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Prokaryotic organisms have evolved the capacity to quickly adapt to a changing and challenging
microenvironment in which the availability of both biologically required and non-essential transition metal
ions can vary dramatically. In all bacteria, a panel of metalloregulatory proteins controls the expression of genes
encodingmembrane transporters andmetal trafficking proteins that collectivelymanagemetal homeostasis and
resistance. These “metal sensors” are specialized allosteric proteins, in which the direct binding of a specific or
small number of “cognate” metal ion(s) drives a conformational change in the regulator that allosterically
activates or inhibits operator DNA binding, or alternatively, distorts the promoter structure thereby converting a
poor promoter to a strong one. In this review, we discuss our current understanding of the features that control
metal specificity of the allosteric response in these systems, and the role that structure, thermodynamics and
conformational dynamics play in mediating allosteric activation or inhibition of DNA binding.
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1. Transition metal biology and metal homeostasis

Transition metals are essential to a striking diversity of biological
processes in the cell. The participation of a metal ion in a specific
biologicalprocess is dictated by its intrinsic properties. These range from
roles as essential cofactors for oxidation–reduction reactions, electron
transfer, hydrolytic and acid–base chemistry, to structural centers that
merely stabilize the protein fold. Zn(II) is unique among first row
transition metals in that it possesses a dual role in the cell, as both a
structural element and a catalytic cofactor. For example, Zn(II) stabilizes
diverse “zinc-finger” proteins that mediate binding to DNA and RNA in
eukaryotes [1,2]. On the other hand, Zn(II) is an essential cofactor of
many hydrolytic enzymes, including proteases, phosphatases, esterases
and deacetylases, where it functions as a Lewis acid to activate a water
molecule for catalysis [3]. Other transition metals are cofactors in
catalases and superoxide dismutases (SODs) which enables resistance
to cellular oxidative stress. SODs are ubiquitous enzymes found in
virtually all cells and oxygen-tolerant organisms, the importance of
which is highlighted by thewide array ofmetal centers, fromNi to Cu to
Cu/Zn to Mn and Fe, used to catalyze the same reaction, sometimes in
the same cell [4]. Ni is a cofactor for urease in the stomach pathogen
Helicobacter pylori which allows this organism to colonize the acidic
gastric lumen [5].

The other side of the “double-edged sword” of transition metal
biology is that essential metal ions, notably iron and copper, can
undergo facile oxidation–reduction and as a result, can catalyze the
production of highly toxic reactive oxygen species by Fenton or Haber–
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Fig. 1. A coupled equilibrium thermodynamic scheme that defines the relationship of all
four allosteric states of the homodimer repressor (P) in equilibrium with DNA operator
(D) and metal ions (Me), with a limiting stoichiometry of two metals per dimer. The
allosteric coupling free energy, ΔGc, is defined as indicated.
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Weiss chemistry frompartially reduced formsofoxygen that formasby-
products of aerobic respiration [6,7]. In addition, heavy metals and
metalloids that play no biological role, including mercury, cadmium,
arsenic, lead and tin, are extremely toxic often as a result of forming
strong coordinate covalent bonds with cellular thiols, or calcium-
bindingproteins in the case of Pb(II) [8–10]. Therefore, in order to utilize
essential transition metal ions while detoxifying or effluxing nonessen-
tial ones, microorganisms and all cells have evolved mechanisms to
regulate intracellular metal concentration.

The remarkably precise control of cytoplasmic metal ion concentra-
tions is termed metal homeostasis, in which metallochaperones, metal
importers, and metal effluxing transporters each play vital roles in
regulatingmetal bioavailability. The expression of genes encoding these
proteins is controlled by a panel of specialized transcriptional regulators
known as metalloregulatory proteins, or “metal sensor” proteins (see
Section 2). These transcriptional regulators specifically sense one or a
small number ofmetal ions and are classified into at least ten families on
the basis of structural homology [11,12]. Binding of the cognatemetal to
themetalloregulator activates or inhibits protein-DNAoperatorbinding,
which results in the transcriptional regulation of genes responsible for
metal homeostasis [13,14]. In addition to encoding proteins that traffic
metal ions within or between cellular compartments, the regulon may
also include genes that encode proteins with functionalities beyond
metal homeostasis, including virulence determinants, an oxidative or
nitrosative stress response, or precursors of enzymaticpathways [15–17].
Indeed, these operons are often vital for the survival of pathogenic
bacteria in humans.

An increased level of complexity is introduced when metalloregu-
latory networks specific for one metal ion intersect with others in the
cell. Structurally unrelated metallosensors with distinct metal specific-
ities may interact within the same cytoplasm. For example, Ni(II) and
Fe(II) metalloregulators NikR and FurR in H. pylori have overlapping
DNA binding sites in the promoter regions of their regulons [18,19], a
finding consistent with numerous examples of Ni–Fe cross-talk in cells
[20,21]. In Bradyrhizobium japonicum the Fur-family regulator Irr
appears to be targeted for proteolytic degradation upon heme binding.
Under conditions of low iron, heme is scarce and not sufficient to signal
Irr for degradation; in addition,Mn(II) binds to Irr and further stabilizes it
against denaturation. Therefore, when B. japonicum is grown under
Mn(II) depleted conditions, Irr senses heme-Fe(II) at correspondingly
lower concentrations, consistent with the hypothesis that Mn(II) and
Fe(II) homeostasis are interconnected [22]. Non-cognate metal binding
affects transition metal homeostasis as well. For example, in the human
pathogen Streptococcus pneumoniae, Zn(II) stress induces a Mn(II)
deprivation phenotype, thought to be caused by competition between
Zn(II) and Mn(II) at the high affinity Mn(II) uptake system and possibly
in the cytoplasmic Mn(II) sensor PsaR [23,24].

Emerging evidence reveals that transition metal homeostasis in-
fluences many fundamental aspects of bacterial cell physiology and
bacterial pathogenesis [25–27], and is therefore essential to understand
the metal specificity and mechanisms of metalloregulation operative
within the cell [11]. Important insights intowhat governs theseprocesses
come from biophysical and structural studies of purified metalloregula-
tory proteins. Herein,we review recent progress on twomajor regulatory
aspects of bacterial metal homeostasis derived from physicochemical
studies: 1) the coordinationchemistry ofmetal coordination that governs
the specificity of the response, and 2) structural, thermodynamic and
dynamical mechanisms of allosteric regulation of operator-promoter
binding by cognate vs. non-cognate metal ions.

2. Metal binding affinities of metal sensor proteins and control of
metal homeostasis

Cellular homeostasis of total transition metal concentration is set
within boundaries beyond which the cell experiences excess or
deprivation, thereby inducing a cellular response. All cells actively
concentrate cell-associated metal ions, to a degree that is more similar
than different between cells, with total measurable zinc and iron in the
10−4–10−3 M range, manganese and copper approximately 10-fold
lower, with nickel and cobalt another 10-fold lower [24,28]. In
prokaryotes, the cellular response toperturbations inmetal homeostasis
is nearly exclusively transcriptional. In many cases, a promoter
exclusion model is operative where a transcriptional repressor binds
to a specific DNA operator which sterically blocks the binding of RNA
polymerase [29,30]. A significant departure from this model is
transcriptional activation by MerR-family regulators, where the metal-
bound or otherwise “activated” form of the repressor allosterically
changes the structure of the promoter from a poor promoter to a strong
promoter, without protein dissociation [31–33].

In the former case, the simplestmechanismof allosteric regulation of
operator binding requires that a metalloregulator (P) has at least one
DNAbinding site or domain (D) and onemetal (M) regulatory site, often
but not always located in structurally separated domains within a
homooligomer (dimer or tetramer). These “ligand” binding sites can
interact with each other in two distinct ways: if the binding of M
stimulates the binding of D then this is termed positive allosteric
regulation, and occurs most often in metal-mediated repression of
uptake genes. On the contrary, if the binding of M antagonizes the
binding of D, this manifests as negative heterotropic allosteric
regulation, and it is this process that occurs most often in metal-
mediated transcriptional derepression [12] (Fig. 1).

When the cytoplasm is experiencing metal excess, derepression of
genes encoding for metal efflux or detoxification proteins, and
concomitant repression of genes encoding metal uptake systems, will
restore the cytoplasm to homeostasis. Thus, a long-standing hypothesis
is that the intracellular metal activity or free metal concentration at
which ametalloregulator is inhibited or activated to bind to its operator
(or allosterically change the promoter structure) establishes the
threshold or sensitivity of the transcriptional response [28]. This
hypothesis holds that the reciprocal of themetal association equilibrium
or metal affinity constant KMe, (1/KMe), defines the buffered or labile
pool of metal at half-maximal activation or inhibition of the transcrip-
tional response (Fig. 2).

To help illustrate this point, we consider zinc homeostasis in
Escherichia coli. This process is controlled by two metalloregulatory
proteins, Zur and ZntR (Fig. 2). The Zn(II) sensor Zur is a member of the
Fur family [34] that represses the expressionof znuABC, whichencodes a
Zn(II) uptakeABC transporter in thepresence of Zn(II). Conversely, ZntR
is a MerR regulator that activates the transcription of zntA, a gene
encoding a P-type ATPase that effluxes zinc from the cytoplasm to the
periplasm [32,35]. In vitro transcription experiments reveal that each
metalloregulator competes for Zn(II) with an affinity constant (1/KMe)
offset by approximately one log unit, resulting in anactivation threshold
positioned at approximately femtomolar (10−15 M) Zn(II) [28]. As
shown in Table 1, other Zn(II) metalloregulatory proteins bind Zn(II)
with log KMe of ≈12–13 at or above neutral pH; if this hypothesis is



Fig. 2. A graphical representation of the hypothesis that metal affinity for individual or
pairs of metal sensor proteins (1/KMe) defines the ability of the cytoplasm to buffer
biologically required transitions metal ions. Cu(I), black; Zn(II), blue; Ni(II), green; Fe(II),
red; Mn(II), black. See Table 1 for KMe values for the regulators indicated. Efflux regulators
are italicized, with transcriptional response curves (derepression or activation) repre-
sented by the dashed lines; uptake repressors are in straight font and transcriptional
response curves (corepression) represented by the solid lines. NikR* represents filling of
the secondary, low affinity siteswhich give rise to full repression of the high affinity nickel
uptake system [48]. Approximate total cell-associated concentrations measured in E. coli
under aerobic growth conditions on a minimal media are shown above the figure [28];
recent studies suggest that these concentrations are ≈5-fold larger in S. pneumoniae,
which also exhibits a high Mn(II) quota relative to Fe(II) [24]. Note that this model is
predicated on the simple notion that metal sensors are capable of “scanning” the
cytoplasm for metal; this may not be the case [29,138].
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correct, then Zn(II) may well be buffered at somewhat higher
concentration, 10−12–10−13 M in other microorganisms. In the eukary-
otic cell, cytosolic Zn(II) is buffered at ≈10−9 M, with a labile pool of
0.2 μM in themitochondrial matrix [36]. This suggests that the bacterial
cytoplasmandmammaliancytosol possessdifferentbuffering capacities
for zinc.

The Irving–Williams series of divalent metals ions establishes that
Zn(II) and Cu(II) bind with the highest affinity to amodel chelate, while
Mn(II) and Fe(II) bind with the lowest affinity to the same chelate,
Zn≤CuNNNi≥Co≥Fe≥Mn [11,37]. Metalloregulatory proteins that
have been extensively characterized largely follow this expected trend,
although there are also some outliers (Table 1). The Irving–Williams
series classifies Zn(II) as a highly “competitive” metal, i.e., Zn may be
capable of binding as a non-cognate metal far more tightly than the
corresponding cognate metal (KZnNNKMn for Bacillus subtilis MntR, for
example) (Table 1). As a result, the cytoplasm employs an overcapacity
to chelate Zn(II), and it has been postulated that ribosomal proteins play
an important role in this process [38–40]. The obligatory participation of
specific metallochaperones that traffic Cu(I) to target proteins with
KCu(I)≥1018 M−1 also likely reflects the need to maintain the bioavail-
able concentration of this metal under very tight control as well [41,42].
As a result, E. coli CueR, a copper-selectivemember of theMerR family, is
activated by Cu(I) in vivo and binds Cu(I) with an affinity of 1020.7 M−1

[43] (Table 1). Other copper sensors, e.g. CsoR, are characterized by a log
KCu(I) of 18–19, in range of that of CueR [44–46]. Thus, this hypothesis
suggests that Zn(II) and Cu(I) are buffered in the cytoplasm in the
picomolar–femtomolar and attomolar–zeptomolar range, respectively
(Fig. 2). In contrast, E. coli Fur, an Fe(II)-dependent transcriptional
repressor responds to the low micromolar range of iron (Table 1) [47],
with binding affinities forMn(II) regulators in the 103–105 M−1 range of
KMe (Table 1). These affinity constants suggest that a correspondingly
larger fraction of theMn(II) and Fe(II) concentrations in the cell may be
weakly bound or highly mobile with rapid off-rates [13] (Fig. 2).

The degree to which pairs of metalloregulators possess relatively
well-matched metal affinities and specificities is not yet known. For
example, a Cu(I) uptake regulator or an Fe or Mn efflux regulator has
not yet been identified which suggests that “one-armed” transcrip-
tional control (see Fig. 2) may be sufficient to maintain intracellular
homeostasis of Cu(I) and Fe/Mn. The case of Ni(II) homeostasis in
E. coli provides an interesting contrast to these systems. Like Zn(II),
Ni(II) homeostasis in E. coli is controlled by a pair of regulators, in this
case NikR and RcnR. NikR is a Ni(II)-specific D2-symmetric homo-
tetrameric repressor [48,49] that controls the transcription of
nikABCD, a high affinity Ni(II) uptake transporter [50,51]. NikR binds
Ni(II) to the each C-terminal regulatory site at the tetrameric interface
with affinity of 1012 M−1 [49,52]. RcnR is a Ni(II) specific efflux
regulator from the CsoR family that dissociates from the DNA operator
sequence when Ni(II) binds, allowing the expression of rcnA, a gene
that encodes for a Ni(II)/Co(II) transporter [53]. Ni(II) binds to RcnR
with an affinity of ≈107.6 M−1 or approximately five orders of
magnitude weaker than NikR at a similar pH (Table 1). Thus, NikR and
RcnR possess poorly matched Ni(II) affinities and thus would appear
to be in contrast to the zinc sensor pair in E. coli [54] (Fig. 2). However,
NikR is known to possess an additional pair of low affinity Ni(II)
regulatory sites (log KNi=9) that are required for full NikR repression
[55,56]. This might suggest an ordered or step-wise regulatory
response in the cell where uptake is first partially repressed, and
then fully repressed, prior to Ni(II) efflux re-establishing Ni(II)
homeostasis. Interestingly, two paralogous efflux regulators from
the ArsR family [57] present in Mycobacterium tuberculosis, NmtR and
KmtR, may well collaborate to establish a similar two-step or graded
repression response to Ni(II) toxicity as well, given log KNi values of 12
and 10, respectively [29,58] (H. Reyes-Caballero and D. Giedroc,
manuscript in preparation). The physiological importance of a
potentially graded response to nickel toxicity in E. coli and M.
tuberculosis has not yet been firmly established. The recent discovery
of a two pairs of metalloregulatory sites within homodimeric
Streptomyces coelicolor Zur [59], which appear to influence zinc-
mediated repression at different promoters to different degrees, is
also consistent with a graded response to zinc stress in that organism
as well [60]. The sensitivity of the zinc efflux regulator has not yet
been established in S. coelicolor.

Ongoing studies in our laboratory are focused on the control of Zn(II)
homeostasis in S. pneumoniae, where two metal sensor proteins, AdcR
and SczA, function to control the expression of genes that encode for
Zn(II) uptake and efflux, respectively. AdcR is the first known metal-
sensing MarR family member [61], and binds Zn(II) with an affinity of
1012 M−1 atpH8.0 [15] aswould be anticipatedon thebasis ofKZn found
for other Zn(II)metallosensors (Table 1). However, preliminaryfindings
with SczA, a novel Zn(II) sensing TetR familymember [62] reveals KZn of
≈108 M−1 under the same conditions (K. Geiger and D. Giedroc,
unpublished results), or about four orders of magnitude weaker than
KZn for AdcR. This is consistent with expression analysis which suggests
that under all conditions containing ≥20 μM total zinc in liquid media,
the AdcR regulon is fully repressed and the cellular response to
perturbation of zinc homeostasis is governed exclusively by SczA and
metal efflux [15,24].

3. Metal selectivity, ligand donor sets and coordination geometry

A large number of metal sensor proteins have now been
structurally characterized by x-ray crystallography, NMR spectrosco-
py and other spectroscopic methods. As a result, it is now possible to
identify common features of metal sensing sites specific for a
particular metal ion (Fig. 3). Transition metal ions become more
polarizable or “soft” as the number of d orbital electrons increases.
Although the first row transition metal ions Fe(II), Co(II), Ni(II), Cu(II)
and Zn(II) are considered as a group to be borderline hard/soft, subtle
ligand preferences are apparent as Mn(II) is d5 and is considered
“hard” relative to d10 Zn(II) which is correspondingly “soft”. Likewise,
Cu(I) is more polarizable than Cu(II) since a decrease in valence
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Table 1
Metal binding affinities (KMe) for selected bacterial transition metal sensor proteins.

Regulator Biological processa Cognate metal Family Species Metal log KMe pH Reference

Zur Uptake Zn Fur E. coli Zn(II) 15.7 7.6 [28]
ZntR Efflux Zn MerR E. coli Zn(II) 15.0 7.6 [28]
CzrA Efflux Zn ArsR S. aureus Zn(II) 12.4b 7.0 [63]

Co(II) 9.0 7.0
SmtB Efflux/Seq'n Zn ArsR Synechococcus Zn(II) 11.3c 7.4 [126]

Co(II) 9.7 7.4
AztR Efflux/Seq'n Zn/Cd ArsR Anabaena PCC7120 Zn(II) N10 7.0 [134]

Co(II) ≥7.3 7.0
Cd(II) 7.3 7.0
Pb(II) 6.2 7.0

BxmR Efflux/Seq'n Zn/Cd/Cu/Ag ArsR O. brevis Zn(II) 13.0d 6.3 [135]
Cu(I) 7.6e 6.3

AdcR Uptake Zn MarR S. pneumoniae Zn(II) 12.1f 8.0 [15]
10.0f 6.0

Co(II) 6.8 8.0
5.4 6.0

Mn(II) 5.1 8.0
CueR Efflux Cu MerR E. coli Cu(I) 20.7 8.0 [43,136]

Au(I) 34.7 7.7
CsoRBS Efflux Cu CsoR B. subtilis Zn(II) 8.2 6.5 [45]

Cu(I) ≥19.0 6.5
Ni(II) 9.5 6.5
Co(II) ≤5.0 6.5

CsoRMT Efflux Cu M. tuberculosis Cu(I) 18.0 7.0 [44]
CsoRSA Efflux Cu S. aureus Cu(I) 18.1 7.0 [46]
CupR Efflux Au MerR R. metallidurans Au(I) 34.1 7.7 [136]

Cu(I) 16.1, 18.2 7.7
NikREC Uptake Ni NikR E. coli Zn(II) N12.0 7.6 [52]

Cu(II) 16.9 7.6
Ni(II) 12.0 7.6
Co(II) 8.7 7.6
Cd(II) N9.0 7.6

NikRHP Uptake Ni NikR H. pylori Ni(II) 11.5 7.6 [137]
8.8 5.8

NmtR Efflux Ni/Co ArsR M. tuberculosis Zn(II) ≥9.0 7.0 [29]
Ni(II) 10.0 7.0 g

Co(II) 5.9 7.0 [29]
RcnR Efflux Ni/Co CsoR E. coli Ni(II) N7.6 7.0 [54]

Co(II) N8.3 7.0
Fur Uptake Fe Fur E. coli Zn(II) 5.9 7.0 [47]

Co(II) 6.8 7.0
Fe(II) 5.9 7.0
Mn(II) 4.6 7.0

MntR Uptake Mn DtxR B. subtilis Zn(II) 7.9 7.2 [64]
Ni(II) 5.7 7.2
Co(II) 5.3 7.2
Mn(II) 3.8h 7.2
Cd(II) 7.0 7.2

a Indicated regulator controls the transcription of genes encoding proteins involved in metal uptake into the cytoplasm (uptake), extrusion from the cytoplasm (efflux), and of
intracellular sequestration by metallothioneins (seq'n). The metal and log KMe in bold text represent cognate metal(s) for the indicated regulator.

b First of two binding sites (KZn1) on the dimer (see text for details).
c α5 site affinity.
d α5 site affinity.
e α3N site average affinity for each of two bound Cu(I) ions bound in a Cu2 cluster.
f Highest affinity regulatory site; lower affinity sites not shown.
g H. Reyes-Caballero, D. Giedroc, manuscript in preparation.
h Determined by EPR spectroscopy. B. anthracis AntR (an MntR homolog), log KMn=4.2 determined using EPR spectroscopy [133].
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means an additional d-electron has been added. Soft metals prefer soft
ligands, with the trend in polarizability decreasing from Cys to His/
Met to Asp/Glu.

These trends in metal-ligand polarizabilities from small molecule
coordination chemistry are largely recapitulated in metal ligand
donor sets in metal sensor proteins. This has been most extensively
established in the ArsR/SmtB (or ArsR) family of metalloregulatory
proteins, widely represented across bacterial species [14,57,58]. ArsR
family proteins regulate the expression of genes that encode for
proteins responsible for metal ion detoxification, sequestration and
cytoplasmic efflux, as well as many other processes not yet
characterized [58]. The metalloregulators of this family have collec-
tively evolved an impressive range of regulatory metal binding sites
on a relatively unchanging protein scaffold with clearly distinct metal
specificities [12]. Soft metal ion sensors from the ArsR family, such as
Cd(II)/Pb(II) sensor S. aureus CadC, the Cd(II)/Pb(II) sensor M.
tuberculosis CmtR, As(III)/Sb(III) sensor E. coli ArsR, and Cu(I)
sensor Oscillatoria brevis BxmR, all harbor metal regulatory sites that
are rich in cysteine residues. In contrast, the Zn(II)/Co(II) sensor
Staphylococcus aureus CzrA [63] and the Ni(II)/Co(II) M. tuberculosis
sensor NmtR bind the metal with more electronegative and less
polarizable “hard” donor ligands including glutamate and aspartate
residues (Fig. 3).

B. subtilis MntR is a Mn(II)-dependent repressor of the transcrip-
tion ofmntABCDwhich encodes a high affinity Mn(II) importer. MntR
binds Mn(II) weakly with KMn in the order of 105 M−1 [64] (Table 1),



Fig. 3. Native metal coordination geometries for selected bacterial metalloregulatory proteins. A colored sphere represent the metal ion unless is otherwise indicated. (a) E. coli CueR,
Cu(I) linear (PDB ID:1Q05), (b) M. tuberculosis CsoR, trigonal Cu(I) (PDB ID: 2HH7), (c) B. subtilis MntR, penta-coordinate dinuclear Mn(II), H2O molecules are represented as cyan
spheres (PDB ID: 1ON1), (d) E. coli ZntR, tetrahedral dinuclear Zn(II) (PDB ID: 1Q08), (e) E. coli NikR, square planar Ni(II) (PDB ID: 2HZV), (f) S. elongatus PC7942 SmtB, Zn(II)
tetrahedral (PDB ID: 1R22). Graphical representation was created using PyMol [139].
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yet is Mn(II)-specific among first-row transition metal ions in vivo
[65]. Structurally MntR is similar to the Fe(II) sensor DtxR/IdeR
[66,67], but is a stable dimer that binds one to two metal ions per
subunit depending on solution conditions [68]. Among non-cognate
metals, Cd(II) activates MntR in vitro to the same or greater degree
while Zn(II), Ni(II), Fe(II), and Cu(II), activate DNA binding with low
efficacy [69]. A similar metal specificity profile characterizes DtxR-like
family repressors PsaR and ScaR from Streptococcus spp. [24,70].
Selective allosteric switching by Mn(II) over Fe(II) appears to be
largely based on ligand preferences of Mn(II) vs. Fe(II) [71]. The metal
regulatory sites in MntR and DtxR/IdeR are structurally equivalent yet
differ in the nature of the coordinating ligands. Here, the thioether
sulfur of Met10 in the α1 helix and thiolate sulfur of Cys102 in the
regulatory domain found in the Fe(II) selective repressor DtxR/IdeR
are replaced by Asp8 and Glu99, respectively, in Mn(II)-specific MntR
[71]. Inspection of the structural database confirms that nature selects
against coordination of Mn(II) by cysteine [72] in contrast to the well
known propensity of Fe(II) to form iron–sulfur clusters of varying
nuclearities [71]. On the other hand, Mn(II) selects against Zn(II) on
the basis of distinct coordination geometries of each, since the
tetrahedral coordination of Zn(II) differs from the native more highly
coordinated hexa- or heptavalent coordination geometry observed for
Mn(II) and Cd(II), respectively [64,73].

The S. aureus Zn(II) metalloregulator CzrA of the ArsR family
represses the transcription of the cation diffusion facilitator (CDF)
CzrB in the absence of metal stress [14]. CzrA is denoted an “α5” ArsR
family sensor as it binds Zn(II) with negative homotropic cooperativity
at two regulatory sites positioned between the pair of α5 helices at the
dimer interface with step-wise binding affinities KZn1 and KZn2 of
≈1012 M−1 and ≈1010 M−1, respectively, at pH 7.0 (Table 1) [63,74].
Functional characterization of metal ligands in the α5 helix shows a
tolerance for variation at some liganding positions, while other metal
ligands are absolutely essential for allosteric regulation of DNA binding
[63]. In contrast, the mutagenesis of any of the α5 ligands in the
homologous Ni(II)/Co(II) sensor M. tuberculosis NmtR abrogates
allosteric inhibition of DNA binding (H. Reyes-Caballero and D. Giedroc,
manuscript in preparation). NmtR binds Ni(II) in an octahedral
coordination geometry, but shares an analogous core of fourα5 ligands
with CzrA [75].

Comparative structural and spectroscopic studies of CzrA and the
related zinc sensor, Synechococcus SmtB with NmtR reveal a key aspect
of regulation by “α5” ArsR family sensors. These studies establish that
Zn(II) binds in a tetrahedral or distorted tetrahedral coordination
geometry to CzrA and SmtB [63,76] while Ni(II) binds to NmtR in an
octahedral coordination geometry [75]. These coordination geometries
parallel the natural preferences of each metal [77–80]. However, a non-
cognatemetal ionwill oftenbind to the same site in suchaway to force a
new non-native coordination geometry, consistent with intrinsic
preferences of the non-cognate metal [75]. However, formation of a
non-native coordination geometry always results in a weaker or
abrogated allosteric response, relative to the cognate metal, and thus a
poorer ability to sense these metals in the cell. For example, in the
functional analysis of the α5 metal ligand chelate of CzrA, only those
substitutions that preserved a native tetrahedral Zn(II) coordination
geometry were capable of allosteric regulation of DNA binding in vitro
and could adopt an allosterically inhibited conformational state,
irrespective of KZn [63]. These findings on CzrA support the hypothesis
that the structure of the first coordination shell around the cognate
metal is a major determinant of biological specificity [63].

Detailed studies with other regulators are largely consistent with
this hypothesis. The M. tuberculosis Cu(I) dependent repressor, CsoRMT

is a founding member of a large family of bacterial regulatory proteins
[46,54,81]. M. tuberculosis CsoR controls the expression of ctpV, a gene
that encodes a predicted copper ATPase that effluxes Cu(I) from the
cytoplasm [81]. CsoR binds to Cu(I) with an association equilibrium
constant in the order of 1018 M−1 [44,45]. CsoRs from Bacillus subtilis
(CsoRBS) and S. aureus (CsoRSA) are homologous to CsoRMT and each
adopts a S2Ncoordination complex that is structurally identical to thatof
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CsoRMT [45,46] (Fig. 3). CsoRBS also binds Zn(II) andNi(II) tightly inwhat
appear to be non-native tetrahedral and square planar geometries,
respectively, but these metals are quantitatively less capable than
trigonal Cu(I) of driving dissociation of CsoRBS from the DNA operator
[45]. In contrast, the CsoR-family Ni(II) efflux regulator E. coli RcnR [12]
adopts an octahedral coordination geometry upon binding cognate
metals Ni(II) and Co(II) by recruiting additional metal ligands from the
N-terminal region that are not found in the copper sensor CsoR; this
results in an S(N/O)5 coordination sphere [54]. The metal specificity of
CsoR and RcnR for Cu(I) or Ni(II) is therefore dictated by the
coordination geometry which may or may not track with metal affinity
[82], analogous to the conclusions reached with the ArsR family of
regulators.

Full repressionby theNi(II) sensor E. coliNikR is also observed in vivo
only when cognate metal Ni(II) binds in a square planar coordination
geometry to the C-terminal regulatory sites. Cu(II) forms a complex that
is isostructural with that of Ni(II), but will not be regulatory in vivo due
to the vanishingly small concentrations of Cu(II) expected to be present
in the reducing bacterial cytoplasm (see Fig. 2) [54]. However, a clearly
non-native coordination geometry is adopted by all other non-
repressing metals; Zn(II) adopts a tetrahedral coordination geometry
and Co(II) an octahedral complex. As expected, both metals poorly
activate DNA operator binding by NikR [50,55,83,84].

This close correspondence of functional metal selectivity and
coordination geometry also characterizes other classes of metalloregu-
latory proteins, including the transcriptional activators of the MerR
family from E. coli, CueR and ZntR. In MerR family proteins, metal ions
typically bind to a C-terminal loop which is packed against the N-
terminalDNAbindingdomain. CueRbindsCu(I) in a characteristic linear
Cu(I) bis-thiolato coordination geometry [85], a coordination structure
also observed for CueR in complex with Ag(I) and Au(I) [43] (Fig. 3). In
contrast, Zn(II) binds to ZntR to form a phosphate-bridged binuclear
Zn(II) center, with each Zn(II) ion adopting a tetrahedral coordination
geometry [43] (Fig. 3). Finally, the Fur family Ni(II) sensor Nur [86] has
been proposed to discriminate against other metals by harboring an
octahedral coordination site not found in other Fur family repressors,
with an additional site analogous to the regulatory Fe(II) binding sites in
the Fe(II)-specific regulator, Fur [87]. In contrast, the regulatory site(s)
in the Zn(II)-specific Fur family regulator, Zur, clearly adopt four-
coordinate tetrahedral complexes [60,88], fully consistent with nearly
all other Zn(II) regulators, with the exception of AdcR [15]. In no case,
Fig. 4. Illustration of a potential hydrogen bonding pathway in CzrA that links the metal bin
bound to DNAwith key residues highlighted [89] The blue arrow defines the distance (≈10 Å
in the allosterically inhibited Zn2-bound state (see panel b). (b) Two hydrogen bonds are pro
helix [91]. (c)

15
N–

1
H correlation for the HNε2 group of H97 observed in a simple

15
N–

1
H HSQ

inhibited metal-bound state, consistent with a hydrogen bonding interaction. This correlati
regulating DNA binding upon Zn(II) binding [63], and is lost in apo-CzrA [91].
however, have systematic quantitative studies been carriedout to assess
the degree to which the coordination geometry of the cognate or
regulatory metal differs from that of a non-cognate metal in allosteric
activation of DNA binding.

4. Allosteric signal propagation

The studies summarizedaboveestablish that the structureof thefirst
coordination shell adopted by cognate vs. non-cognate metal ions is a
major determinant for biological metal specificity. Recent structural
studies are beginning to reveal how formation of a native coordination
geometry is tied to structural changes in a repressor [89,90]. Early
crystallographic structures of the apo- andZn(II) formsof Synechococcus
SmtB and S. aureus CzrA provided the first insights into a possible
structural coupling mechanism [91]. Two hydrogen bonds appeared to
form a pathway that connected the α5 metal center and the α4 DNA
recognition helix on the opposite protomer through the αR′–β1 loop
upon metal binding (Fig. 4). The non-chelating nitrogen (Nε2) of the
essential ligand His117 (H97 in CzrA) forms a key second coordination
shell hydrogen bond and is therefore predicted to be responsible for
triggering the allosteric response upon Zn(II) binding [91]. Support for
this model came from the observation of an intense Nε2–Hε2
correlation from His117 in the

1
H–

15
N HSQC spectrum, which is lost

uponmetal dissociation [91] (Fig. 4). Analogous observations are found
for His97 in the related Zn(II) sensor CzrA [91,92] (Fig. 4).

Semisynthetic native chemical ligation is currently being used to
directly test this allosteric coupling model in CzrA by site-specifically
incorporating unnatural His97 analogs designed to maintain an Nδ1\Zn
(II) coordination bond, but lack the ability to donate a hydrogen bond on
the other side of the imidazole ring (Z. Ma., Y. Fu and D. Giedroc, ma-
nuscript in preparation) (see Fig. 4(b)). Such an approach was recently
employed on the Cu(I) sensor M. tuberculosis CsoR in which it was
established that the nonliganding Nε2 face of His61mediates a hydrogen
bonding network to Tyr35′ and Glu81 across the subunit interface to
stabilize the low DNA binding affinity of the tetramer [44]. Although the
precise structuralmechanismof Cu(I) regulation inCsoR is not completely
understood, these second coordination shell interactions seem to be
required for allosterically coupling cognate metal binding and DNA
binding sites. Theneutral chargeof thehistidine sidechainatphysiological
pH and the frequency of events of this kind found in structural databases
[93,94] reveal that nature exploits a recurring mechanism to enable
ding and DNA binding sites. (a) Ribbon representation of the solution structure of CzrA
) between the L68′ and H97 on opposite protomers that are proposed to hydrogen bond
posed to link the NHε2 of His97 with the main chain C_O of L63′ in the DNA binding αR
C spectrum of Zn2–CzrA, indicative of slow exchange with solvent in the allosterically

on is found in all first coordination shell mutants of CzrA that are capable of negatively
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allosteric signal propagation in metal sensor proteins. Current efforts are
underway to identify other allosteric residues in CzrA.

The mechanism of activation of DNA binding by Fur family
transcriptional repressors is based largely on studies of the hydrogen
peroxide sensor PerR, which employs an iron chelate to sense oxidative
stress in B. subtilis. Here, the metal ligand His37 from the N-terminal
winged helix DNA binding domain effectively couples the N-terminal
and C-terminal domain which stabilizes a “closed” Fe(II)-bound
conformation that activates binding of PerR to operator sites upstream
of oxidative stress sensing genes (Fig. 4) [95].Mechanistically, PerR uses
an open coordination site on Fe(II) to bind H2O2, which results in
oxidation of Fe(II) to Fe(III) and creating OH• which in turn leads to
oxidation of two metal liganding histidines, His37 and His91, to 2-oxo-
histidine [96]. This is thought to lower the affinity of PerR for Fe(III),
allowing for metal dissociation, and triggering a quaternary structural
change leading to an “open” apo-like structure of lower DNA binding
affinity, as predicted by the crystal structure of inactivated (apo) PerR
(Fig. 5) [95,97,98]. All ligands in the regulatory site are essential for
peroxide sensing in vivo, but each plays a distinct function. His37
appears to function in a key allosteric role, but this time via ligand
oxidation andperturbation of thefirst coordination shell; this effectively
uncouples the DNA binding domain from the regulatory domain. His91,
on the other hand, is predicted to play an important role in stabilizing
the Fe(II) complex; oxidation therefore simply increases dissociation of
the metal, which drives “open” the molecule [99,100] (Fig. 5).

Other Fur family repressors bindmetal ions to activate DNA binding
to Fur-boxes upstream of genes that often encode for metal ion uptake
systems [101]. In the available structures of Fur homologs that are
activated to bind DNA by divalent metal ions, e.g.. zinc-sensing
M. tuberculosis and S. coelicolor Zur [60,88,102], Pseudomonas aeurogi-
nosa, Vibrio cholerae andH. pylori Fe(II) sensors Fur [72,103,104] and the
Ni(II) sensor S. coelicolorNur [86], all possessmetal binding sites that are
structurally analogous to the Fe(II) site in PerR. Inmost of these cases, it
has been hypothesized that coordination of metal ions anchored by a
conserved pair of His residues analogous toHis37 andHis91 in B. subtilis
PerR stabilizes a “closed” conformation that is competent to bind
operator DNA [72,95] (Fig. 5).

5. Thermodynamics of allosteric regulation by metals

An emerging topic in the study of allosteric regulation in metal
sensor proteins is the measurement of the energetics and conforma-
Fig. 5. The first coordination shell of a liganding histidine as an allosteric trigger in moving
structure shows two metal binding sites occupied by Mn(II) (blue) and Zn(II) (magenta). M
ligands H37 and H91 and in the Fe(II) complex, an open coordination site that accommodate
essential for structural integrity of the dimer [99].
tional dynamics that underlie the mechanism of metal activation or
inhibition of DNA operator binding. These studies are motivated in part
by a lack of a dramatic structural change observedwhen comparing the
metal-bound vs. metal-free crystal structures of ArsR/SmtB sensors, for
example Ref. [91]. This picture differs dramatically from the large
conformational change in PerR and perhaps other Fur family regulators
as well as in NikR [90] discussed above (see Fig. 5). In MerR family
activators, there is little understanding of this process due to incomplete
structural characterization of all relevant allosteric states, e.g., apo-,
ligand-bound, DNA-bound ligand activated, within a single MerR
regulator [33,43]. Indeed, accumulating evidence suggests that allosteric
proteins can clearly function in the absence of large structural changes,
mediated insteadby changes in conformational dynamics, e.g., stiffening
or enhanced mobility, that can be detected by residue-specific NMR
methods (see Section 5) or globally through thermodynamic methods
[105–107].

Although biological systems are open systems that operate far
from equilibrium [108], the study of metalloregulatory proteins in
equilibrium with its two ligands, DNA operator and metal ion,
represents a powerful tool that has enabled the discovery of many
fundamental aspects of metalloregulation [13,74]. This coupled
equilibrium can be cast in terms of a simple thermodynamic cycle
(Figs. 1 and 6) [13]. The magnitude of the thermodynamic linkage,
ΔGt

C, defines the efficacy of the allosteric ligand (metal) to activate or
inhibit DNA operator binding. Such a formalism facilitates quantita-
tive comparisons of different metal sensor proteins with different
metal ions, but more importantly provides a thermodynamic
construct with which to identify key residues that are involved in
the allosteric switching mechanism, independent of their effect on
binding affinity for either ligand [13,44,109].

Isothermal titration calorimetry (ITC) has recently been used to mea-
sure a complete set of thermodynamic parameters for the binding of Zn
(II) toCzrAhomodimer in the free formand in theprotein-DNAcomplex.
This approach has allowed extraction of the homotropic coupling free
energieswithin the two states andultimately the step-wise heterotropic
coupling free energies, ΔGc

i (Fig. 6) [74]. The Zn(II) binding isotherms
were readily fit to a two-step binding model where the energetics
associated with formation of the Zn1–CzrA and Zn2–CzrA complexes
could bemeasured in the free and the DNA bound complex (top, bottom
horizontal equilibria, Fig. 6). The binding of the first Zn(II) to the
apoprotein dimer is entropically driven (−TΔS1=−16.6 kcal mol−1),
with a small opposing enthalpy term (ΔH1=0.06 kcal mol−1) [74].
from the (a) “closed” PerRMnZn (3F89) and (b)“open” apo–Zn (2FE3) structures. The
n(II) binds to the regulatory site in a distorted square pyramidal geometry involving
H2O2. Zn(II) binds to a thiolate rich site that plays no role in the catalysis [95,96], but is
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Fig. 6. Global energetics of the step-wise coupled equilibrium that describes the allosteric
effect of Zn(II) binding to CzrA free in solution and when bound to DNA. Thermodynamic
parameters determined by isothermal titration calorimetry (ITC) are shown [74] at pH7.0,
0.4 M NaCl, 25.0 °C. This is an expanded thermodynamic linkage scheme relative to that
outlined in Fig. 1. CzrO, czr DNA operator. K1, K2, K5 and K6 are KZn

i from each step in the
equilbrium where ΔGi=−RTlnKZn

i . Allosteric (heterotropic) coupling free energies, ΔGc
i

are obtained as follows: ΔGc
1=ΔG5−ΔG1 (defined by the yellow box); ΔGc

2=ΔG6−ΔG2

(defined by the green box); ΔGc
t=(ΔG5+ΔG6)−(ΔG1+ΔG2)=ΔGc

1+ΔGc
2=ΔG4−ΔG3

(overall linkage). See text for other details. Adapted from Ref. [74]
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Structurally, this Zn1 state is characterized by a loss of symmetry
detectable in an

1
H–

15
N HSQC spectrum, representing a superposition of

apo and metallated protomer states, consistent with strong negative
cooperativity of metal binding [63,110]. The magnitude of the heat
capacity change (ΔCp1≈−230 cal mol K−1)may be reporting on solvent
reorganization as a result of restructuring the dimer interface [74]. In
striking contrast, binding of the secondZn(II) to Zn1–CzrA is entropically
less favorable by ≈5 kcal mol−1 (−TΔS2=−11.9 kcal mol−1) relative
to the first (Fig. 6). This is thought to be the energetic origin of negative
homotropic cooperativity of Zn(II) binding to the dimer, where the
second site globally quenches the short timescale dynamics [74].

These thermodynamics of Zn(II) binding contrast sharply with
those obtainedwith the repressing apo–CzrA–DNA complex. Here, the
entropic penalty for the binding of the second Zn(II) relative to the
first is far smaller (Δ(−TΔS)′=0.6 kcal mol−1) suggesting that the
Zn2–CzrA–DNA complex is far more dynamic than unbound Zn2 CzrA
[74]. Parallel differences are observed in the sign andmagnitude of the
enthalpy term, which while overall favorable in the unbound state, is
unfavorable or near zero (ΔH2′–ΔH1′≈0.7 kcal mol−1) in the DNA
complex; this is consistent with the greatly reduced Δ(−TΔS′). Thus,
althoughmetal binding to the protein–DNA complex is also negatively
cooperative (ΔΔG=1.3 kcal mol−1), the underlying energetics are
completely different. This in turn drives strong negative allosteric
(heterotropic) cooperativity in this system, ΔGc

t , which is sizable at
6.3 kcal mol−1. In experiments that employed a covalently fused CzrA
dimer, the intermediate Zn1–CzrA state shows metal dependent
inhibition of DNA binding in vitro to 70% of the fully metallated Zn2-
state [110]. In contrast, the stepwise coupling free energies, ΔGc1 and
ΔGc2, were found to make approximately equal contributions to ΔGc

t

[74] (Fig. 6). The origin of this discrepancy is unknown but it may lie in
the covalent coupling of the C-terminus of one protomer to the N-
terminus of the other, since the linker length was found to have a
profound influence on the stoichiometry and cooperativity of Zn(II)
binding to various fused CzrAs [110].

It is interesting to note that studies like these have the potential to
systematically access all four allosteric “end-states,” including the
ternary CzrA–Zn2–DNA complex (P•Me2•D in Fig. 1) [111]. This
complex is likely a transiently formed intermediate in the cell since
Zn(II) binding by the repressing CzrA–DNA complex will quickly lead
to disassembly of the complex. As might be expected, qualitative
inspection of the

1
H–

15
N TROSY spectrum of this intermediate reveals
that CzrA adopts a “hybrid” conformation as it attempts to optimize
interactions with both metal and DNA ligands (A. Arunkumar and D.
Giedroc, unpublished results). There are a number of residues for
which backbone amide and side chain methyl chemical shifts are
distinguishable in the CzrA–Zn2–DNA complex relative to the apo–
CzrA–DNA and allosterically inhibited Zn2 states. These residues are
strong candidates for playing a key role in structural coupling
between metal and DNA binding sites [111], which may buttress the
hydrogen bonding pathway shown (Fig. 4). In any case, when NMR
studies like these are combined with a multiple sequence alignment
of ArsR family regulators of known distinct metal binding sites
[14,58], this approach can be used to identify candidate residues for
substitution and quantification of ΔGc [63,74].
6. Conformational dynamics in allosteric regulation by metals

These global thermodynamics are in general consistentwith insights
gleaned from residue-specific conformational dynamics, readily mea-
sured by a variety of NMR approaches. For example, the fullymetallated
Zn2 state of CzrA, relative to apo–CzrA, reveals that Zn(II) binding
rigidifies the quaternary structure of the molecule [89,91]. The rate of
hydrogen-deuterium solvent exchange of backbone amides is globally
quenched [91] and investigation of the short timescale (ps–ns)
dynamics and qualitative insights into intermediate (μs) timescale
dynamics using the same methods are consistent with dynamical
quenchingof not only theα5 andα1helical core that comprisesmuchof
the dimer interface, but also into the more peripheral α4 (DNA
recognition) helices (Fig. 7). The β-hairpin is structurally unaffected,
which is conformationally dynamic in both apo and metallated states
[89].

This picture of the allosterically inhibited Zn2 state contrasts
sharply with that of repressing apo–CzrA–DNA complex relative to
same apo–CzrA reference state [89]. Here, the expected stabilization
of the protein–DNA interfacial region is observed; however, the metal
binding sites in the α5 helix become highly mobile as evidenced by
rapid H–D exchange rates and increases in backbone dynamical
disorder in the ns to ps time scale, which are small but extend into the
core of the protein [89]. These dynamical findings are consistent with
the solution structure of the DNA-bound CzrA. This structure reveals
that while the global fold of each protomer is unchanged relative to
apo–CzrA, the quaternary structure differs dramatically, with the DNA
recognition helices (α4) directed away from the core and pointing in a
direction that allows for favorable contacts with successive major
grooves of the DNA operator (see Fig. 4(a)). In order for this to occur,
the α5 helices pull apart from one another and expose the core of the
dimer, thus strongly enhancing conformational mobility in the
allosteric sites. Enhanced dynamics in this region may well increase
the kinetics of metal association and thus drive subsequent dissoci-
ation of the Zn(II)-bound repressor from the DNA [112].

Although studies of the conformational dynamics have only been
reported for a few other metal sensor proteins [113,114], functionally
important stabilization of the native structure upon binding metals
may be a recurring theme. This can result from metal binding to a
structural site that plays no direct role in regulation or to the
regulatory site(s) directly, similar to that which occurs in CzrA. For
example inH. pylori FurHP [19,115–119], Zn(II) binds to a tetrathiolate,
distorted tetrahedral site found in a C-terminal regulatory domain
involving two C-terminal Cys residues that are necessary to stabilize
the dimer, but play no direct role in metalloregulation [120]. Hence,
formation of this structural site is a necessary prerequisite of metal
binding to the regulatory sites [120]. This S4 structural site is found in
many, e.g., Zur [60,88], Nur [86] and PerR [95], but not all Fur family
sensors. Some Fur family dimers contain a third pair of “secondary”
metal binding sites, whose coordination structure and function seems
to vary from the one to another regulator [34,40,60,88,104,121].
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Fig. 7. Zinc binds to apo–CzrA homodimer and quenches the conformational dynamics in the core α5, α1 helical regions but also in more peripheral DNA-binding αR helices of the
molecule [89]. Spacefilling models of Zn2 CzrA are shown (left, α5 helices on top; right, view from the DNA-binding interface) with residues shaded according to a specific change in
dynamics relative to apo–CzrA. Blue, residues for which the order parameter S2 increases (≥0.02); purple, residues for which significant chemical exchange broadening (Rex) is lost
on Zn(II) binding; beige, residues for which Rex becomes measurable upon Zn(II) binding; yellow, residues for which S2 decreases on Zn(II) binding. This picture is consistent with
significant quenching of the conformational dynamics (indicated by blue, purple residues) far from the allosteric zinc binding sites, relative to those residues which increase their
motional disorder (beige, yellow); these may define “hinge” regions in the allosterically inhibited Zn(II) conformational ensemble [90].
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Similarly, DtxR/IdeR regulators often requiremetal occupancy ofwhat
is thought to be a secondary structural site that stabilizes the quaternary
structure by increasing the stability of the dimer [70,122–124]. This may
be a necessary prerequisite for a second metal to bind to the pair of
regulatory sites in the dimer [125]. In the ArsR/SmtB family, the α5
metal site that plays a regulatory role in CzrA (see Fig. 4) and in SmtB
[126] is also present in many (but not all) Cd(II)/Pb(II) sensing CadCs
but plays no role in regulation; itmay stabilize thedimer and function as
a necessary prerequisite for Cd(II) regulation in the more peripheral
α3N sensing sites [127,128]. In E. coliNikR, the binding of cognatemetal
to the C-terminal domain nucleates a hydrogen bonding network that
likely stabilizes the native structure against thermal denaturation; in
contrast, non-cognatemetals that adopt distinct coordination structures
do not [49,52,129]. Structural stabilization of NikR allows formation of a
pair of lower affinityNi(II) sites that are essential for full activationofnik
operator binding [56].

The crystallographic structures of Corynebacterium diphtheriaeDtxR,
M. tuberculosis IdeR and B. subtilis MntR in the metal-free and
allosterically activated,metal-bound states reveal only small differences
that bring the pair of DNA binding domains into a more “closed”
conformation which is thought to directly stabilize protein–DNA
interactions [73,125,130–132]. An alternative interpretation of these
small structural changes is that the binding of activating metals
functions largely to quench conformational dynamics which “locks in”
a high DNA-binding affinity conformation. Hydrogen–deuterium
exchange mass spectrometry carried out with Mn(II)-MntR [114] and
EPR spectroscopyof the structural homologBacillus anthracisAntR [113]
are generally consistent with this picture. In AntR, the DNA binding
domain is characterized by an ensemble of different conformational
states in rapid exchange on the ns timescale that are narrowed by non-
cognate Zn(II) binding [113,133]. The degree to which cognate metal
Mn(II) narrows the distribution relative to Zn(II) is unknown but of
interest since Zn(II) is a poor activator of operator binding byMntR and
other MntR-like repressors including S. pneumoniae MntR and PsaR
[23,24] and Streptococcus gordonii ScaR [70]. A subject of ongoing work
in our laboratory is to determine the degree to which allosteric
inhibition and activation may possess a common origin in globally
“stiffening” or rigidifying the metal-bound conformation [89].

7. Concluding remarks

In this review, we discuss three emerging themes that are predicted
to govern intracellular metal selectivity of bacterial transition metal
homeostasis: 1)metal sensor specificity for one or a few closely related
metals from different structural families seems to exhibit characteristic
trends in metal affinity when measured under similar solution
conditions. It is these affinities that may well govern the intracellular
sensitivity of these allosteric switches in the cell, thus establishing the
limits of the “buffered” concentration of metal, beyond whichmediates
a transcriptional response. Cu(I) and Zn(II) are highly competitive
metals and thus their bioavailability is tightly controlled intracellularly
by the mechanisms discussed here. 2) Cognate metal complexes in
metal sensor proteins are characterized by a coordination geometry that
optimizes subsequent noncovalent interactions that drive a structural or
dynamical change in the oligomer that leads to allosteric signal
propagation. This sometimes occurs through the “second” coordination
shell of the inducing metal complex. 3) Allosteric switching by metal
sensor proteins involves changes in structure and/or dynamics driven
by cognate metal binding and to a far lesser extent, by non-cognate
metal binding. Future challenges are to determine the degree to these
rules derived from a detailed analysis of only a few systems that
characterize other metal sensor proteins, and how nature re-engineers
an existing allosteric metal site and evolves the ability to respond to
other stresses, namely oxidative and nitrosative stress. How multiple
parallel pathways of transition metal homeostasis and oxidative stress
resistance intersect in the cell is also an important topic. Careful
investigations of the quantitative biology of these fascinating allosteric
proteinswill continue to provide new insights into the perturbation and
adaptability of the metallome in cells.
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