorly and binds only to the A site, forming a mononuclear
complex. The difference in metal binding stoichiometry suggested a mechanism for selectivity in
MntR. Larger metal cations are strongly activating because they can form the binuclear complex,
while smaller metal ions cannot bind with the geometry needed to fully occupy both metal-binding
sites. To investigate this hypothesis, structures of MntR in complex with two other non-cognate
metal ions, FeZ* and Co?*, have been solved. Each metal forms a mononuclear complex with
MntR with the metal ion bound in the A site, supporting the conclusions drawn from the Zn2*
complex. Additionally, we investigated two site-specific mutants of MntR, E11K and H77A, that
contain substitutions to metal binding residues in the A site. While metal binding in each mutant is
significantly altered relative to wild-type MntR, both mutants retain activity and selectivity for
Mn2* in vitroand in vivo. That observation, coupled with previous studies, suggests that the A and
C sites both contribute to the selectivity of MntR.
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While many metal ions are essential to life, all are toxic at a high enough concentration.
Cells must carefully regulate internal levels of metals to avoid the opposing hazards of
deficiency and excess. In bacteria, functional responsibility for this balancing act typically
falls to transcriptional regulators known as metalloregulatory proteins. Functioning as
sensors, metalloregulators respond to variations in metal ion concentration in order to
maintain homeostasis (1-3). Metalloregulators manage concentrations of the essential metal
ions Mn2*, Fe2*, Co2*, Ni2*, Cu* and Zn?* as well as the toxic metals Cd2*, Hg2* and Pb?*
(1, 4). Each protein must be exclusively sensitive to its cognate metal ion(s) in the
physiological context, so as not to respond to the wrong signal.
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Among first row transition metals, manganese presents a particular challenge to specific
recognition. The common cellular form of manganese, Mn?*, is a high spin d° species and
lacks a strong preference for a given coordination geometry. Additionally, the Irving-
Williams series identifies Mn2* as the divalent first-row transition metal ion that forms the
weakest complexes with ligands in aqueous solution, due to its relatively large ionic radius
and its lack of crystal field stabilization energy (5). As a result Mn2* generally competes
poorly with other metal ions for binding sites in proteins. That difficulty can be avoided in
some cases by maintaining relatively high local concentrations of manganese (6), but such
an approach is not universally appropriate. Manganese can be present at lower
concentrations than other transition metals, such as iron, in the cell (7). Therefore, sensing
mechanisms for manganese may need to overcome its relatively low affinity for proteins.

The manganese transport regulator of Bacillus subtilis (MntR) appears to have developed an
effective mechanism for generating specificity. A member of the DtxR family of
transcriptional regulators, MntR negatively regulates the expression of two manganese
uptake transporters in response to elevated concentrations of MnZ* (8, 9). The protein
functions as a homodimer of 142-residue subunits and binds a 21-base pair operator when
cellular Mn2* concentrations are high, blocking transcription. MntR is also sensitive to Cd2*
in vivo, which has a physiological function since Cd2* is taken up by Mn2* transporters (8,
10), but it is unresponsive to other first row transition metals added to the growth medium
(8). /n vitro MntR shows superior activation by Cd2* over Mn?*, followed by Co?* and Fe2*
and then Ni2* and Zn2* (11, 12). Despite that trend, metal-binding assays indicate that MntR
binds other metals more tightly than Mn2* (13), in keeping with the Irving-Williams series.
Though selectively activated by Mn2*, MntR does not bind Mn?* selectively.

The structure of MntR suggests an explanation for this behavior (14-16). Each subunit is
composed of two domains: an N-terminal DNA-binding domain (residues 1-74) and a C-
terminal dimerization domain (residues 75-142). The C-terminal domains partner to form
the structural core of the dimer, while the DNA-binding domains can adopt a variety of
positions with respect to that core, due to flexibility in a long a helix (a4; residues 68-88)
that links the two domains (16-18) (Figure 1). MntR binds two Mn2* ions per subunit,
separated by 4.4 A, at the interface of the N- and C-terminal domains (14, 15). The two
metal-binding sites, labeled A and C, are linked by bridging carboxylates from Glu99 and
Glu102. In addition to the bridging residues, the A site metal is also coordinated a solvent
molecule and by the side chains of His77 and Glul1l. Including bidentate interactions from
Glull and Glu102, the A site Mn2* possesses heptacoordinate geometry. The
hexacoordinate C site includes the bridging carboxylates of Glu99 and Glu102, the
backbone carbonyl of GIu99, the side chains of Asp8 and His103 and a solvent molecule as
ligands, yielding near octahedral geometry (Figure 1). Although the MntReMn2* complex
retains some conformational flexibility, the bound manganese ions serve to fix the positions
of the DNA-binding domains with respect to the core in a conformation suitable for DNA
binding (15-17).

The coordination geometry of the MntReMn2* complex appears to be essential in generating
the selective response to cognate metals. Cadmium, which coordinates to MntR in a similar
fashion to Mn?*, also binds with micromolar affinity and strongly stabilizes the active
conformation (13, 15, 17). In contrast ZnZ*, which binds to MntR more tightly than Mn2*, is
a weaker activator (11-13). While Mn2* and Cd2* occupy the A site by accepting ligand
interactions with seven lone pair donors, Zn2* binds with tetrahedral geometry due in part to
the displacement of the bridging residues, GIu99 and Glu102. We have hypothesized that the
selective activation of MntR is achieved through the geometry of the A site (15). Larger
metal cations, like Mn2* and Cd2*, are capable of supporting the expanded coordination
geometry, permitting appropriate positioning of the bridging residues for participation in the
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C site. The smaller, non-cognate zinc ion adopts a different geometry with a lower
coordination number in the A site. The bridging residues are displaced, reducing their ability
to bind a metal in the C site. Without a C-site metal, MntR is not fully activated. Evidence to
support this view comes from the study of the Asp8 to Met (D8M) mutant, which has a
disrupted C site. The D8M protein binds only a single metal ion per subunit, in the A site
(14), and is poorly activated for DNA-binding. As predicted by this model, D8M possesses
reduced specificity for Mn2* both 7 vivoand in vitro (12, 19). So, while MntR does not
bind MnZ* more strongly than other metal cations, the geometry adopted by Mn2* in the A
site appears to be essential for full activation.

Here, we test this model for the specific activation of MntR by extending our structural
studies to complexes of wild-type MntR with Co?* and Fe2*, two weakly activating metals.
Also, we have investigated two mutant forms of the protein in which the A site has been
modified. The H77A mutant has the A site ligand, His77, replaced by alanine, a non-
coordinating residue, and the E11K mutant has had the non-bridging carboxylate residue
Glull replaced by lysine. The H77A mutant was expected to be functionally impaired due
to the loss of a ligand from the A site, while the side chain ammonium group of lysine in the
E11K mutant has the potential to functionally substitute for an A site metal (concomitant
with C site occupancy) (20). We hypothesized that the selectivity of each mutant would be
reduced due to the absence of a geometrically sensitive A site, but instead we found that
both mutants retain selectivity. The biochemical and structural characterization of these two
mutant proteins provides new insight into the mechanism of activation of MntR by Mn2*
and Cd2*. The C site is unexpectedly found to possess specificity independent of the A site,
although non-cognate metals at the A site actively disrupt C site function.

EXPERIMENTAL METHODS

Mutagenesis and protein purification

The plasmid pHB7506 harbors the mntR gene under the control of the T7 promoter and /acO
operator (8). Mutants of the mntR gene were prepared by the primer extension method of
site-directed mutagenesis (21) and verified by DNA sequencing. For expression of mutant
proteins, the resulting plasmids were transformed into BL21(DE3)-Al cells, which place
expression under the dual control of Lacl and AraC. Protein was typically purified from
cells harvested from 2 L of culture using sequential anion and cation exchange
chromatography columns (14). Purified H77A was generally stored in Buffer B (25 mM
HEPES 7.5, 200 mM NaCl, 10% glycerol), but Buffer C (25 mM HEPES 8.0, 500 mM
NaCl, 10% glycerol) was chosen if the sample was to be used in calorimetric experiments
(see below). Due to solubility problems at low salt concentrations, all samples of E11K were
prepared in Buffer C.

Crystallization and Structure Solution

Crystallization of H77A and E11K was attempted in the presence of Mn2*, Cd?* and Co?*.
In addition, wild-type MntR was co-crystallized with Co?* and Fe2*. All crystals of MntR
and its mutants complexed to metal ion effectors were obtained following broad screening of
conditions using commercial kits. The pale green crystals of MntReFe2* proved to be air
sensitive and were grown and handled in an anaerobic glove box (Coy Labs, Lansing, MI).
The optimized conditions for each crystal form are given in Table S1 (see Supporting
Information). Data were collected at the Advanced Light Source from flash-frozen crystals,
mounted on nylon loops (22) prepared with the addition of up to 30% glycerol to the mother
liquor or by immersing crystals in paratone oil. Integration was performed with either
Mosfim (23) or d*trek (24). Data reduction was performed using Sca/aas implemented in
the CCP4 suite (25) and molecular replacement, as implemented in CNS (26) or EPMR (27),
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was used to obtain starting models of each complex. For monoclinic or orthorhombic
crystals forms, the starting model in molecular replacement was the MntReMnZ* complex
(PDB ID: 2F5D) and for trigonal crystal forms, the starting model was the D8MeMn2*
complex (PDB ID: 10N2). Refinement proceeded using CN/S, followed by refinement using
Refmac5 (28) or PHENIX (29) to take advantage of 7.5 modeling of domain motion. TLS
domains were identified using the TLSMD web server (30). Metal-ligand geometries were
unrestrained during refinement. The stereochemical quality of the models was evaluated
with Molprobity (31).

Isothermal Titration Calorimetry

Metal ion binding to MntR mutants was evaluated by isothermal titration calorimetry (ITC)
as described previously (15). Protein and metal ion solutions were prepared in Buffer C and
degassed prior to use. Metal ion solutions (typically 0.7-2 mM) were titrated into solutions
of the protein (typically 80-110 M) and thermal data were fit to binding models within
Origin 7.0software. In the case of Co?* titrations of the wild-type and E11K proteins, the
thermograms did not return to baseline values. In those instances, a linear baseline was
calculated from the final six injections and subtracted from the overall titration. Binding
models were then tested against the adjusted data.

Visible Spectroscopy

Solutions of wild-type and mutant MntR were prepared in Buffer C at a concentration of
roughly 300 .M in subunits. One hundred microliters of solution were placed in a 50 pL
microcuvette (Starna) with 1 cm path length, and spectra were recorded at room temperature
in a Shimadzu UV1610 or Cary 100 spectrophotometer. A concentrated stock of CoCl, in
Buffer C was used in titrations so that ten additions would lead to an excess of Co?* relative
to MntR subunits. Spectra were recorded at least twice following each addition to be sure of
consistent absorbance.

DNA-binding Assays Monitored by Fluorescence Anisotropy

The activation of MntR and its mutants was measured using a fluorescence anisotropy based
DNA-binding assay as described previously (15). A 21-base oligodeoxynucleotide with the
sequence GAGTTTCCTTAAGGCAAATTG, which contains the mntH operator sequence,
was labeled with Alexa Fluor 488 (Integrated DNA Technologies) at the 5" end and
annealed with a 10% molar excess of its complement in Buffer A by heating to 80°C and
then slowly cooling to room temperature, creating a DNA duplex containing a single
fluorescent label. The DNA-binding activity was measured by titrating solutions of MntR
and its mutants into 1 mL of solution containing labeled DNA (1 nM) in FA buffer (25 mM
HEPES 7.5, 300 mM NacCl) in the presence or absence of a fixed concentration of the
activating metal(s). 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 using equations 1 or 2. The latter
was employed when the measured Ky was less than 10 nM.

P
= (fmax—Tmin) (m) +Imin  (Eq. 1)

Kyq+D+P— V(Kg+D+P)>—4 -D - P
2-D

+I'min  (Eq. 2)

= (Fmax _rmin) [
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In these equations r is the measured anisotropy, while rpmin and rpax are the anisotropies of
unbound and fully bound DNA, respectively. P is the total concentration of protein dimers,
D is the total concentration of fluoresceinated DNA and Kg is the dissociation constant of
MntR from the duplex DNA.

Beta-galactosidase expression assays

RESULTS

Wild-type, H77A or E11K mntR with the native promoter were incorporated into Bacillus
subtilis mntR~ strain (HB7503) at the amyE locus as described (8, 9). SPB lysates from
strain HB7510 were used for transduction to create corresponding strains with mntH
promoter-lacZ fusions, named HB15091, HB15092 and HB15093, respectively (8). For B-
galactosidase assays, B. subtilis cells were grown in metal limiting minimal medium
(MLMM) (32) supplemented with 0.1 oM Mn and 1 uM Fe (in the form of ultrapure MnCl,
and FeCls3) to assure good growth overnight. Cells were then harvested and washed twice
with MLMM and diluted 1:5 into MLMM with no metal, 1 pM Mn, 10 oM Mn or 10 pM
Fe. Cells were grown to log phase and were analyzed for p-galactosidase activity as
described (33). All experiments were done in triplicate.

Interactions of Fe2* and Co2* with MntR

To further define the basis of selectivity in wild-type MntR, we investigated the complexes
formed with Fe2™ and Co?* by x-ray crystallography and solution techniques. Crystals of
MntR grown in the presence of 1 mM Fe2* or Co%* were obtained from comparable
conditions at pH 7 (Table S1 in Supporting Information). To maintain iron in the ferrous
oxidation state, MntReFe2* crystals were grown and manipulated in the presence of 10 mM
ascorbate under anaerobic conditions. Exposure to air caused darkening of the crystals and
loss of diffraction. The blue-violet color of MntReCo2* crystals is consistent with the
presence of protein-bound high-spin divalent cobalt ion (34). Diffraction data were collected
at synchrotron sources, and initial models were obtained using molecular replacement
(Table 1). The overall structures of the MntR+Co%* and MntReFeZ* complexes superimpose
closely to the structures of the MntReMn2* and MntR+Zn2* (15), with root mean square
deviations (rmsd) between a carbon positions of each of the four dimeric proteins ranging
from 0.2t0 0.6 A

Metal ions were placed at the A sites in both models to fit peaks above 10 o in oa-weighted
Fo-F¢c maps, but no comparable peaks were visible in the C sites. However, maps derived
from the MntReFe2* crystal contained unexplained electron density in a solvent-exposed
region adjacent to the C site. Calculation of an anomalous Fourier difference map showed
peaks at that position as well as stronger peaks in the A-site (Figure 2), indicating the
presence of additional bound iron atoms. We labeled the new site “E”, reflecting its external
position 1.8 A from the C site. The identities of the bound metals were later confirmed as
iron by collecting data at energies below (6900 eV) and above (7200 eV) the Fe K edge at
7112 eV from a second iron-containing crystal (Table S2 in Supporting Information). The
anomalous Fourier difference map from the low energy data set lacked any peaks above 3.6
o in the metal binding region, while the high energy data set gave a map with peaks above
18 o for the A-site metals and 5.4 and 7.8 o for the E site metal ions. Iron atoms placed at
the E site were refined to 76 and 37% occupancy in the two subunits. Two protein ligands,
Asp8 and His103, are recruited from the C site to coordinate the E-site Fe2* ions and two
additional solvent molecules were modeled as ligands to the E-site iron in one subunit. The
partial occupancy of the E site in crystals grown with 1 mM Fe2* suggests that the site lacks
physiological relevance, since the concentration of free iron available in the cell is much
lower (35).
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The coordination geometries of Fe2*, Co?* and Zn2* in the A site of MntR vary slightly
from one another. Even as mononuclear complexes they retain the interactions made by
Mn?Z* with a solvent molecule ligand and the side chains of Glu11 and His77, but they each
subtly differ from the MnZ* complex in the positioning of the bridging residues Glu99 and
Glu102 (Figure 2). In the presence of Fe2* and Co2* there is a minor shift (0.2-0.3 A) in the
position of the side chain carboxylate of Glu102 away from the vacant C site, but it
maintains the bidentate coordination observed with Mn2* (Figure 2). In the ZnZ* complex,
Glu102 has shifted further from its position with Mn2* (0.5 A) and acts as a monodentate
ligand. The side chain carboxylate of GIu99 is shifted 0.7 to 1.0 A in the Fe?* and Zn2*
complexes from the position it occupies with bound Mn2* and no longer coordinates the
metal ion, though it does hydrogen bond with the metal-bound solvent molecule (Figure 2,
Table S3). In the Co?* complex, Glu99 is refined to a position closer to the position
observed in the Mn2* complex, and could either ligate the bound metal (at a separation
measured at 2.2 and 2.4 A measured in the two subunits) or hydrogen bond with a metal-
bound solvent molecule (at a distance of 2.2 and 2.5 A in the two subunits). The B-factors
for the side chain carboxylate of Glu99 in the Co2* complex, 50-60 A2, are high relative to
those of other coordinating groups, between 20-35 A2, suggesting dynamic behavior that
may permit both interactions.

To confirm the metal-binding stoichiometry observed in the MntReCo?* structure, we
performed spectroscopic titrations with cobalt. Additions of Co?* to solutions of 200-300
KM MntR subunits gave rise to absorbance in the visible spectrum centered between 520
and 560 nm (Figure 3). A plot of the absorbance at 520 nm vs. the molar ratio of Co?* to
MntR shows an endpoint at 1.5 equivalents of added cobalt per subunit (Figure 3), or three
metal ions per dimer. Each MntR dimer contains two A sites, but the third metal likely binds
at a location that is unique within the dimer, a so-called “dimer site”. Previous evidence
exists for this site. The structure of the MntR«Cd2* complex (PDB ID 2EV0) includes a
cadmium ion bound at the interface of the two subunits, coordinating dyad-related His104
residues (15) (Additional text and Figure S1 in Supporting Information). Calorimetric
titrations of MntR with Co?* are also consistent with the 1.5:1 ratio of metal ions to protein
dimer, but the experiment was complicated by a failure of the titration to return to baseline.
Curve-fitting was only successful following a baseline correction as described in the
Experimental Procedures (Figure S2).

The H104A mutant was prepared to allow investigation of cobalt binding without
interference from the dimer site. The interaction of Co?* with H104A, monitored by
isothermal titration calorimetry, reflects the loss of the dimer site, with a binding
stoichiometry of 0.94 + 0.01 Co?* ions per subunit (Figure S2). Likewise, when visible
spectroscopy is used to monitor titrations of H104A with Co?*, an endpoint is observed at
0.9 equivalents of Co2* per H104A subunit (Figure 3 and Figure S1). The molar absorptivity
of 150 M~1ecm™1 for the H104A«Co?* complex is consistent with pentacoordinate binding
geometry in the A site (36), suggesting that Glu99 is forming a hydrogen bond to the metal
bound solvent molecule, but is not coordinating the cobalt ion (Figure 2B).

The above results support our hypothesis that the ability of MntR to differentiate cognate
metal ions (Mn2* and Cd%*) from non-cognates (Fe2*, Co?* and Zn?*) relies on the inability
of the latter to form binuclear complexes. The results are also consistent with the notion that
the A site discriminates between strongly and poorly activating metals on the basis of ionic
radius. When ions smaller than MnZ* bind to the A site, the bridging residues Glu99 and
Glul02 are displaced from positions that support binding of a C-site metal, essential for full
activation of the protein. To further examine that phenomenon, we prepared two mutations
to A-site residues to more closely examine the role of the A site in specificity.
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Activity of the E11K and H77A Mutants

To test the importance of the A site in discriminating against weakly activating metal ions,
we prepared the E11K and H77A mutants of MntR. Both mutations were expected to reduce
the selectivity of MntR, either by generating a constitutively occupied A site (E11K) or by
significantly impairing metal binding in the A site by removing a ligand (H77A). To assess
selectivity, two activity assays were performed: an /n vitro assay of DNA binding monitored
by fluorescence anisotropy and an /n7 vivo assay that monitors regulation of a -
galactosidase reporter gene under the control of MntR in Bacillus subtilis cells.

Fluorescence anisotropy has been used previously to evaluate the capacity of various metal
ions to activate MntR for DNA binding (11, 15, 17). Studies in the Cohen lab compared
activation of wild-type MntR by a variety of divalent metal ions at 1 mM concentration and
shown that the order of activation is Cd?* > Mn?* > Fe2*, Co2* > Ni2*, Zn?* > apo-MntR
(11, 12). Our assay was performed with the strongly activating metal ions, Mn* and Cd?*,
as well as the weakly activating Co?* ion. All three yield binding isotherms that can be
modeled assuming 1:1 binding stoichiometry between MntR dimers and the duplex DNA
(Figure S3 of the Supporting Information, Table 2).

Under our assay conditions wild-type MntR, E11K and H77A are each activated to varying
extents by Mn?*, Cd2* and Co2* (Table 2) but do not measurably bind DNA in the absence
of added metal (data not shown). Wild-type MntR binds a 21-base pair DNA fragment with
equal affinity in the presence of 1 mM Mn2* or Cd2* (dissociation constants of 5.6 + 0.8 nM
and 6.5 + 0.5 nM, respectively) while it is 40-fold less active in the presence of 1 mM Co2*
(Kgq of 250 + 20 nM). E11K is as active as the wild-type protein in the presence of Mn2*,
possesses higher affinity for DNA in the presence of Cd?* (K4 of 2.4 + 0.1 nM), and exhibits
60-fold selectivity against activation by cobalt (Table 2). The activation of H77A exhibits a
similar pattern. It is two- to three-fold less active than wild-type MntR in the presence of 1
mM Mn2* and Cd%*, but shows even lower activity in the presence of 1 mM Co?*, retaining
30-fold selectivity in activation by manganese over cobalt. In addition, the anisotropy of the
H77A«Co?**DNA complex is reduced in comparison to wild-type MntR and E11K
complexes with DNA. Dissociation constants are obtained from anisotropy data without
being constraints by the absolute values of anisotropy measured in a given experiment.
However, the low value observed for H77AsCo?* complexed with DNA suggests a distinct
conformation for that complex (Figure S3).

In vivo experiments with MntR variants demonstrate retention of selectivity in E11K and
H77A for activation by manganese over iron. Expression assays were performed with
extracellular addition of manganese and iron (as MnCl, and FeCl3) to B. subtilis cells
containing a reporter gene coupled to the mntH promoter. Cells harboring wild-type MntR
show virtually no change in p-galactosidase expression in response to added iron, while 7-
fold repression is shown in response to 1 or 10 M manganese applied to the growth
environment (Figure 4). E11K possesses an activity profile similar to wild-type MntR, with
slightly enhanced selectivity for Mn2* in the cellular environment. H77A on the other hand
shows lower levels of activity in response to added manganese relative to wild-type MntR,
but it maintains selectivity for manganese over iron.

We were curious if the cobalt complexes of the three MntR variants could be “rescued” by
addition of manganese. In wild-type MntR, for example, Mn2* might bind in the C site
while Co?* occupies the A site to create a mixed metal complex with high affinity for DNA.
While slight enhancements in DNA-binding activity were observed for all three MntR
variants (Table 2, Figure S3), Mn2* failed to complement the cobalt complexes to produce a
fully active species. Isothermal titration calorimetry was performed to explore Mn2* binding
to MntR+Co2* by titrating Mn2* into a solution containing a solution of wild-type MntR
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mixed with a two-fold molar excess of Co?*. The thermogram (Figure S4 of the Supporting
Information) shows a weak endothermic signal that does not saturate, indicating low affinity
of the wild-type MntR+Co?* complex for Mn2*,

Crystal Structures of E11K and H77A

To investigate the unexpected selectivity of E11K and H77A for activation by Mn2* and
Cd2* over Co?* and Fe2*, we performed crystallization screens of both MntR variants with
Mn2*, Cd2*, and Co2*. In the case of E11K, crystallization screens were also performed in
the absence of added metal ion. Diffraction quality crystals were obtained with E11K in its
apo-form and with Mn2* and Cd2*, and the effort also yielded crystals containing both apo-
and manganese-bound H77A. Neither protein yielded diffraction quality crystals in the
presence of cobalt.

The structure of apo-E11K indicates that our efforts to engineer a constitutively occupied A
site via the side chain of Lys11 did not entirely succeed. The metal-free form of E11K bears
stronger structural similarity to the metal-free structures of wild-type MntR (16) than to
structures of MntR with a single metal ion in the A site. The distance measured between
DNA-binding domains is 42 A (measured at the a carbon of Lys41), comparable to the
metal-free form of wild-type MntR (39 A) and considerably larger than the separations seen
in the binuclear metal complexes of wild-type MntR (between 31-33 A; Figure 5A) (14,
15). This conformation is accessible because the side chain ammonium group of Lys11 does
not occupy the position of the A-site metal. The hydrogen-bond accepting groups of His77,
GIu99 and Glu102 are separated by 5-8 A from the lysine ammonium group in subunit 1
and by 3-8 A in subunit 2 (Figure 5B). The side chain of Lys11 does not constitutively
occupy the A site.

However, the side chain of Lys11 does perform its intended role in the Mn2* and Cd2*
complexes of E11K. In both structures, a single metal ion is bound per subunit, at the C site,
while the ammonium group of Lys11 occupies a position less than 1 A from the A-site metal
position (Figure 5C). The structures of E11KeMnZ* and E11K+Cd2* align well with those of
MntReMn2* or MntR«Cd2* (Figure 5C), with root mean square deviations of less than 0.5 A
between a carbons of any pair among the four models. In the metal binding region of E11K
the ligating residues (aside from residue 11) adopt positions observed in the wild-type
complexes with Mn2* and Cd2*. The side chain ammonium group of Lys11 interacts with
His77, Glu99 and Glu102 in the same manner as a bound A-site metal, though with longer
distances appropriate to hydrogen bonding (Table S4). In the metal complexes of E11K, the
C site geometry is virtually indistinguishable from those of the comparable wild-type
complexes. Both manganese and cadmium are bound in near octahedral geometry, accepting
ligating interactions from the two bridging carboxylates, Glu99 and Glu102, the backbone
carbonyl of Glu99, Asp8, His103 and a solvent molecule (Table S4).

The H77A mutant of MntR was crystallized in the presence of 1 mM Mn?* to yield a crystal
composed in equal parts of dimers of manganese-free and manganese-bound subunits (Table
1; Supporting information). Each dimer is formed by a crystallographically unique subunit
that may be rotated about the 2-fold axis in the P3,21 space group to generate the second
subunit (Figure S5). The chief structural difference between dimers is the 44.7 A separation
of DNA-binding domains in apo-H77A relative to a 31.4 A separation in H77AsMn2*,
measured at the a. carbon of Lys41. The tertiary structure of H77AsMn2* superimposes well
upon the structure of wild-type MntReMn2*, with a 0.5 A rmsd between a carbon positions.

The structure of H77A«Mn2* reveals significant impact of the H77A substitution on metal
binding (Figure 6). As with wild-type MntR, H77A binds two manganese ions per subunit,
but the separation is decreased from 4.4 A in the wild-type protein to 3.8 A in the mutant
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(Table S4). In H77A, the A-site metal has shifted 1.3 A away from residue 77 and towards
Asp8, presumably due to the loss of lone pair donation from residue 77. In contrast, the C
site in the H77AsMn2* complex is relatively unperturbed. Each of the five C-site protein
ligands that coordinate the C-site metal in wild-type MntReMn2* does so in H77AsMn2*,
though Asp8 adopts an unusual orientation and may be a bidentate ligand (Figure 6, Table
S4). The A site metal of H77A«Mn?*, which given the 1.3 A shift is better described as the
“A’ site”, has a novel coordination scheme. In addition to the loss of coordination from
residue 77, the side chain carboxylate of Glu99 has also been lost as a ligand, and the shift in
position has brought the A site metal closer to the carboxylate of Asp8, normally only
involved in C-site coordination. The distance from Asp8 to the A-site Mn2* is refined to 2.9
A, so an interaction must be viewed as tentative, but without Asp8 there are only three other
electron donors visible in the electron density map — the carboxylates of Glu11 and Glu102
(each monodentate) and a solvent molecule. It is likely that other solvent molecules serve as
ligands but are not visible in electron density maps. The H77A mutant succeeds in retaining
near-native binding interactions with the C-site MnZ* despite disruption to A-site geometry.

Metal Binding Stoichiometry and Affinity

To confirm the metal-binding stoichiometry observed in the crystal structures of metal
complexes of E11K and H77A and to further characterize the behavior of metal complexes
that did not yield crystals, we investigated their metal binding stoichiometry using solution-
based techniques.

The results from isothermal titration calorimetry are generally consistent with the crystal
structures of E11KeMn2*, E11K+Cd2* and H77A«Mn?Z*. Thermograms obtained by titrating
Mn2* into samples of E11K can be fit using a one-site model with a stoichiometry of 1.00 +
0.16 Mn?Z* ijons per subunit and a dissociation constant of 22 + 2 LM, consistent with C-site
binding of the manganese ion (Figure S6 of the Supporting Information, Table 3). The
titration of E11K with cadmium produces a thermogram that is best fit using a two
independent site model in which the two sites exist in a 1:1 and 0.5:1 ratio with E11K
subunits (Table 3). That result indicates Cd2* binding with a dissociation constant of 6 + 3
LM to the C site of each subunit, as observed crystallographically, and to the dimer site
comprised of dyad-related His104 residues (Kq of 150 + 30 .M). The dimer site was not
occupied under the crystallization conditions used for E11KeCd2* at pH 7.5, lower than the
pH used in the ITC experiments (pH 8) or in the crystallization of MntR+Cd?* (pH 8.5),
where Cd2* binding to His104 has been observed. Titrations of Mn2* and Cd?* into
solutions of H77A yield data that are best fit by a sequential two-site model (Table 3),
indicating that both metal ions form a binuclear complex with H77A.

Calorimetric titrations performed with cobalt indicate that E11K and H77A each bind one
Co?* at a subunit site. The titration of H77A is readily fit by a one-site model (Figure S6)
with a dissociation constant of 40 + 10 pM (Table 3), but the thermogram arising from the
addition of Co?* to E11K is more complex. A suitable fit for the data could not be found
unless a background correction was performed to bring the baseline to zero at the end of the
titration. That alteration permitted fitting of the data to the same two-site model employed in
the Cd2* titration of E11K (Figure S6), suggesting that E11K binds one Co2* per subunit in
addition to one cobalt ion to the dimer site formed by His104 residues.

The interactions of Co?* with the E11K and H77A mutants were further investigated using
visible spectroscopy. The titration of E11K with Co?* gives a break point at 1.5 equivalents
of added cobalt per subunit (Figure 7A), consistent with subunit and dimer site binding
observed using ITC. The spectrum has a maximum absorbance at 560 nm with a molar
absorptivity of 120 M~1cm™1 at 1.5 equivalents of added cobalt, suggesting pentacoordinate
geometry as observed in the wild-type complex (36). Comparable titrations of H77A with
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Co?* revealed a weakly absorbing species (molar absorptivity of 18 M~lcm™ at 525 nm),
which is typical of Co2" in an octahedral coordination environment (36). The low intensity
of the absorption spectrum prevented stoichiometric measurements of Co?* binding to
H77A. Despite the disruption of the A site, cobalt does bind to subunit sites within both
mutant forms of MntR, though it does not form fully active complexes with either.

DISCUSSION

MntR is selectively activated by Mn?* and Cd2*, due partly to the heptacoordinate geometry
of interactions in the A site that position essential C-site residues. Smaller metal ions, such
as Fe2* and Co?*, fail to adopt the necessary coordination geometry. As a result, Mn2*
binding to the C site can be blocked by Co?* binding in the A site (Figure 8A). By hindering
C-site binding, non-cognate metal ions form complexes with MntR that are less structured
and have lower affinity for DNA than the binuclear complexes with cognate metal ions (13,
14, 17). In addition, the C site is independently capable of selecting for MnZ* and Cd2* ions,
as seen with the H77A and E11K variants of MntR. Both mutants are able to bind Mn2*
with native geometry in the C site, despite significant alterations to the A site, and adopt
active DNA-binding conformations (Figure 8B,C). On the other hand, non-cognate metal
ions fail to generate fully active complexes.

Interestingly, non-cognate metal ions do bind to H77A and E11K. Calorimetric titrations
with cobalt indicate stoichiometric metal binding to the subunits of each mutant, and activity
assays reveal weak activation by cobalt /7 vitro and iron in vivo. Non-cognate metal ions
must partially organize the DNA-binding domains of the H77A and E11K subunits with
respect to the dimerization domains in achieving even modest DNA-binding activity, but the
mechanism is unclear. Absent crystallographic evidence, the visible spectra of cobalt
complexes provide our best indication of the interactions taking place between a non-
cognate metal ion and the H77A and E11K mutants.

The octahedral geometry of the H77A-bound Co?* ion suggested by its low molar
absorptivity is consistent with C-site binding. However, H77A«Co?* has poor affinity for
DNA, and C-site binding is otherwise a reliable feature of fully activated complexes of
MntR (13, 14, 19). Instead, it is more likely that Co?* binding occurs elsewhere at the
interface of the DNA-binding and dimerization domains. The A" site observed in the
H77A*Mn2* complex is a strong possibility (Figure 8). The coordinating side chains of
Glull and Glu102 come from different domains, and solvent molecules could complete an
octahedral coordination shell around Co?* in the A site. The non-native geometry of the A’
site may produce an altered protein conformation in the Co?*-bound state, explaining the
reduced anisotropy changes observed with H77A+Co?* binding to fluoresceinated DNA.

Visible spectroscopy indicates that E11K binds Co?* with pentacoordinate geometry, as
observed in the A site of wild-type MntRCo2*. Since Co?* has to compete with the side
chain of Lys11 for the remaining A-site residues in E11K, binding at that position likely
precludes formation of even a partially active complex. Instead, the pentacoordinate
geometry indicated for E11K-bound Co?* likely results from non-native interactions of
cobalt with the C site or with a mixture of residues from the A and C sites (Figure 8).
Whatever the nature of its interaction with E11K, Co?* fails to adopt the native C-site
geometry observed in the fully active manganese and cadmium complexes.

The selectivity for manganese and cadmium in the C site of MntR is surprising, given the
relative lack of specificity observed among related proteins. MntR belongs to the DtxR/
MntR family of metalloregulators but is distinguished from other family members by its
binuclear metal ion binding site with bridging ligands. Other structurally characterized
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proteins from this group bind two metal ions at sites composed of non-overlapping sets of
residues, including residues from a third, C-terminal domain not found in MntR. Of
particular interest is the so-called primary site found in the iron-dependent regulators DtxR
of C. diphtheriae and 1deR of M. tuberculosis (37, 38), and in the manganese-dependent
regulator ScaR of S. gordonii (39). Lying at the interface of the dimerization and DNA-
binding domains, the primary site is essential for DNA binding activity (40, 41) and is
homologous to the C site of MntR, comprising residues that align with Asp8, Glu99, Glu102
and His103 from MntR and adopting hexacoordinate geometry. Unlike the C site, the
primary site accommodates a variety of metal ions. ScaR and its close homologs are
activated by iron, cobalt, nickel, cadmium and manganese (39, 42—-44), while DtxR is
activated by manganese, iron, cobalt and nickel (19, 45, 46). The presence of sulfur ligands
in the primary site of DtxR (Met10 and Cys102 substitute for Asp8 and Glu99 in MntR)
may play a role in broadening selectivity, but the primary site of ScaR and the C site of
MntR are composed of identical residues (39). Conceivably the C site, like the A site of
MntR, favors larger cations, causing metal ions with smaller radii to bind with altered
geometry or at other sites in the protein.

The structure and function of E11K points to an evolutionary intermediate between MntR
and its distant homologs DtxR, IdeR and ScaR. Replacement of Glul11l with lysine in E11K
brings the structure of the C site even closer to that of the primary site. The residue at
position 11 of ScaR is lysine, and it is arginine in DtxR and IdeR (residue 13 in those
proteins). Structural alignment of the C site of E11K with the primary site of IdeR (Figure 9)
illustrates that structural similarity, as well as the role of the basic residue at position 11
(MntR numbering), in positioning metal-binding residues at position 99 and 102 (MntR
numbering) in E11K and IdeR, respectively. The substitution of Glu11 with lysine in E11K
recapitulates a step in the evolutionary path between DtxR/MntR family members that are
activated by a binuclear complex, like MntR, and those that only bind one metal ion at the
interface of the dimerization and DNA-binding domains, such as ScaR, DtxR and IdeR.

The work described here and previously (15) indicates that MntR relies on a two-part
mechanism to achieve selectivity. First, a large metal cation is needed at the A site to
correctly orient and position the C-site ligands, while non-cognate metal ions will bind at the
A site but disrupt the C site. Second, binding at the C site, which is needed to lock the
repressor in the active, DNA-binding conformation, also favors manganese and cadmium
over other metals. The two levels of discrimination achieved by MntR have generated
remarkable selectivity for manganese, a metal ion that otherwise competes poorly for protein
binding sites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structure of the MntR dimer and metal binding region. One subunit of the dimer is colored
pink and the other is colored according to region: the N-terminal DNA-binding domain is
cyan, the dimerization domain is yellow and the linking helix (a4) is colored green. The N-
and C-termini of multi-colored subunit are labeled. The bound MnZ* ions are magenta. In
the magnified view of the metal binding site the A and C metal ions are labeled and metal-
ligand interactions are indicated by dashed lines.
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Figure 2.

Metal binding sites of iron and cobalt complexes of MntR. (A) Stereo image of the metal
binding region in the MntReFe2* complex. Carbon atoms are colored light tan and Fe2* ions
are brown. Metal-ligand interactions are shown in green, and the H-bond between GIlu99 and
a solvent ligand is shown in orange. A o weighted 2F,-F electron density map is shown
contoured at 1.5 o in gray and the anomalous difference map, calculated from data reported
in Table 1, is contoured at 4 o is shown in magenta. (B) Stereo image of the metal binding
region of MntR+CoZ*. The image is prepared as in A, except that carbons are violet and the
Co?* ion is pink. The tentatively assigned metal-ligand interaction involving Glu99 is in
orange. (C) Stereo view of the overlay of metal binding regions in the Mn2*, Fe2*, Co%* and
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Zn2* complexes (structurally aligned by residues 80-120). All atoms of the Fe2* and Co?*
complexes are colored as in A and B. Carbons of the zinc complex is shown in gray, and
carbons of the Mn2* complex are shown in light green. The A, C and E metal binding
positions are labeled.
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Titrations of (A) wild-type MntR and (B) H104A with CoCl,, monitored by visible
spectroscopy. Protein subunit concentrations were 300 M, and spectra were collected after
additions of 0.25 equivalents of Co2* per subunit. Insets plot molar absorptivity of the
protein complex with Co2* vs. the molar ratio of Co?* to protein subunits. Lines are fit to
data preceding and following inflection points that were identified by visual inspection.
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Figure4.
B-Galactosidase assays performed with B. subtilis cells grown in minimal medium and
supplemented with manganese or iron as indicated (n=3).

Biochemistry. Author manuscript; available in PMC 2014 January 29.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

McGuire et al. Page 20
N4 @
sﬁffgj

\}/
, ”& A
© gy

Asp8

Figureb5.

Structures of E11K in metal-free and Mn2+-bound forms. (A) Superposition of apo-E11K in
yellow and E11KeMn2+ in light purple. (B) Structure of the metal-binding region of apo-
E11K (carbons in yellow) overlaid on the structure of wild-type MntReMn2+ in transparent
gray. Note the displacement of residues 8 and 11 in apo-E11K from the wild-type
MntRe«Mn2+ positions. (C) Structure of the metal-binding region of the E11Ke Mn2+
complex (light purple carbons, Mn2+ ion in green) overlaid on the MntReMn2+ complex
(rendered in transparent gray). Hydrogen bonds to Lys11 are shown in green and metal-
ligand bonds to the C-site Mn2+ are shown in orange.
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Asp8

Figure®6.

Stereo image of the metal binding region of H77A«Mn2* (carbons colored pink) and wild-
type MntReMn?* (colored gray). Manganese ions in the A’ and C sites are magenta spheres.
Metal-ligand interactions are shown in orange with tentatively assigned interactions shown
in yellow.
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Wavelength (nm)

(A) Titration of E11K with CoCl,, monitored by visible spectroscopy. Protein subunit
concentrations were held at 300 .M, and spectra were collected after additions of 0.25
equivalents of Co2* per subunit. The inset plot was prepared as in Figure 3. (B) The
spectrum of 300 WM H77A«Co?* at one equivalent of added cobalt per subunit of H77A.
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Figure8.

Cartoon depictions of metal binding by (A) wild-type MntR, (B) E11K and (C) H77A. The
center cartoon represents the metal-free form of each variant, while the Mn2*-bound form is
shown to the left and the Co2*-bound form is shown to the right. Where evidence is
available, the coordination number of each metal ion is represented by a polygon with an
equivalent number of sides. The placement of Co2* ions in E11K and H77A is speculative,
and is chiefly intended to indicate the failure of each to bind Co?* in a productive fashion.
Ligands, including bound solvent molecules (Sol) are identified with connecting lines to the
metal binding sites.
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Structural alignment of the primary site residues of IdeR+Co2* (PDB ID 1FX7; carbons and

Co?* jon colored cyan) with the C site residues of E11KeMn2* (carbons and Mn2* ion

colored violet). Metal ligand interactions taking place between IdeR residues and bound
Co?* are shown as green dashed lines. Hydrogen bonding interactions taking place between

Arg13 and primary site residues are shown as dotted cyan lines, while hydrogen bonds
between Lys11 of E11K and C site residues are shown as dotted violet lines.
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