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Abstract

The manganese transport regulator (MntR) from Bacillus subtilis binds cognate DNA sequences in
response to elevated manganese concentrations. MntR functions as a homodimer that binds two
manganese ions per subunit. Metal binding takes place at the interface of the two domains that
comprise each MntR subunit: an N-terminal DNA-binding domain and a C-terminal dimerization
domain. In order to elucidate the link between metal binding and activation, a crystallographic study
of MntR in its metal-free state has been undertaken. Here we describe the structures of the native
protein and a selenomethionine-containing variant, solved to 2.8 A. The two structures contain five
crystallographically unique subunits of MntR, providing diverse views of the metal-free protein. In
apo-MntR, as in the manganese complex, the dimer is formed by dyad-related C-terminal domains
that provide a conserved structural core. Similarly, each DNA-binding domain largely retains the
folded conformation found in metal bound forms of MntR. However, compared to metal-activated
MntR, the DNA-binding domains move substantially with respect to the dimer interface in apo-MntR.
Overlays of multiple apo-MntR structures indicate that there is a greater range of positioning allowed
between N and C-terminal domains in the metal-free state and that the DNA-binding domains of the
dimer are farther apart than in the activated complex. To further investigate the conformation of the
DNA-binding domain of apo-MntR, a site-directed spin labeling experiment was performed on a
mutant of MntR containing cysteine at residue 6. Consistent with the crystallographic results, EPR
spectra of the spin-labeled mutant indicate that tertiary structure is conserved in the presence or
absence of bound metals, though slightly greater flexibility is present in inactive forms of MntR.
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The manganese transport regulator (MntR) controls manganese homeostasis in Bacillus
subtilis.X When cellular levels of manganese are high, MntR represses the transcription of genes
encoding manganese uptake transporters by binding to cognate operator sequences.13
Manganese is an essential nutrient in bacteria and plays an important role in cellular defense
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against reactive oxygen species. In several pathogenic species of bacteria, the regulation of
manganese uptake has been linked to virulence.* Notably, Bacillus anthracis, the causative
agent of anthrax, possesses a close homolog of MntR,® and mutants of B. anthracis lacking
proteins involved in manganese uptake have weakened virulence.8 Furthermore, MntR is a
member of the DtxR/IdeR family of metalloregulators, named for the diphtheria toxin repressor
(DtxR) of Corynebacterium diphtheriae and the iron-dependent regulator (1deR) of
Mycobacterium tuberculosis, both of which play key roles in the virulence of the organisms
from which they have been isolated.”~10 Because of the importance of these regulatory proteins
in bacterial physiology and virulence, the mechanism of their action is of interest. In the past
several years, the structural changes that relate to the activation of DtxR have received
considerable attention,1116 but little is known about how its distantly related structural
homolog, MntR, is activated by manganese binding.

Structures of MntR have been solved in the presence of Mn2* or Cd2*, another strongly
activating metal ion.1”:18 MntR is a functional homodimer of 142-residue subunits, each
composed of two domains. The 71-residue N-terminal DNA-binding domain consists of three
a-helices and two strands of antiparallel B-sheet (Figure 1), the latter forming the flexible
“wing” of a winged helix-turn-helix (HTH) motif that interacts with DNA.17:19 The C-
terminal domain contains four a-helices and forms the dimerization interface with its dyad-
related mate. The N and C-terminal domains are connected by a long linker helix (04; residues
64-86) that extends from the wing to the dimer interface. Two manganese ions bind at the
interface of the two domains in a single subunit, forming a binuclear complex that involves
residues from the DNA-binding domain (Asp8 and Glull), the dimerization domain (GIlu99,
Glu102, and His103) and from the linker helix (His 77; Figure 1). The geometry of the binuclear
complex with manganese appears to be sensitive to crystal packing forces. However, multiple
lines of evidence suggest that the physiological complex places two Mn2* at a separation of
4.4 A, bridged by Glu99 and Glu102.5:17:18 Cadmium binds in a similar geometry to the two
sites, which have been identified as A and C (Figure 1). Interestingly, the structure of MntR
complexed with Zn2*, a weakly activating metal, reveals only a single bound metal ion, in the
A site.3:18

Although structures of complexes of MntR with strongly and weakly activating metals have
been obtained, there is little variation between these forms. The chief difference involves helix
o, which includes residues 3-20 in the Mn2* and Cd2* complexes. In the zinc complex of
MntR, the helix unwinds at its N terminus so that al is shortened to include only residues 5—
20. While this structural difference hints at greater flexibility in the MntRsZn2* complex than
in the MntReMn2* or MntRCd2* complexes, there are no other substantial changes in
backbone conformation, perhaps due to restraints imposed by crystal packing. As evidence
that the crystalline environment can influence the conformation of MntR, a comparison of
structures of the MntReMn2* complex from monoclinic and hexagonal crystal forms shows
that the DNA-binding domains can move somewhat independently of the dimeric core formed
by dyad-related C-terminal domains, via slight flexibility in the linker helix, o4.18 This
conformational shift repositions the metal-binding residues in the N-terminal domain (Asp8
and Glull) by as much as 1.5 A, and the recognition helices of the HTH motif can move by
roughly 3 A with respect to each other in the MntR dimer.

In addition to the conformational plasticity observed in the MntReMn2* complex, there is
presumably a unique set of structural features associated with the metal-free form of MntR that
renders it inactive and distinct from the metal-bound form. A spectroscopic investigation into
the activation of MntR revealed that structural reorganization takes place upon metal binding,
but it remains unclear whether the reorganization originated from a stably folded conformation
or from a molten globule-like state.20 Thus, there is no explicit description of the tertiary and/
or quaternary changes that take place upon activation of MntR by metal binding. To further
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investigate the mechanism of activation, we have determined the structure of MntR in its metal-
free state and investigated the conformation of the N-terminal domain using site-directed spin
labeling.21:22 The results presented here are consistent with a disorder to order transition in the
tertiary structure of MntR that orients independent, folded domains in positions to promote
high affinity interactions with DNA.

The structure of Apo-MntR

The crystal structures of native apo-MntR (apo-MntR,;;) and the selenomethionine-containing
deri-vative (apo-MntRgenet) have been solved to 2.8 A resolution. Apo-MntRgepet
crystallized in the orthorhombic space group P212121 and the structure was solved using the
anomalous signal from five of the 12 selenium atoms from the two dimers in the asymmetric
unit (Table 1). Dimer 1 is composed of subunits A and B, and dimer 2 is composed of subunits
Cand D. The refined model contains 545 of the 564 residues present. Residues 3—136 of subunit
A, and residues 2-138 of subunits C and D could be positioned in electron density. In subunit
B, the flexible “wing” of the DNA-binding motif (residues 54-58) is absent from the model,
which otherwise includes residues 3—134. The refined model possesses good stereochemistry,
except that the backbone conformation of two residues, Tyr57 of subunit D and Tyr57 of
subunit A, lie in unfavorable regions of the Ramachandran plot (Table 1). This residue was
observed to adopt a strained conformation in the manganese-bound form of MntR as well.1’

Native apo-MntR crystallized in the trigonal space group P3421. A molecular replacement
solution was obtained using subunit D from the selenomethionine structure as a search model.
The model was trimmed to include residues 4-53 and 60-130, which omits wing residues 54—
59, and yielded the same solution using CNS23 and EPMR.24 A single subunit occupies the
asymmetric unit, and the 2-fold axis of the dimer coincident is the crystallographic 2-fold axis.
The initial R-factor obtained after rigid body refinement was 41%, and attempts to improve
the quality of the model by simulated annealing and rebuilding yielded only small
improvements in the model statistics. Careful analysis of the diffraction data with Xtriage
showed no evidence of merohedral twinning,25 and no evidence of or anisotropy in the data or
pseudo-symmetry was found. Molecular replacement solutions in lower symmetry space
groups also failed to improve refinement statistics. Ultimately, the implementation of TLS
refinement in Refmac526:27 led to the greatest improvement in the model, though the Reryst
and Rgree Values remain high (27.3% and 34.2%). Electron density maps permit continuous
tracing of the backbone from residues 3—135 of the single subunit in the asymmetric unit, but
density is often weak for side-chains. It may be that static or dynamic disorder within the
crystals is limiting efforts to accurately model native apo-MntR in the trigonal crystal form.
Consistent with this explanation, the Wilson B factor of 104 A2? suggests a mobile structure
(Table 1). Nevertheless, the apo-MntRy4; structure provides an additional, useful observation
of the backbone conformation of MntR in its metal-free form.

The structure of MntR observed in metal-bound forms is largely retained in its metal-free state.
Five crystallographically independent subunits constituting three dimers of apo-MntR are
present in the two crystal structures. In all instances, the quaternary interactions are largely
conserved in that the C-terminal domain of each subunit maintains a constant conformation,
contributing to a largely unvarying dimer interface (Figure 2(a)). As a result the subunits of
apo-MntR superimpose closely with metal complexes of MntR in the C-terminal regions, with
an RMSD in the positions of the C* atoms of less than 0.6 A (Figure 2(a)). These observations
are consistent with the previous solution studies showing that MntR retains dimeric structure
in the presence and absence of activating metal ions.3:°

In comparison to the fixed structure of the C-terminal domains in the MntR dimer, the positions
of the N-terminal, DNA-binding domains vary greatly, via slight unwinding of the linker helix,
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a4, between residues 72-75 (Figure 2(a) and (b)). This behavior is similar to that observed
among the multiple reported structures of the MntReMn2* complex, 8 though it is far more
dramatic in the metal-free state. There is no loss of hydrogen-bonding within a4, nor departure
from ¢ and ¢ dihedral angles consistent with a helical conformation, yet even two turns away,
the C% atom of residue 64, at the N terminus of a4, varies in position by up to 5.5 A. Without
bound metal ions, the DNA-binding domain swings, like a pendulum, about a pivot point
located near residue 75. As measured by the Hingefind routine,28 the DNA-binding domain of
apo-MntR can experience a 36° deflection about this hinge position, whereas comparison of
the MntR-metal complex structures reveals a maximum motion of only 4°.18

The wide range of positions adopted by the DNA-binding domain can be appreciated by
monitoring the location of the C* atom of Lys41, which is at the center of the recognition helix
of the HTH motif. Notably, the dyad-related Lys41 residues in apo-MntR dimers are at least
3.4 A farther apart than in the most-separated conformation of the MntReMn2* complex from
the hexagonal crystal form (Figure 2(b)).18 The increased distance between Lys41 residues in
apo-MnitR is both due to increased spreading of the DNA-binding domains away from the
molecular 2-fold axis and through lateral displacement perpendicular to the direction of
spreading (Figure 2(b)). The DNA-binding domains of the apo-MntR subunits are spread
farther apart than in MntR-metal complexes and over a greater range as well: 3.5 A versus 1.8
A (Figure 2(b)). The lateral variation in position of DNA-binding domains in apo-MntR is
even more dramatic. Encompassing the relatively modest 2 A range observed between MntR-
metal complexes, the C* atom of Lys41 may be laterally displaced by up to 13 A between apo-
MntR subunits (Figure 2(b)). The variation in the positioning of the DNA-binding domain is
also reflected in the positions of metal-binding residues Asp8 and Glull, which vary by nearly
5A (Figure 2(c)). These results suggest that bound metals both alter and substantially restrain
the position of the DNA-binding domains.

Despite its variable location with respect to the dimerization domain, the DNA-binding domain
of apo-MntR retains the tertiary fold seen in metal-activated forms of MntR.17:18 An overlay
of the DNA-binding domains of each of the five subunits of apo-MntR with the same domain
from the MntReMn?2* can be made with a RMSD in C atom positions of between 0.32 Aand
0.67 Ain pairwise comparisons (excluding the wing residues, 52—-60; Figure 2(c)). The absence
of bound metal ions does not significantly affect the folded structure of the DNA-binding
domain. There are, however, two flexible regions within the DNA-binding domain that adopt
multiple conformations in the structures presented here. The position of the wing motif, when
visible in electron density, varies by up to 8.0 A (measured at the C* atom of Tyr57; Figure 2
(d)). Mobility of the wing region has previously been suggested by weak electron density in
maps from the MntR-metal complexes and is apparently unrelated to metal activation.1’+18 A
second, more intriguing variation occurs at the N terminus of helix a1, where a conformational
change at residue Ser5 leads to the unwinding and loss of residues Thr3 and Pro4 from the
helix, displacing the C* atom of Thr2 by as much as 17.0 A (Figures 2(d) and 3(a) and (b)).
The unwound conformation is present in all four subunits of apo-MntRgepet @and has previously
been observed in the MntR+Zn2* complex. In the latter case, unwinding could be a sign of
partial disordering of the N-terminal domain, resulting from the absence of bound metal in the
C site.18 In all binuclear metal complexes of MntR, helix a1 includes residues 3 and 4.
However, the correlation of a1 unwinding to metal binding is complicated by the fully wound
helix in apo-MntR4.. Based on these conflicting observations from the two crystal forms of
apo-MntR, it is impossible to say whether addition of residues 3 and 4 to the N terminus of
al is dependent upon metal binding or is simply a result of environmental conditions associated
with crystallization.

Nevertheless, these structures indicate that metal binding activates MntR by orienting the
DNA-binding domains with respect to the fixed dimerization interface and with respect to each
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other. In the absence of activating metals, the DNA-binding domains adopt a range of positions
that presumably place them too far apart in an MntR dimer to successfully interact with cognate
DNA sequences. Furthermore, there is no evidence to suggest that the internal structure of the
DNA-binding domain is substantially changed by the presence or absence of metal ions.

Site-directed spin labeling as a probe of conformation

To determine if the conserved fold of the DNA- binding domain in structures of apo-
MntRp4: and apo-MntRgsemet is merely the product of crystal-packing forces, a site-directed
spin labeling study was undertaken to investigate the conformational behavior of MntR in
solution. The mobility of a nitroxide spin label is reflected in its elecron paramagnetic
resonance (EPR) spectrum, and when it is covalently attached to a protein, the label thus reports
of the dynamics of that region of the protein.21,22 Methionine 6 was mutated to cysteine
(MntR:M6C) in order to permit covalent labeling of MntR with a nitroxide spin label (inset,
Figure 3(c)). Methionine at position 6 occupies a partially solvent-exposed position that
receives additional shielding from Thr2 when residues 3-5 adopt a helical conformation at the
N terminus of helix a1, and additionally forms numerous tertiary contacts (Figure 3(a) and
(b)). Spin-labeling at residue 6 allows investigation of both the global fold of the N-terminal
domain, which is constant among the crystal structures of MntR obtained to date, and the local
conformation at the N terminus of a1, which is more variable.

The results of the spin-labeling experiment support the hypothesis that the DNA-binding
domain retains substantial tertiary structure in the absence of bound metals, but increased
flexibility at the N terminus of al may exist in apo-MntR, and to a lesser extent in the
MntR+Zn2* complex. Only subtle differences are visible in the EPR spectra of spin-labeled
MntR:M6C taken without metal, or with either Cd2* and Zn?* present in excess (Figure 3(c)).
The line width of the central resonance does not vary significantly in the three spectra, and the
value of the inverse line width, 0.091 Hz™1, is consistent with a spin label in a protein
environment where mobility is restricted by tertiary contacts.?1:22 Slight perturbation of the
downfield, M_4, resonance away from a Gaussian shape can be seen upon addition of Zn2*
and is more pronounced for Cd2*. These changes are consistent with a slight decrease in
conformational distribution of the spin label, as would be expected if the N-terminal residues
fold over residue 6 as they adopt a helical conformation, but overall, the change takes place in
the context of a largely ordered protein environment.

The activation of MntR

The results presented here provide substantial insight into the structure of apo-MntR. The two
domains of MntR retain stable folds, while the DNA-binding domain is able to adopt a variety
of orientations with respect to the dimerization domain. The only notable variation in local
structure is the unwinding of the N terminus of helix al in apo-MntR, a feature previously
observed in the structure of MntR«Zn?*18 EPR spectra from the site-directed spin-labeling
study confirm that the DNA-binding domain remains folded in the absence of bound metal ion,
and suggest that the changes observed at the N terminus of al in crystal structures take place
in solution as well. Previous studies left open the possibility that metal binding might induce
significant structural rearrangement from a molten globule state,20 but such a transition is
clearly inconsistent with the structural and spectroscopic results presented here.

In general terms, the activation of the MntR dimer appears to proceed by the organization of
two independently folded DNA-binding domains into positions appropriate for productive
interaction with cognate DNA sequences. More specifically, the activation of MntR may be
proposed to proceed through three stages. (1) In the absence of metal ions, MntR possesses
substantial conformational entropy due to the motion of folded but structurally independent
DNA-binding domains. Entropic costs associated with adopting a fixed, active conformation
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might be responsible for the low affinity of apo-MntR for cognate DNA sequences.3:18:20
However, it may also be that the active conformation is inaccessible to apo-MntR. Comparison
of the positions of the DNA binding domains of metal-activated MntR to apo-MntR
demonstrates that the recognition helix in the HTH motif adopts a small range of positions that
does not overlap with any of the positions observed among the five apo-MntR subunits.
However, these structures cannot be expected to represent all possible conformations allowed
to MntR, so it may yet be that apo-MntR can sample the active conformation, but does not
stably assume it. (2) Metal binding likely proceeds first through occupancy of the A site, which
slightly increases the affinity of MntR for DNA, as seen with zinc.3 The argument for initial
binding to the A site draws on two observations. First, all MntR-metal complexes possess
occupancy at the A site, while there are at least two possible binding sites for the second metal
(B or C). Second, sequential binding has been indicated by solution studies employing
calorimetry and EPR.5:17:18 MntR with an occupied A site likely has an altered
conformational repertoire that is somewhat more restricted than in apo-MntR. The
MntReZn%* complex is capable of adopting a conformation similar to other MntR-metal
complexes (Figure 2), and occupancy of this site does put some constraints on the position of
residue Glull from the DNA-binding domain (Figure 2(c)). However, the affinity of
MntReZnZ* for DNA is 100-fold lower than the MntReMnZ* complex. It may be that the
entropic costs of adopting a single conformation appropriate to high-affinity DNA binding
continue to be prohibitive. (3) Following productive binding of an activating metal, such as
MnZ* or Cd2*, to the A site, bridging ligands in the metal-binding regions become organized,
allowing a second metal to bind to the B or, more likely, the C site.18 Metal binding to either
of these sites engages Asp8, a second metal-binding residue in the DNA-binding domain,
further restricting conformational flexibility of the domain. At this point, MntR is capable of
binding DNA with high affinity.

These findings provide an interesting comparison to the metal-ion activation of DixR, the
namesake and best-studied member of the family of metalloregulators to which MntR belongs.
In an early crystallographic study, it was observed that although apo-DtxR and the metal-
activated form of DtxR crystallize isomorphously, conformational changes are discernable
between the two forms.11 As with MntR, the dimerization domains of apo-DtxR and metal-
activated DtxR form a core of immobile residues, but display variable positioning of the DNA-
binding domains. However, solution studies describe a more complex set of behaviors. Apo-
DtxR exists as a monomer in dilute solutions'213 and only forms a stable dimer after both
metals have bound, though the sequence of metal ion binding is in dispute.1#:1° In the absence
of bound metals, the first 124 residues of DtxR, spanning the DNA-binding and dimerization
domain, experience significant flexibility, perhaps sampling multiple conformations.18 Upon
metal binding, dimers form and the structure becomes ordered. From the results of solution
studies, it has been argued that the N-terminal 124 residues comprise a single domain that
becomes ordered only in the dimeric, metal-activated form of DtxR.16

In contrast, the results presented here indicate that the N-terminal and C-terminal domains of
apo-MntR form discrete, folded units that can move independently of each other. Perhaps these
domains are only “loosely folded”, as in apo-DtxR and as indicated by ANS binding to the
metal-free form of MntR.16:20 Nevertheless it appears that the folded form of each domain in
MntR is favored even in the absence of bound metal. Metal binding to MntR serves principally
to organize the DNA-binding domains with respect to the quaternary interface formed by dyad-
related C-terminal domains. This organization places the recognition helices of the HTH motifs
in closer proximity and presumably in a functional conformation. The favorable enthalpy of
manganese binding!8 is thus used to reduce the conformational entropy of the apo-MntR dimer.
The weaker binding of the mononuclear MntReZn%* complex to DNA is likely related to a
partial loss of restraints between domains, suggesting a mechanism for the selective activation
of MntR by Mn2* and Cd?* over other competing metal ions.1=3:18:20 Ongoing studies will
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further explore the conformational and structural changes associated with the activation of
MntR to its high-affinity DNA-binding state upon metal binding.

Protein Data Bank accession codes

Crystallographic coordinates and structure factor amplitudes have been deposited in the RCSB
Protein Data Bank with accession codes 2HYF (apo-MntRgemet) and 2HYG (apo-MntRy4).
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Figure 1.

The structure of the MntReMnZ* complex (PDB 1D 2F5F). Two subunits form a homodimer.
The left subunit is colored to show the C-terminal dimerization domain in yellow and the N-
terminal DNA-binding domain in green. The N and C termini are also labeled. The flexible
“wing” is shown in turquoise. The linker helix, a4, and recognition helix of the helix-turn-helix
motif are identified. The Mn2* ions occupying the A and C sites of both subunits are colored
light and dark purple, respectively. The backbone positions of Lys41 residues are shown in
red. The residues that comprise the metal-binding site of the left subunit are shown in stick
representation. Figures are drawn with PyMOL..36
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Figure 2.

Comparison of MntR-metal complexes with apo-MntR. (a) Stereoview of an overlay of MntR-
metal complexes and apo-MntR. The full dimers of apo-MntR4; (dark magenta) and the AC
conformation of MntReMn?* from the hexagonal crystal form (in green) are shown as ribbon
diagrams. Other MntR-metal subunits are shown on the right, and the other apo-MntR subunits
on the left. The ribbon cartoons of apo-MntR are colored in varying shades of magenta, from
light (the A subunit of apo-MntRgepet) to dark (apo-MntRy4t). The AB and AC conformations
of the MntReMn2* complex from monoclinic crystal forms are light and dark blue, respectively.
The MntReZn%* complex is colored yellow. Metal-binding residues Asp8 and Glul1 are
shown, with carbon atoms colored according to the above scheme, oxygen atoms in red and
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nitrogen atoms colored blue. The Mn2* ions in the AC conformation are shown in green on
the right side. The position of the C* atom of Tyr75 is denoted by a labeled arrow. (b) Two
views of the DNA-binding domains from the MntReMn2* complex with the A subunit of apo-
MntRgsemet and apo-MntR,4; (colored as in (a)), aligned by their C-terminal domains. The left
image is obtained by rotating 90° about the molecular 2-fold axis of the MntR dimer from the
orientation shown in (a). Other subunits are omitted for clarity. The right image is obtained by
an additional rotation of 90° about the horizontal axis. In the left-hand image, the position of
the hinge is denoted by spheres marking the position of the C* atom of Tyr75. The positions
of C* atoms of Lys41 from all subunits of apo-MntR and the MntR-metal complexes shown
in (a), are shown as spheres colored as above. In the right-hand image, the lateral displacements
of the DNA-binding domains, as defined by the range of positions of the C* atoms of Lys41
(colored spheres), are shown with horizontal bars. The magenta bar indicates the range found
among apo-MntR subunits, and the blue bar by subunits of the MntR-metal complexes. The
distances indicate the respective ranges of displacement. The range of positions obtained due
to spreading of the DNA-binding domains is shown by vertical bars, with labels indicating the
range of spreading. The molecular 2-fold axis is identified by a black oval. (c) Comparison of
metal-binding regions of apo-MntR and MntR-metal complexes aligned by their C-terminal
domains. Carbon and metal atoms are colored as in (a). (d) DNA-binding domains of apo-
MntR and MntR-metal complexes aligned with one another. Metal-binding residues Asp8 and
Glull are shown.
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Figure 3.

Site-directed spin-labeling at residue 6. (a) Structure of the DNA-binding domain of apo-MntR.
The backbone is shown in this cartoon as a flexible tube. The side-chains of residues within 5
A of residue 6 are shown. Carbon atoms are colored gray, except for those in Met6 (green),
Thr2 (magenta), and those in residues 2-5, which are colored aqua. Oxygen atoms are red,
nitrogen atoms are blue and sulfur is colored yellow. (b) Structure of the DNA-binding domain
of metal-activated MntR colored as in (2). (c) EPR spectra of spin-labeled MntR:M6C without
metal, or in the presence of excess Cd?* and Zn?*. Inset shows the structure of a spin-label
modified cysteinyl residue. Arrows indicate the perturbation of the down-field resonance that
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accompanies addition of metal ions. MntR:M6C was prepared by site-directed mutagenesis of
the native mntR gene in plasmid pHB75061-17 using the QuickChange mutagenesis Kit
(Stratagene). The mutated plasmid was transformed into BL21(DE3) cells. Expression and
purification proceeded as per wild-type MntR,17 except that the protein was maintained in 1
mM DTT throughout the purification and dialysis steps. Prior to labeling, 100 uM MntR:M6C
(concentration of subunits) was dialyzed against deoxygenated buffer L (25 mM Mes, 500 mM
NaCl, pH 6.0). The methanethiosulfonate spin label (MTSSL; Toronto Research) was added
asa 50 mM stock solution in acetonitrile to a 1.5 molar excess over MntR:M6C and the reaction
mixture was incubated at 4 °C for over 4 h with stirring. The solution was passed through a
Sephadex G-25 desalting column (1 cmx15 cm) pre-equilibrated with buffer L and fractions
containing protein were pooled and concentrated to 100 uM for spectral measurement. Spectra
were recorded at room temperature on a Varian E-104 instrument fitted with a loop-gap
resonator and the EWW!IN 5.22 data acquisition package (Scientific Software Services,
Plymouth, MI). Measurements were carried out at 9.3 GHz microwave frequency using 2-mW
incident power, a modulation amplitude of 2 gauss, and a 100 gauss sweep. Metal ions were
added from 0.5 M stock solutions of the chloride salt to final concentrations of 600 pM.
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