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ABSTRACT: Transition metals function as structural and catalytic cofactors for a large
diversity of proteins and enzymes that collectively comprise the metalloproteome.
Metallostasis considers all cellular processes, notably metal sensing, metalloproteome
remodeling, and trafficking (or allocation) of metals that collectively ensure the functional
integrity and adaptability of the metalloproteome. Bacteria employ both protein and RNA-
based mechanisms that sense intracellular transition metal bioavailability and orchestrate
systems-level outputs that maintain metallostasis. In this review, we contextualize
metallostasis by briefly discussing the metalloproteome and specialized roles that metals
play in biology. We then offer a comprehensive perspective on the diversity of
metalloregulatory proteins and metal-sensing riboswitches, defining general principles
within each sensor superfamily that capture how specificity is encoded in the sequence, and how selectivity can be leveraged in
downstream synthetic biology and biotechnology applications. This is followed by a discussion of recent work that highlights
selected metalloregulatory outputs, including metalloproteome remodeling and metal allocation by metallochaperones to both client
proteins and compartments. We close by briefly discussing places where more work is needed to fill in gaps in our understanding of

metallostasis.
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Figure 1. Metallostasis (blue) is a subdomain of the proteostasis network (black) that is integrated into the synthesis-folding-degradation paradigm.
Metallosensors function at the apex of the metallostasis network and sense cellular bioavailable metal. This results in the regulation of the genes that
encode components of the network, and includes proteins involved in metal transport, storage and allocation, and as enzyme paralogs (not shown
here). The adaptive response to metal overload or starvation collectively mediated by the metallostasis network enforces an appropriate free energy of
metalation (AAG) of the metalloproteome, thereby maintaining its functional integrity.
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1. INTRODUCTION

1.1. Metallostasis

All cells, whether free-living in a particular microenvironment, or
part of community of cells in a tissue or a microbial biofilm, must
acquire metal ions from the extracellular milieu, bring them
across a lipid bilayer and put them to use. Metals generally
function as metallocofactors in enzymes that are required to
catalyze an enormous diversity of chemical transformations at
rates and efficiencies compatible with cellular needs, while also
responsive to prevailing metabolic conditions. These metal-
loproteins, ranging from proteins that use a metal as an
enzymatic cofactor to structural metals that stabilize the protein
fold, play many roles in biological systems." Approximately one-
third to 40% of a typical proteome is a metalloprotein,” and cells
must ensure that the metalloproteome is metalated with
integrity, defined by binding of the cognate or native metal
under all growth conditions, yet is sufficiently plastic or
adaptable, so as to effectively respond to metal limitation
while avoiding metal toxicity.’

Metallostasis is the cellular homeostasis of metal ions and
encompasses all processes that ultimately impact the status or
integrity of the metalloproteome. Metallostasis integrates all
mechanisms that ensure proper metalation, including those that
function at the transcriptional level, mediated by protein- and
RNA-based metallosensors, cotranslationally during protein
synthesis, or post-translationally, where metal is inserted into a
folded apoprotein (Figure 1). Metallostasis is analogous to, and
a subdomain of, proteostasis or protein homeostasis, defined as
the dynamic regulation of a balanced and functional proteome
(Figure 1). While proteostasis is governed by a “network” that
collectively controls the biogenesis, folding, trafficking, and
degradation of proteins present within and outside the cell,
metallostasis is likewise controlled by a network of metal
sensing, transport, speciation and ultimately trafficking of these
finite inorganic resources to a specific task (Figure 1).
Metallostasis becomes particularly important under environ-
mental conditions that induce metal limitation or starvation. In
bacteria, the evolution of protein “paralogs” that perform
identical functions in cells, but with distinct inorganic cofactor
requirements or none at all, is a particularly dramatic and
sometimes overlooked example of metabolic and evolutionary
adaptation to bioavailable metals.* Examples of these proteins
can be found particularly in central carbon metabolism that
becomes essential in an infection under these conditions™® and
in DNA synthesis”® and, more generally, nucleic acid
metabolism.”” In humans, nutritional immunity, where host
mechanisms have evolved to limit bacterial pathogen access to
nutrient metals, alongside host-mediated metal intoxication, are
central aspects of the “tug-of-war” between host and pathogen in
infectious disease.'’”"> In addition, dietary metal nutrient
deficiency, metal toxicity or impaired metal transport, trafficking
and allocation caused by a wide range of human genetic
disoggiegi figure prominently in human biology and pathol-

1.2. Scope of this Review

Metallostasis is dedicated to ensuring the structural and
functional integrity of the metalloproteome (Figure 1). We
focus on specific mechanisms discovered from work published
within the last 10 or so years, nearly exclusively in bacteria, as

representative of the diversity of the adaptive responses in these
simple organisms, with reference to eukaryotic mechanisms
when parallels may inform bacterial metallostasis systems. In
each section, we provide historical context for a discussion of the
more recent work that follows, referring the reader to this earlier
work as needed. We begin by briefly discussing the metal-
loproteome and specialized roles that metals play in biology,
with a focus on general principles and specific illustrations of
what constitutes structural, regulatory and catalytic metal sites in
proteins. Metallostasis is tightly orchestrated by upstream
“sentinels”, metallosensors, specialized proteins or RNAs
specific for a cognate metal that detects the bioavailability of
that metal in the cell, and by doing so, control the expression of
genes that encode other players in the metallostasis network
(Figure 1). We discuss these proteins in detail, emphasizing
general concepts that have emerged from comprehensive studies
of these model “allosteric” switches'® and more recent efforts to
employ metallosensors in synthetic biology and biotechnology
applications."” This is followed by a discussion of enzyme
paralogs as a remarkable example of metalloproteome
remodeling, albeit one generally limited to bacteria.” We then
discuss the trafficking of metals to downstream metalloenzyme
targets, contextualizing this discussion around the concept of a
metallochaperone, focusing first on the biogenesis or maturation
of metallocofactors in specific enzymes, followed by moving
metals across a membrane. We close by briefly discussing places
where more work is needed to fill in gaps in our understanding of
metallostasis, and how this new knowledge might be leveraged
to develop new therapeutic strategies to combat infectious
disease.

2. THE METALLOPROTEOME

2.1. Metals in Biology

2.1.1. Overview. The metalloproteome comprises all of
those proteins that bind a specific or cognate metal ion, or in rare
cases a number of closely related metal ions, to execute a well-
defined biological function. These metal ions can function as
structural, regulatory or catalytic cofactors when bound to a
protein through coordinate covalent bonds. In the context of
this Review, we explicitly consider the first-row, late 3d-block
metal ions from manganese (Mn; d° in the 2* oxidation state or
Mn") to zinc (Zn; d'°) and including all the elements between
these two: iron (Fe; d°), cobalt (Co; d”), nickel (Ni; d°) and
copper (Cu; d°) (Figure 2). We limit our discussion to these
metals, since, with the exception of nickel,”’ each plays
important roles in all kingdoms of life and cells are known to
sense and actively regulate their intracellular availability through
the mechanisms we discuss here.”** The reader is referred to
other recent articles, reviews or collections of articles that discuss
biological metals and processes beyond these metals, notably
nitrogenase and the maturation of the molybdenum cofactor
(Moco)™ and other molybdenum-containing enzymes™* in
bacteria,”>*° plants and photosynthetic organisms,””** and
humans,” as well as tungsten and vanadium-cofactored
enzymes.””” In addition, we do not discuss recent exciting
findings on the chemistry and biology of trivalent lantha-
nides’** and associated emerging work on employing the basic
science of rare earth element molecular recognition to develop
robust separations technologies designed for field-deploy-
ment.”® Finally, we do not consider the major metalloid
selenium (Se), which functions in proteins in a twenty-first
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Figure 2. Abbreviated version of the periodic table of the elements
highlighting the biologically important metals. s-block mono- and
divalent metals (dark green); essential d-block metals (light green); d-
block metals that play roles in some forms of life (yellow); chromium
(orange) and the metalloid selenium (light cyan) are also indicated.
The early lanthanides (tan; La) are used by some archaea,®” notably the
methylotrophs, which incorporate Ln into methanol dehydrogenases.
Other elements from both d- and p-blocks are considered xenobiotics
and sensed by metallosensors (light pink) (Section 3). The biologically
relevant metals discussed are from the late 3d-block, from Mn to Zn.*'

amino acid, selenocysteine, with the selenoproteome playing
important roles in both bacteria and eukaryotes.>***

2.1.2. Structural Metal Sites. A structural metal ion
stabilizes the protein fold and might be considered the inorganic
analog of a long-lived disulfide bond that is found in proteins
that reside in, or transit the endoplasmic reticulum in eukaryotic
cells, and fulfills its function in the more oxidizing environment
of the extracellular space. Since the reducing potential of the
cytoplasm of a bacterial cell and the cytosolic compartment of a
plant cell or a eukaryotic cell often precludes the widespread
formation of thermodynamically stable disulfide bonds (see
below), a metal ion like Zn",, which is stable in the 2% oxidation
state and refractory to oxidation—reduction chemistry, can
perform such a function. Structural Zn" coordination sites
typically adopt tetrahedral coordination geometries as classically
observed in zinc finger (ZF) proteins or domains (Figure 3A).
ZF domains typically incorporate cysteine (Cys) thiolate
coordination but can also harbor histidine (His) imidazole
and mono- or bidentate carboxylate donors from aspartate
(Asp) and glutamate (Glu) in these sites. These structural ZF
sites are coordinatively saturated, i.e., they lack a solvent-
accessible or “open” coordination site and are thought to be
kinetically and/or thermodynamically stable, exhibiting very
slow off rates.”™”” A structural Zn" atom nucleates folding
around four metal—liganding residues that are often closely
spaced in the primary structure, which then induces the folding
of a subdomain of a protein, organizing a surface that promotes
protein—protein or protein-nucleic acid (DNA or RNA)
interactions. In the case of a ZF, these are “mini-folds” that
lack a conventional hydrophobic core, and thus do not stably
fold in the absence of metal—ligand bonds. Indeed, ZF proteins
adopt to a wide diversity of folds that differ in the type and
arrangement of metal ligands in the primary structure, e.g,
CCHH, CCCH and CCHC, respectively, suggesting strongly
divergent evolutionary solutions to a common protein folding
problem (Figure 3A-D).

Canonical Cys,His, (CCHH) ZF domains that adopt a fa
structure are nearly always tandemly repeated, “beads on a
string” proteins (Figure 3B) are often nuclear and typically
function by binding to a specific DNA sequence in the promoter
regions of regulated genes, and thus are transcription factors in

Figure 3. Zinc finger protein gallery illustrating the structural diversity
of coordinatively saturated, approximately tetrahedral Zn" complexes
involved in protein—protein and protein-nucleic acid interactions. A)
Cross-brace-like (ring-finger-like) double zinc-finger domain of murine
METAP1 (7SEK);>® B) Zinc-sensing site of the yeast Zaplp,
illustrating a tandem array of canonical Cys,-His, sites (1ZW8);* C)
Tandem array of the two canonical CCHC retroviral-type zinc-fingers
(1AAF);*” D) SARS-CoV-2 nspl3 ring finger domain superficially
related to the METAP1 domain, harboring a third CCHC Zn" binding
domain that is known to coordinate a [4Fe-4S] cluster in solution
(62SL).>®

eukaryotes and all multicellular organisms. The presence of
hundreds of Cys,-His, ZF proteins in eukaryotes is the major
reason why 9—10% of a typical eukaryotic proteome consists of
zinc metallogroteins, while this fraction tends to be only 5—6%
in bacteria.”® It should be emphasized that the extent to which
the structural integrity of these ZF sites, as major contributors to
the zinc metalloproteome, is dictated by the cellular zinc
bioavailability is unknown and remains an exciting and largely
unresolved area of study.”® It is known, however, that the major
zinc-sensing transcription factors in eukaryotic cells, exemplified
by vertebrate MTF-1 and Zaplp in Saccharomyces cerevisiae
(Figure 3B) employ one or more ZF motifs as “sensors” of
cellular zinc status, which results in the regulation of
transcription of genes that encode enzymes that re-establish
zinc homeostasis.” "’

The thermodynamic stability of structural ZF sites should also
not be taken to suggest that they are unreactive. In fact, recent
work reveals that the Cys residues in a canonical RNA-binding
CCCH ZF protein, tristetraprolin (TTP) involved in regulating
inflammation, are subject to persulfidation by hydrogen sulfide
(H,S) and molecular oxygen, which may involve the
intermediacy of hydrogen disulfide radical anion and superoxide
anion, followed by disulfide bond formation and zinc release.”' A
cysteine within a CCHH zinc-finger structure is also known to
react with the signaling molecule, nitric oxide (NO@), in a global
regulatory response to a nitric oxide burst as part of the plant
immune response to infection.*” These findings follow on many
years of work to develop electrophilic molecules, notably
aromatic thioesters, that target the Cys residues in one of the two
retroviral nucleocapsid protein ZF domains of the Gag
polyprotein (Figure 3C), mediating zinc release or “zinc
ejection”, as a promising antiretroviral strategy.43_46 The extent
to which this oxidative chemistry is regulatory in cells during the
course of normal cellular metabolism remains to be explored but
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may be a means to connect the redox stress response to fluxes in
cellular zinc that result from this oxidative chemistry.

Indeed, there is emerging evidence in support of the idea that
what were once assumed to be “structural” zinc sites may be far
richer in bioinorganic redox chemistry than previously imagined.
The presence of four closely clustered metal—liganding Cys
and/or His residues as in canonical ZF proteins, are often simply
assumed to bind Zn" often with little empirical evidence.*’
There is now significant support to suggest that a subset of these
ZF sites do not bind Zn" at all, but instead coordinate either an
[2Fe-2S] or a [4Fe-4S] cluster, some of which are redox-
active.”>° An important early example of this was found in
Cleavage and Polyadenylation Specificity Factor 30 (CPSF30),
which plays a role in mRNA pre-mRNA processing."*" This is
consistent with the general finding that some DNA and RNA
metabolizing modifying enzymes incorporate an Fe—S cluster,
which modulates enzyme activity, and may well mediate long-
range electron transport through the nucleic acid to regulate and
coordinate enzyme activity during DNA replication and repair
processes.48’52"3 Indeed, in recent work, at least two viral
proteins encoded by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), including the RNA-dependent
RNA polymerase (nonstructural protein 12, nsp12) as well as
the nsp13 helicase (Figure 3D), each harbor a redox-active and
labile [4Fe-4S] cluster, that are potential targets for antiviral
therapies.” >

2.1.3. Regulatory Metal Sites. Structural metal sites, like
some of the Fe—S cluster sites described above, can also play
regulatory roles in the absence of metal oxidation or reduction.
These sites are either allosteric, which function “at a distance”
from the active site, or “competitive” with the binding of
substrate or the catalytic chemistry in the active site.
Identification of these regulatory sites relies on some functional
discovery followed by biochemistry, and thus are typically much
more difficult to identify in a complex proteome. A paradigm
example of reversible modulation of enzyme activity by
transition metals is the inhibition of protein tyrosine
phosphatase 1B (PTP1B) by Zn',***° which contrasts sharply
with that of MgH, which is an activator.®’ PTP1B is important
target for the development of a potential therapy for obesity and
insulin resistance. Both Zn" and Mg" compete for the same site
in the active site region of the enzyme, which becomes available
only following formation of the phosphorylated Cys inter-
mediate (Figure 4A). Zn" negatively impacts activation of a
metal-coordinated water molecule that is required for hydrolysis
of the phosphothioester linkage.”’ Zn" binds to PTP1B with a
dissociation equilibrium constant (K;) in the low pM range,
consistent with its physiological impact on this enzyme in cells
(see Section 2.2).

In other cases, the regulatory Zn" coordination site may be at
or very near the protein surface where it functions at a distance as
an allosteric modulator of protein function. These sites are
formally analogous to the metalloregulatory metal sites in
metallosensors (Section 3), except that they reversibly control
enzyme activity. Regulatory sites like these are often difficult to
identify a priori, and are often discovered using crystallographic
methods and working backward using reverse genetic
approaches, toward establishing functional significance, or
through the use of coevolution- or structure-based metal site
prediction algorithms, e.g., MetalNet,"* Metal3D®* and related
approaches,”* " the predictions of which can be tested
experimentally using biochemical methods. These approaches
often rely on the conservation of the metal—ligand residues in

Figure 4. A) Active site of human PTP1B in a representative snapshot
at the end of QM/MM MD simulations, bound to Mg" (left) and Zn"
(right). Residues C21S-phosphate, D181, and water molecules
coordinating the metal are shown as sticks. B) Ribbon diagram of
Klebsiella pneumoniae NDM-1, with Zn" ions shown as black spheres,
bound water shown as a red sphere, and metal-binding side chains
shown as sticks (left). Chemical structure of aspargillomarasmine A
(AMA, right), and inhibitor metallo-f-lactamases. C) Ribbon diagram
of AbPBP2, with the TPase domain colored light blue, linker region
cyan, and head region dark blue. Conserved active site residues and
metal binding residues are shown as sticks including C384, with the
active site serine, S383, labeled. Panel A was reprinted with permission
from J. Am. Chem. Soc. 2018, 140, 4446—4454. Copyright 2018,
American Chemical Society.

the primary structure in a group of closely related enzymes using
pattern-matching, and recent computational methods have been
used to distinguish adventitious from physiologically relevant
sites worthy of detailed study®® as well as distinguish catalytic
from noncatalytic structural sites’® have recently been reported.
The use of neural networks and machine learning approaches
promises to impact the precision and accuracy of these
predictions, which will require experimental validation using
metalloproteomics approaches.®®

2.1.3.1. Regulatory Metal Sites and Nutritional Immunity.
One recent example of the discovery of a new regulatory metal
site using crystallographic approaches is in a periplasmic, high
molecular weight (HMW) penicillin-binding protein, PBP2,
from bacterial nosocomial pathogen, Acinetobacter baumannii.*”
PBP2 is a transpeptidase that is an important component of the
“elongasome” that maintains the rod-shaped morphology of the
bacterium and a major target for the f-lactam antibiotics from
the carbapenem family of antibiotics. These are the same
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Figure S. Copper metalloallostery in vertebrate systems. A) Ribbon diagram of the structure of human PDE3B with the active site a strong candidate
Cu binding site that negatively modulates the activity of the enzyme. B) Excess cellular Cu (pink sphere) impacts the specific activities of a number of
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signal transduction pathways in the various cells. STEAP is a metalloreductase that reduces Cu" to Cu',”” which is transported down a concentration

gradient, picked up by a metallochaperone (MC) and trafficked to various signaling proteins, with distinct biological outcomes.

81,94

antibiotics that are inactivated by bacterially encoded p-
lactamases, including the metallo-f-lactamases (MBLs) that
require Zn" for their hydrolytic activity (Figure 4B). Nutrient
zinc starvation is a key feature of “nutritional immunity”, a
potent antimicrobial strategy employed by the infected host to
keep pathogens from causing infections beyond the initial site of
colonization.'”’°~"* The crystallographic structure of AbPBP2
revealed an unexpected and conserved tetrahedral SNO, Zn"
coordination complex that is just 10 A from the catalytic serine
(Figure 4C). Mutagenesis of any of the metal ligands, notably
the single thiolate ligand, C384 (Figure 4C) disrupts metal
binding, and induces a thermal destabilization on par with metal
removal by EDTA. More importantly, mutant A. baumannii
strains harboring one of these mutations which are expressed at
wild-type-like levels are far more susceptible to growth
inhibition by two f-lactam antibiotics that do not specifically
target PBP2. In addition, all four missense mutations lead to a
cell-widened, spherical morphology, identical to that of the
Apbp2 strain. These compelling biological data, coupled with
the conservation of this zinc-binding motif in PBP2s from many
pB- and y-classes of Proteobacteria, suggest that host-derived
metal restriction predisposes A. baumannii strains to antibiotic
susceptibility. Zn" limitation also induces the expression of a
low-zinc “paralog” of a housekeeping D,D-carboxypeptidase,
ZrlA, that enhances resistance to cell wall envelope stress under
the same conditions.”” Left for future work is the mechanism by
which Zn" binding to this site in AbPBP2 is truly reversible and
sensitive to changes in bioavailable metal in the bacterial
periplasm, and how Zn" binding protects PBP2 from antibiotic
acylation.

Nonetheless, studies like these illustrate the considerable
complexity of “nutritional immunity” as an important weapon in
the arsenal of host defenses used to combat bacterial invaders.
Further, they highlight cell wall homeostasis as an important
target of zinc-limitation in these and likely other ways. Indeed,
recent work reveals that MBLs, in particular those derived from
subclass B1 from carbapenem-resistant organisms, including the
New Delhi MBL (NDM), Verona integrin-encoded MBL
(VIM), and imipenemase (IMP)-type enzymes, are a potential
target of host-mediated metal restriction in the periplasm, given
a binuclear Zn" active site, where the more weakly bound Zn,
metal appears more susceptible to chelation by metal chelators
including a secondary metabolite of fungal origin, aspergillomar-
asmine A (AMA), an aminopoly(carboxylic acid) with K;** of
~0.2 nM (Figure 4B).”*”> While NDM-1 p-lactamase is
susceptible to inhibition by AMA, a more recently appearing

allelic variant, NDM-6, is not, which is at least partly explained
by ~20-fold higher zinc affinity relative to NDM-1. Indeed, the
evolution of increased zinc-affinity appears rather well-
established in NDM-type MBLs, of which more than 20 new
allelic variants have arisen within the past decade, all with
increased zinc affinity.”*”” Although Zn'"removal increases the
rate of protein degradation in bacterial cells in an MBL-specific
way,” recent data for NDMs suggest that this picture is far more
complex, with recently arising mutations linked to an enhanced
kinetic and conformational stability and therefore increased
lifetime of the f-lactamase in the periplasm, i.e., the proteostasis
network (Figure 1), with Zn" affinity just one, albeit important
aspect of this evolution.”®

2.1.3.2. Allosteric Copper Sites: Lipid metabolism, Cancer
and Beyond. Copper homeostasis is now known to have a
profound impact on many aspects of mammalian physiology and
human disease, beyond serving as a catalytic cofactor in
cuproenzymes.””~*" For example, intracellular copper status,
altered either pharmacologically or genetically in cultured
vertebrate cells, was shown to be an important regulator of
lipolysis, the catabolism of fats. The evidence suggests that Cu'
binding allosterically inhibits the activity of a cyclic-:AMP-
degrading phosphodiesterase, PDE3B, by coordinating a pair of
Cys residues found only in the PDE3 subtype of phosphodies-
terases (Figure SA, left; Figure SB).*' This observation, building
on previous work in cancer biology, has led to the general
concept of “copper signaling”®’ and “metalloallostery”*” where
variations in intracellular or organellar Cu bioavailability,
mediated by Cu-specific transporters that transport copper
across membranes,”’ regulates enzyme activity and signal
transduction via as yet largely unknown mechanisms.

This PDE3B-specific model of Cu-dependent regulation of
enzyme activity in lipolysis may well be general, as Cu is known
to regulate the activity of a number of protein kinases involved in
various cell signaling pathways (Figure 5A).** These include
pathways that are upregulated as part of the host immune
response against bacterial infection,” and most prominently in
cancer cells, consistent with the higher cellular demand of cancer
cells for this micronutrient.*® Enzymes that appear to be
regulated by direct binding of Cu including mitogen-activated
protein kinase kinase 1/2 (MEK1/2), which is required for
downstream phosphorylation and activation of ERK1/2 and
thus potentiation of the mitogen-activated protein (MAP)
kinase pathway indeed, the MAP kinase pathway is a significant
repository of oncogenic mutations and a long-standing target of
cancer therapies (Figure 5B).””** Subsequent studies suggested
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that the copper chaperone for superoxide dismutase (CCS) is
responsible for chaperoning Cu to MEK1/2,”” which would be
required given the extremely limited bioavailability of Cu' in
cells (Section 2.2).”° The other major Cu chaperone in
mammalian cells, ATOX1, may also impact MAP kinase
signaling pathway,”"”” although the mechanistic details are
not in. Finally, Cu is known to function as a positive allosteric
modulator of autophagy in cancer biology, again via direct
binding to a specific kinase in the P13K phosphoinositide 3-
kinases) /AKT signaling pathway.”>~”> The extent to which
cuprous vs cupric copper is the signaling moiety in these
processes is an important mechanistic question not yet fully
resolved. The recent development of a robust Cu'-specific small
molecule sensor strongly suggests that Cu", rather than Cu,
mediates at least some of these Cu-dependent signaling
processes described to date.”® These processes are collectively
coined cuproplasia, defined as regulated copper-dependent cell
growth and proliferation.”*

2.1.4. Catalytic Metal Sites. Catalytic metal sites are
defined as those metal coordination sites that bind and activate
substrates directly via coordinate covalent bonds. Catalytic
metal sites are structurally diverse and encompass a remarkable
breadth of catalytic power, as members of all seven major classes
of enzymes as categorized by the Enzyme Commission (EC):
oxidoreductases (EC 1), transferases (EC 2), hydrolases (EC 3),
lyases (EC 4), isomerases (EC S), ligases (EC 6), and
translocases (EC 7).°*’® Catalytic metal ions derive their
catalytic power by the precise arrangement of donor atoms that
define structure and geometry of the first and more distal
coordination shells around the metal. Metals can be bound to
proteins via a specialized and unique arrangement of
coordination bonds, integrated into a metallocofactor, either
one that is purely inorganic, e.g., in Fe—S clusters, as part of an
organic chelate, e.g, heme or more generally Fe-porphyrin
complexes and molybdopterin (Mo),” or as a more exotic
organometallic cofactor, featuring metal—carbon bonds, and
including cobalamin (Co)”’ and nickel pyridinium-3,5-
dithiocarboxylic acid mononucleotide (Ni) and others."”

Comprehensive metalloprotein databases, more recently
advanced by machine learning approaches,20 and recent
monographs on this topic reveal a number of general functional
features.”” Fe enzymes are more abundant in prokaryotes than
eukaryotes, and generally come in three flavors: nonheme Fe
enzymes, Fe—S cluster-containing enzymes and heme en-
zymes.'”" Fe enzymes play roles in electron transport and
oxygen activation chemistry and many other types of oxidation—
reduction (redox) chemistries. Zn' enzymes are nature’s
preferred hydrolytic catalyst and are incorporated into more
than 100 distinct structural superfamilies. This unique feature of
Zn" metalloenzymes has motivated the deployment of de novo
protein design to create highly efficient novel Zn" catalysts in a
diversity of biomolecular scaffolds'°>'%* in a way that extends far
beyond zinc metalloenzymes themselves.'”*'® Fe and Zn are
the most cell-abundant transition metals in most cells, rising to
tenths of millimolar or higher, when simple estimates for total
bacterial cell volumes are used,'*® and are required for virtually
all life, with some exceptions.107 Mg", a main group element and
hard Lewis acid, is present at even higher concentrations than
Zn" and Fe, generally in the single-digit millimolar range, and is
an important cofactor of cellular energy metabolism. Mg" is
present in chlorophyll and also in enzymes, where it is deployed
by nucleotide (ATP, GTP) binding proteins to facilitate

nucleotide hydrolysis, e.g., in ATPases and phosphatases or
transesterification reactions.

Cu and Mn are typically approximately 10-fold lower than Zn
and Fe, with cell-associated Ni and Co about 10-fold lower
still.'>"'% There are bacteria, however, exemplified by the
radiation-resistant bacterium Deinococcus radiodurans, that
possess Mn quotas on par with those of Fe, in contrast with
the general trend indicated above. These have been termed Mn-
centric bacteria."'” Cu is a redox-active metal that cycles
between oxidized cupric Cu' and cuprous Cu' oxidation states,
with Cu' forming low coordination complexes that generally
function in oxygen activation chemistry.""""'* Mn" plays many
diverse roles in biology,113 including that of Lewis acid in
transformations that do not require a change in oxidation state,
e.g., in phosphatases, arginase and a number of metabolic
enzymes, but also in other contexts where Mn"" and higher
oxidation states are reached, including Mn-superoxide dis-
mutase, some ribonucleotide reductases, and the oxygen
evolving complex in plants. Ni and Co play far more specialized
roles in biology. Although fewer than ten Ni-metalloenzymes are
known, they punch far above their weight by producing gases in
bacteria, algae and plants that drive the global carbon, nitrogen
and oxygen cycles.""* Ni'!, like Zn" and Mn", can perform Lewis
acid chemistry, exemplified by two hydrolytic enzymes, the
dinuclear Ni"' enzyme urease (Section 5.1.2) and the
mononuclear glyoxylase-I, but also functions as a cofactor in
[NiFe]-hydrogenase and Ni-superoxide dismutase, among
others, where both the Ni! and Ni'! oxidation states must be
accessible."*''* Co, on the other hand, functions prominently
in the context of two enzymes dependent on the organometallic
cofactor vitamin B,,, or cobalamin, found in all kingdoms of
life.”” These are methionine synthase and methylmalonyl-CoA
mutase (MCM) and closely related CoA mutases which catalyze
a methyl transfer and an isomerization reaction, respectively,
where the Co center cycles through Co' and Co™ oxidation
states (Section 5.1.3).

2.2. The Metallostasis Set-Point Model

2.2.1. Overview. It is well established that the total
concentration of metal that can be measured by inductively
coupled plasma-mass spectrometry (ICP-MS) in a cell lysate or
in a tissue, and often expressed in units of concentration (mol
L") greatly exceeds, by many orders of magnitude, the metal
concentration that is “bioavailable” (see below).'0%!0%!1¢117
The implication of this is that cells and tissues possess an
extraordinary overcapacity to chelate metal ions; however, this
says nothing about the extent to which these bound metals
contribute to a buffered “pool”, which for Zn" and Cu"/Cu' that
form high affinity coordination complexes with proteins. may
well be small. Only those metal sites that rapidly equilibrate with
this pool will be sensitive to small perturbations in bioavailable
metal concentration that result from cellular metal toxicity or
metal restriction.''® A collection of metallosensors (Section 3)
are widely accepted to surveil this pool and are thus “tuned” to
effect a regulatory response, over some 12 orders of magnitude
of metal concentration;''” these metal sensing sites are generally
near the protein surface, characterized by fast metal association
rates and dissociation rates that can be modulated by one or
more components of the cytoplasmic “buffer”.'””'*" The
chemical composition of this buffered pool is not known,
although a handful of spectroscopic and analytical meth-
ods'**'** have been developed to explore the coordination
chemistry of this pool, or alternatively, identify those major
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buffering species in cells. Histidine is clearly implicated as an
important component of this buffering pool.'”**'**> We view
this pool as coordinatively unsaturated, readily exchangeable,*
“mobile” or “labile”, which we collectively term “bioavailable”.
We note that metals in these pools are not technically “free”,
which is rigorously and correctly defined only as a fully solvated
ion; the term “bioavailable” as proxy for free avoids the obvious
confusion of “less than one free metal atom per cell””*'**'*
which obfuscates, rather than clarifies.

2.2.2. The Set-Point Model. A metallosensor is a single-
component signal transduction system, in that inducer “sensing”
and “regulation” of gene expression occurs within the same
polypeptide chain. This contrasts with bacterial two-component
systems (TCS) where sensing and regulation require two
proteins and a post-translational modification as the signaling
moiety. In a single-component system, cognate metal binding or
some other modification “signals” to the DNA binding domain
of metallosensor via some intramolecular connection, classically
defined as an allosteric connection.'®">”'** Allostery couples
metal binding to DNA binding of transcriptional activation in
metallosensors in distinct ways depending mainly upon the
structural family to which they belong (Section 3). Metal-
losensors elicit a transcriptional outcome in response to a range
of intracellular metal concentrations over which their cognate
metals fluctuate in cells."'”'*” These metallore§ulatory proteins
function as metal-dependent derepressors, *”'>" metal-depend-
ent corepressors,'”>~'** and metal-dependent activators,">> of
transcription (Figure 6A). Coordination of the cognate metal
thus drives transcriptional derepression (an ON switch
mediated by allosteric inhibition of DNA operator binding by
metal) (Figure 6A, top), transcriptional corepression (an OFF
switch mediated by allosteric activation of DNA binding) of
downstream genes (Figure 6A, middle), or transcriptional
activation (an ON switch mediated by metal-dependent
conformational changes in the bound DNA, converting a weak
promotor to a strong promoter) (Figure 6A, bottom).

Quantitative biochemical investigations of the metallosensor-
DNA and metallosensor-metal binding equilibria allow one to
determine the affinity and selectivity that a particular regulator
has for its cognate inducer and the DNA operator. For a
regulatory protein with two distinct ligands (metal, DNA), these
equilibria can be cast as a coupled or “linked” equilibrium with
four states from the perspective of the unliganded metallosensor
(Figure 6B). This thermodynamic framework allows the
quantitative determination of this allosteric connection,
embodied in the allosteric coupling free energy, AG.'*"*
The magnitude and sign of AG, quantifies the extent to which
metal binding impacts DNA binding, either negatively (+AG,;
Figure 6A, top) or positively (—AG,, Figure 6A, middle). This
framework is particularly useful, for example, in the search for
repressor mutants that uncouple metal and DNA binding to
variable degrees (AAG,), thus providing fundamental insights
into the mechanism of allosteric connectivity."””~'*' Although
this thermodynamic framework applies directly to transcrip-
tional repressors,'® it can also be applied to allosteric activation
of transcription where inducer recognition does not necessarily
affect DNA binding affinity but instead impacts RNA polymer-
ase recruitment and/or DNA promoter architecture. **'*
Here, K' is simply substituted by k., the ratio of sensor-
dependent transcription initiation rates in the presence and
absence of cognate metal (Figure 6B).

The currently accepted set-point model that incorporates this
thermodynamic framework is that cells effectively buffer

Figure 6. Metallostasis set-point model."*"""**'3” A) Schematic
renderings of the three allosteric mechanisms used by metallosensors
(gray) described here (Section 3) and their biological output
(expression of the metallosensor regulon; ON or OFF). K; (Kunbings
Kiingy and K, ivere) are indicated. The set-point for each sensor, K;® is the
metal concentration at which these K; = 1 (AG = 0). B) Generic
thermodynamic cycle where f8; and f3, are overall Zn" binding affinities
for the apoprotein dimer and protein—DNA complex. The allosteric
coupling free energy, AG, describes the overall ligand exchange
reaction shown.'*®

transition metal concentration in a bioavailable pool so as to
ensure that a particular metalloprotein can capture its cognate
metal under virtually any cellular condition.'*® This buffering
capacity goes as the inverse order of the stability complexes
formed a series of divalent metals, known as the Irving-Williams
series (Figure 7),"** and is collectively maintained by the cellular
repertoire of metallosensors, each of which is “tuned” to a set-
point, K°, allowing each to modulate transcription of their
regulons over a relatively narrow range of metal concentration
(Figure 8A)."'”"*" K5 is the cognate metal concentration in
cells at which the equilibrium constants for each of the three
equilibria shown (Figure 6A, K;) are equal to 1.0, and defines the
point at which fractional expression of gene expression is 0.5
(Figure 8A). Once all parameters derived from the thermody-
namic cycle shown (Figure 6B) as well as the impact of the
cellular buffer and any change in the number of sensor molecules
per cell (in high and in low metal) for each metallosensor are
considered, response curves centered on K,° that relate
fractional transcription output to the intracellular availability
of the cognate metal are obtained (Figure 8A)."*!

Early work showed that the equilibrium affinity of a zinc efflux
regulator for Zn", Ky, was ~107" M."*” This implies a
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Figure 7. Schematic rendering of the Irving-Williams series of stability
constants for 2+ metal ions of the first-row late 3d-block metals,"**'**
with the extent to which each is competitive with other metals (middle),
which is inversely proportional to their general bioavailability is cells

(top).

transcriptional response that is tuned to change in bioavailable
or weakly chelated [Zn] of 107> M to 107'° M (corresponding
to one log on either side of K;° which covers 10—90% of a
canonical transcriptional response) (Figure 8A)."'*'* In
contrast, Fel' is buffered to >107° M; as a result, an Fe-
containing metalloprotein that binds Fe"" with K¢, of 107" M
and Zn" with K4z, of 107 M, for example, will not be
mismetalated with Zn" in the cell unless free Zn" is allowed to
rise far above its buffered range (>107"' M) in this example
(Figure 8B)."** This is the central feature of the set-point model
of cellular metallostasis since the relationship between the metal
dissociation constant and the bioavailable metal concentration
defines the sign on the conditional free energy of metal loading;
a + AAG will be unfavorable and a — AAG will be favorable
(Figure 8B). This, in turn, is thought to dictate the metalation
status of the metalloproteome.'”" This is so because metal
sensor proteins minimally (in nearly all cases) regulate the
expression of metal transporters that uptake or efflux a specific
metal into or from the cytoplasm, respectively. These trans-
porters are thought to function to quickly restore metallostasis in
the case of an acute response, or maintain metallostasis in the
event of chronic metal limitation or toxicity.'*’

2.2.2.1. Limitations of the Set-Point Model. A major
strength of the metallostasis set-point model is its conceptual
simplicity, which allows robust, quantitative predictions of the
extent to which a single metalloprotein will be metalated with a
spectrum of metals in a cell."** This has led to the development of
the web-based metalation calculator tool, which allows a user to
input known metal binding equilibrium constants for their
protein of interest and calculates the degree to which that
protein will metalated with a particular metal in an “idealized
cytoplasm.”'**'>* The lack of an unbiased validation of the
predictions of this model, however, remains both a significant
limitation and a considerable analytical challenge, for two
reasons. The first is that experimental measurements of the
concentrations of the bioavailable pool for these transition
metals (Figure 8B) remain incomplete, in particular for the
“idealized” cytoplasm of a bacterial cell on which the calculator
was created. The only measurement of the concentration of
exchangeable Zn" in E. coli grown on a minimal growth medium
using a carbonic anhydrase-based sensor is 20 pM, which is,
gratifyingly, just inside the range predicted by the model (Figure
8A). Significant progress continues to be made here, with the
development of dynamically highly responsive ratiometric
fluorescent protein-based FRET biosensors optimized for
eukaryotic cells and organelles,"”” alongside more recent

Figure 8. Metallostasis set-point model.'”>"""**'3” A) A plot of the
fractional responsiveness (0—1; 0.5 is where K; = 1, from Figure 6A) of
each of the metallosensor proteins shown in an idealized bacterial
(Salmonella) cytoplasm based on their experimentally determined set-
points.m’137 These set-points, de, quantitatively integrate negative or
positive allosteric linkage of metal binding to DNA binding (Figure
6B)'® as well as changes in sensor concentration with metal added to
cells. Efflux regulation changes the expression of the regulated genes
from 0—1 (ON), via transcriptional derepression (InrS, RenR) or
activation of transcription (CueR, ZntR) while uptake regulators
induce a change in gene expression from 1—-0 (OFF) (Zur, NikR, Fur,
MntR and the Mg"-sensing riboswitch)."*® The predicted range of
bioavailable metal under unstressed conditions is indicated by the filled
bar and is color-coded for each metal, and spans a fractional change in
gene expression from 0.1—0.9 for a single sensor, or from the combined
action of a 0.1 response for the uptake repressor and a 0.9 response for
the efflux sensor. The total cell-associated metal and one experimental
measurement of the exchangeable Zn (free Zn) are indicated above the
plot."*" B) The midpoint of a metallosensor response range (from
Figure 6A) is proposed to define the free energy of metal binding to the
buffering species, AG*™f, which is AG*=RTInK,® to which each sensor
is tuned (or represents the average K;° for an uptake and efflux sensor
pair). The metalation status of two hypothetical proteins (P1, black
circle; P2, gray circle) are overlaid onto this thermodynamic construct.
The various K for metal binding to P1, K are indicated, where
AG"'=RTInK,"". The relative magnitude of the change in free energy
upon metalation, AAG=AG"'—AG"™ thus defines the extent to which
P1 will be bound (at equilibrium) to each metal in this idealized
cytoplasm. In the hypothetical case of a zinc-specific metalloprotein, P1,
only the AAG of metalation by Zn" is favorable (—AAG), despite the
fact that Cu' binds ~10*-fold more tightly. In the case of P2, metalation
by Mn" will be preferred over Fe' despite the fact that each binds with a
similar dissociation constants, K;2. Note that under conditions of Zn"
restriction (lower left); purple arrow), the buffered pool may fall
precipitously, which makes the free energy of metalation, AAG, positive
for P1, leading to undermetalation of P1 and perhaps other components
of the metalloproteome. Metal toxicity, on the other hand, moves the
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Figure 8. continued

bioavailable pool dramatically to the right (to higher bioavailable
[metal]), which makes metalation of noncognate sites by more strongly
binding metals, notably Zn" and Ct, favorable (—AAG), particularly
when these concentrations exceed the capacity of the buffering
molecules, thus approaching total metal (upper right).

biosensor designs that originate with other fluorescent modal-
ities that do not require molecular oxygen for maturation.">*

A second analytical challenge is that validation of the set-point
model requires an independent determination of holistic metal
occupancy of a protein(s) to compare with prediction. Two-
dimensional liquid chromatography inductively coupled plasma
mass spectrometry (2D-LC-ICP-MS) and polyacrylamide gel
electrophoresis laser ablation (GE-LS).'*>'*® ICP-MS ap-
proaches on cell lysates prepared under nondenaturing
conditions remain the most popular ways to do this.'*”"*"~"
Both approaches, however, require that metal complexes, even
those bound to weakly bound metals, not dissociate during
workup.'® 2D LC-ICP-MS holds considerable promise for
biologically required metals discussed here, potentially capable
of detecting a change in metalation status as a function of growth
conditions, for example, but appears to be readily applied to a
quantitative analysis of only the most abundant protein-metal
complexes of high thermodynamic (Cu', Zn") or kinetic
stability.””” On the one hand, a considerable strength of the
2D LC-ICP-MS workflow is to identify the (mis)metalation
targets of metallodrugs containing abiological metals, which
benefits from a very low signal background, as long as care is
taken to stabilize what might be labile metallodrug—protein
adducts." ¢!

2.2.3. Mismetalation of Proteome Metal Sites. For the
reasons discussed above, the cellular factors that control the
metalation status of the proteome remain incompletely defined.
Recent efforts based on thermodynamic principles alone have
led to the concept that the relative free energies of metalation by
cell-abundant metals (AAG, Figure 6B) is the primary
determinant as to whether a metalloprotein is metalated with
the cognate metal or one of a number of other noncognate metal
ions (Section 2.2.2). Thus, cells incorporate extraordinary
measures to ensure that the relative concentrations of metals are
buffered in a range that allows these relative free energies to
manifest themselves (Figures 6-8). Simply put, if the metal
affinity of a recipient metalloprotein is in the nM range, the
bioavailable metal concentrations must be in the nM range or
higher in order to significantly populate that metal site, as
dictated by the law of mass action (Figure 6B).

Mismetalation of a metalloprotein occurs at a point in time
when capacity of the cell to buffer a noncognate metal is
exceeded. This is indeed a major antimicrobial weapon the
infected vertebrate host will deploy against bacteria, particularly
those with intracellular lifestyles, e.g, in the phagolyso-
some.'” ™' Cu' and Zn" are often used this way given the
fact that they are tight-binding metals, on the “competitive” side
of the Irving-Williams series (Figure 7), and readily displace
more weakly bound metals, including Fe. An important target of
Cu' toxicity is the Fe—S$ cluster biogenesis machinery,"*>~"” as
well as Fe—S clusters of mature enzymes, including dehy-
dratases, where Cu' displaces one or more Fe atoms on what are
essentially solvent exposed clusters,'*® potentiating oxidative
stress through Fenton chemistry. In addition, other work has
stablished that Cu toxicity directly inhibits heme biosynthesis in

the obligate human pathogen Neisseria gonorrheae.'® In
Staphylococcus aureus, Cu negatively modulates flux through
the pentose phosphate pathway by direct binding to
phosphoribosylpyrophosphate synthetase (Prs), which synthe-
sizes phosphoribosyl diphosphate (PRPP), a key metabolite that
is used to synthesize the purine and pyrimidine nucleobases and
nicotinamide dinucleotides. Prs is generally thought to be a
Mg'"-dependent enzyme, and the speculation is that Cu'
prevents Mg" from binding.'”® While it is true that more weakly
bound metals could in theory displace more tightly bound ones
if their bioavailability becomes sufficiently high. as predicted by
the relative free energies of metalation (Figure 8), examples of
this kind of metal toxicity may well be rare.

Ionophores are membrane crossing channels that allow
transition metals to pass, and are being developed as
antimicrobial agents to induce Cu' or Zn" poisoning; indeed,
recent work with the zinc ionophore and 8-hydroxyquinoline
PBT2 reveals that a strategy of Zn" intoxication may be
particularly efficacious in “breaking” the resistance of A.
baumannii to tetracycline class antibiotics, an important
finding.'”" In other work long the same lines, it has recently
been shown that the host actively leverages the metal
promiscuity of the bacterially produced nicotianamine-like
metallophore, staphylopine,'”>'”* which is produced by Staph-
ylococcus aureus during the response to “nutritional immunity” in
an effort to capture metal from the extracellular milieu.'”* The
host makes extracellular Cu'! bioavailable here, which is then
brought into the bacterial cell as a Cu'-metallophore complex,
thus driving bacterial copper poisoning.'”* At least one of the
targets of Cu' toxicity is the %lycolytic enzyme, glyceraldehyde-3-
phosphate dehydrogenase,'”* which while not a metalloenzyme,
has a pair conserved Cys residues in the active site that are
proposed to coordinate Cul.'”® Indeed, there is abundant
evidence to suggest in a wide range of the bacteria that Cu
toxicity broadly impacts Zn homeostasis although the
mechanisms may well vary, and perhaps to a lesser degree Mn
homeostasis in a subset of organisms.'’®

There are a number of examples where bacterial Zn stress
results in the mismetalation of the Mn"-dependent enzymes. In
S. pneumoniae, a Mn-centric bacterium,' ' Zn" is an inhibitor of
Mn" uptake by the ATP-binding cassette (ABC) transporter,
PsaBCA,'*® where it forms a coordination complex that is very
nearly isostructural with that of Mn",, but fails to transport Zn"
across the E)neumococcal membrane, thus inducing cellular Mn"
starvation.””'”® This may be a consequence of the very slow off-
rate of bound Zn" in this inhibited complex, relative to the more
weakly bound Mn" which upon engagement of the trans-
membrane domain readily releases Mn" into the transport
channel. An intracellular feature of the same Mn—Zn cross-talk
is the Zn"-dependent inhibition of the Mn"-cofactored protein
phosphatase PhpP, which functions in the regulation of cell
division. Under conditions of Mn' stress, this enzyme is
hyperactive, leading to significantly elongated cells; under
conditions of Zn"-supplemented Mn" limitation, PhpP is
inhibited, thus leading to shorted cells, analogous to the Mg—
Zn crosstalk that characterizes PTP1B (Figure 4A)."”? This
work in S. pneumoniae suggests a regulatory model where the
bioavailable Mn:Zn ratio impacts Mn"-dependent metabolic
activity. Indeed, this hypothesis is consistent with subsequent
studies that showed that the Mn:Zn ratio impacts the activity of
the MnH-dependent phosphoglucomutase, which interconverts
glucose-1-phosphoate and glucose-6-phosphate, and thus
modulates the biosynthesis of the polysaccharide capsule.'®
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Figure 9. Global chemoproteomics strategy to probe the status of the metalloproteome under conditions of transition metal restriction."*>"** Both
proteome samples are capped with thiol-specific iodoacetamide derivative that harbors an alkyne and then subjected to Cu-catalyzed azide—alkyne
cycloaddition (CuAAC) with the a “heavy” or “light” enrichment moiety as indicated. The two lysates are mixed 50:50 and subjected to a bottom-up
proteomics workflow and the “heavy”/”light” ratio quantified for all Cys-containing peptides by mass spectrometry. Nonmetalloproteins with surface-
accessible cysteines will be labeled to the same extent with the “heavy” and “light” probes (tan protein, right); those metalloproteins that lose the metal
under conditions of metal starvation will feature more light vs heavy counts in the MS1 spectrum (green protein, right).

Recent work in Staphylococcus aureus, although not
mismetalation per se, reveals that cells upregulate the expression
of metal-independent paralogs (Section 4) of two obligate Mn''-
requiring glycolytic enzymes, phosphoglycerate mutase and
fructose-1,6-biphosphate aldolase, under conditions of cellular
Mn'starvation mediated by calprotectin.>® In a striking
illustration of mismetalation for “good”, the strategic deploy-
ment of a truly cambialistic enzyme that is equally active with
Mn" or Fe" results in metalation of a cambialistic superoxide
dismutase with Fe under conditions of host-mediated Mn"
restriction (Section 4.3.5)."%!

2.2.4. Undermetalation of the Metalloproteome.
Nutrient metal starvation is thought to result in undermetalation
of some or all of the proteome. This would result if the
bioavailable pool of a particular metal is insufficient to metalate
all cognate metalloproteome sites quantitatively, and is of course
a prediction of the set-point metallostasis model, where the free
energy of (mis)metalation is positive (+AAG) (Figure 8B). The
extent to which the metalloproteome is metalated, ie., the
fraction of metal sites that are occupied at any point in time, is
unknown. However, robust global chemoproteomics strategies
have been developed that are capable of quantifying a change in
metal site occupancy, at least for those sites that incorporate
cystine thiolate ligation. The experiment is based on the simple
premise that metal coordinating thiol ligands will be protected
from reaction with an electrophilic probe, and become far more
reactive if the metal is lost from the coordination complex
(Figure 9), and is a “metals-focused” extension of the general
concept of activity-based protein profiling.'** This workflow
leverages a rich history of cysteine thiol-reactive probes, which
are available in distinct isotopomers, e.g., “heavy” and “light”
versions which allows implementation of an isotope dilution-
based strategy to detect a change in reactivity for all peptides in a
proteome in a single experiment; when coupled to a parallel
experiment that quantifies a change in peptide abundance, a
normalized change in cysteine reactivity to be measured.

This experiment has been used to track the maturation of Fe—
S cluster-containing proteins across the E. coli proteome through
the strategic use of a collection of deletion strains that are

predicted to stall or interrupt this process at a specific stage,
either early or later, and monitoring metalation status in each
case.'®* In another application, an isotopic tandem orthogonal
proteolysis-activity-based protein profiling (isoTOP-ABPP)
workflow was used to show that the antibiotic holomycin, a
dithiolopyrrolone, functions by inducing widespread metal
depletion of the E. coli proteome'*>'®> upon reduction by
cytoplasmic low molecular weight thiols °° to the dithiol form.
Two enzymes among several, including fumarase A, which
harbors an Fe—S cluster, and carbonic anhydrase II, which is a
Zn" enzyme (Section 4.3.4), were progected to be under-
metalated upon holomycin treatment."®’ Indeed, holomycin
induces broad spectrum zinc and iron starvation, with striking
parallels to that of the antimicrobial protein, calprotectin,
providing support for the idea that transition metal-starvation is
an evolutionarily conserved weapon to keep microbial predators
at bay. This chemoproteomics workflow is of course blind to the
specific metal being probed, which must be inferred from our
accumulating knowledge of the metalloproteome. In addition, a
cysteine must be present in the first metal coordination shell,
with metal sites that lack thiolate ligation undetected in this
assay. This has motivated in part the development histidine- and
carboxylate-specific probes that can be used in parallel alongside
of thiol-specific probes, which when jointly deployed, may well
approach full coverage of the metalation status of the
metalloproteome.'**'*"1%

186

3. METAL SENSORS

3.1. Historical Overview

3.1.1. Protein-Based Regulatory Proteins. The efficacy
of metallostasis (Figure 1) relies on a panel of sensory
macromolecules that are “tuned” such that they maintain a
specific bioavailable pool of metals in the bacterial cytoplasm,
thus ensuring the integrity of the metalloproteome (Figure 8).
Historically, these sensory molecules drive either transcriptional
repression or activation of the expression of genes that encode
metal uptake or efflux transporters thus allowing cells to control
intracellular metal levels. The first efflux regulators were
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identified during the characterization of metal and metalloid
ions resistance genes found in bacteria, in both clinical isolates
and in soil or water isolates from areas polluted with these
“heavy” metal species.'*”'”’ These resistance determinants were
often plasmid-borne or present in other mobile genetic
elements,"””'™'”® in contrast to the previously characterized
chromosomally encoded transport systems for phosphate (Pho)
and potassium (K), which were regulated by two component
systems.'”*'?> The initial interest in these heavy metal resistance
determinants was primarily to understand the remarkable
chemistry of the biological transformation of toxic metals and
metalloids into nontoxic or less toxic species. *”"*°

The idea that a site-specific DNA binding protein might
regulate transcription of resistance genes by reversible binding of
a metal first emerged by identifyin% )potential metal binding sites
in these DNA binding proteins.””® Direct validation of this
hypothesis quickly followed and led to the concept of a
“metalloregulatory” protein.'*> The first metalloregulatory
protein so-designated was the mercuric ion resistance regulator,
MerR, from the transposons TnS01 from P. aeruginosa and Tn21
from Shigella flexneri R100 plasmid."*>"*""*> While this seminal
work focused mostly on DNA recognition and the mechanism of
transcriptional regulation, these authors noted the presence of a
potential metal binding motif, later shown to be critical for
imparting metal selectivity (vide infra)."”> Soon thereafter,
quantitative DNA binding experiments were used to demon-
strate that Hg" triggered both a modest change in affinity and a
significant remodeling of the DNA promoter structure,
convertin§ a weak promoter into a strong one (Figure 6A,
bottom)."”” MerR thus became the founding member of the best
characterized family of metal-responsive transcription activators
(Section 3.2.3).

This discovery was followed by the identification of other
transcriptional repressors that responded to arsenic ions
(ArsR)"™® or zinc (SmtB) toxicity, *”'”” both of which became
founding members of the first and most diverse superfamily of
metal- and metalloid-responsive repressors (Section 3.2.2).
Shortly thereafter, the discovery of the copper-inducible
repressor of a copper ATPase (CopY) from Enterococcus
hirae,”” revealed that a metalloregulatory protein could be a
member of a protein family better known to elicit a response to
small organic molecules, including antibiotics (Section 3.2.5).%"
A tetracycline repressor (TetR) family member was then shown
to be responsible for regulating Zn" efflux in S. pneumoniae.”**
Finally, Cu'-responsive efflux regulation described initially in M.
tuberculosis led to the discovery of CsoR (copper-sensitive
operon repressor),”’” a founding member of the CsoR/RcnR***
protein family that harnesses a unique DNA-binding fold
consisting of a tetrameric antiparallel four-helix bundle
architecture (Section 3.2.4).

The discovery and early biochemical characterization of metal
efflux regulators occurred alongside the identification of the
repressor of iron uptake, derived from the study of the molecular
mechanism of regulation of siderophore-mediated iron assim-
ilation."***° The characterization of E. coli Fur (ferrous iron
uptake repressor) as a negative regulator of the expression of
siderophore-mediated iron assimilation under conditions of
replete cellular Fe validated an earlier proposal that Fur was a
metal (Fe') binding protein that would be “activated” to bind
DNA upon metal coordination.”’® It was not until later that
metal binding properties were studied in vitro which ultimately
led to the discovery of myriad Fur family proteins that sense
other transition metal ions®”’ or oxidative stressors” """’

(Section 3.2.6). The discovery of the founding members of
the other two protein families of uptake regulators came with the
study of the regulation diphtheria toxin expression in
Corynebacterium diphtheriae (DtxR)*'°™*'* (Section 3.2.7) and
nickel uptake regulation in E. coli (NikR)*'**'* (Section 3.2.8).
Various members of another DNA-binding family (Ref2),
initially connected to iron uptake in rhizobia,*'> were later
shown to regulate iron—sulfur cluster status or to sense diverse
reactive oxygen, nitrogen and electrophile stressors (Section
3.2.9).%'° In the case of Rrf2, this category of metalloregulator is
connected both with the regulation of iron uptake and the
crucial role of metals in sensing reactive small molecules.
Similarly, the observation that GntR/FadR proteins require
metalation for binding organic inducers allows us to include this
family as putative metalloregulators (Section 3.2.10).>"” Other
uptake regulators were then described in well-characterized
protein families that responded primarily to organic molecules,
such as the zinc uptake regulator of S. pneumoniae (AdcR), from
the multiple antibiotic resistance regulator superfamily
(MarR)*'®?*"” (Section 3.2.11), zinc efflux activator of S.
pneumoniae (SczA), from the tetracycline repressor family
(TetR)*">**% (Section 3.2.12), and the molybdenum uptake
regulator of E. coli (ModE) from the lysine uptake regulator
family (LysR)**' (Section 3.2.13).

3.1.2. RNA-Based Regulation of Metallostasis. Although
single pairs of protein-based efflux and uptake metallosensors
are sometimes sufficient to control cellular metallostasis
(Figures 6 and 8), RNA-based regulatory mechanisms continue
to emerge that generally allow bacteria to expand or otherwise
fine-tune the range of bioavailable metal (Section 2.2.2). The
first example of this was the discovery of a small trans-acting
regulatory RNA, E. coli RyhB, that significantly extends Fur-
based regulation of metal starvation responses by down-
regulating translation of mRNA transcripts of nonessential
iron-containing proteins via an imperfect base pairing
model.”***** This canonical form of “Fe sparing” makes Fur
in many organisms a global regulator.

While these RyhB-like SRNA molecules clearly function in the
regulation of metallostasis, these “off”-switches do not recognize
a metal ion directly, and their cellular specificity derives entirely
from the metal specificity of metalloregulatory protein that
controls their expression. RNA-based regulation of metallostasis
expanded significantly with the discovery of metal-sensing
riboswitches, termed metalloriboswitches.””” These generally
(but not always) function as “on”-switches under conditions of
metal toxicity and are highly structured regulatory RNA
segments found within the 5’ noncoding or untranslated region
(UTR) of mRNAs that often encode metal transporters. The
binding of a metal (or a metal complex) to the riboswitch
aptamer alters the folding of the RNA such that transcriptional
“stop” and/or translational “off” signals are disrupted, thus
leading to expression of the immediately adjacent gene (an “on”
switch). These riboswitch elements are considered cis-acting
RNAs, since they regulate transcription or translation within the
same mRNA. While the first metalloriboswitch was a Mg" sensor
that turned “off” the expression of a Mg" uptake transporter,">
subsequent work showed that metalloriboswitches have evolved
to sense Ni/Co,”** Mn,”*>**® and other metallocofactors such
as vitamin B,,.”*” Only recently was it shown that Ni/Co
riboswitches respond primarily to iron bioavailability in cells.**”
This observation reinforces the idea that numerous other metals
or metal complexes might be monitored in cells by harnessing
the chemical selectivity of as yet undiscovered or “orphan”
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Figure 10. ArsR family proteins. A) Abbreviated periodic table showing the metals and reactive species (shaded) known to be sensed by ArsR proteins.
The four-letter designations for individual proteins that perform the function listed in the nearby box are shown. B) Ribbon representation of SaCzrA

protein (PDB 2M30)>°° with a close-up view of the Zn'' binding site. An additional close-up shows the coordination of Cd" present in SaCadC.

266

Conserved primary structural features of different metalloregulator ArsR proteins with the different metal binding sites indicated in the text. C) Ribbon
representation of CgArsR (6J0E)**® with close-up view of the of the arsenic binding site. Conserved primary structural features of different arsenic-
binding proteins (EcArsR, CgArsR, and AfArsR). D) Ribbon representation of persulfide (RSSH) sensing ReSqrR (608N)**” with a close-up view of
the polysulfide bridge formed upon reaction of the dithiol site with a thiol persulfide. Conserved primary structural features of different persulfide
(RSSH) sensing ArsR. E) Ribbon representation of NoRexT (7TXN)**® with a close-up view of the H,0, binding site. Conserved primary structural

features of different RexT homologues are shown.

riboswitches to prevent the toxic accumulation of a specific
analyte.””” Although evolved to sense metals or metal-
complexes directly, the set-point or sensitivity of these
riboswitches to bioavailable metal may not fully align with the
set-point of the analogous protein-based sensors given the
complexity of the regulatory response involved (Section 3.3).
3.1.3. Biotechnological Applications. Finally, we discuss
how the selectivity of some of these molecular switches has been
leveraged in downstream synthetic biology and biotechnology
applications, as biosensors (Section 3.4). The key component of
any biosensor is the sensory module itself, tasked with selective
detection of a target analyte, which is coupled to a reporter
module that produces a detectable output. Among the myriad of
possible sensory “parts”, the metalloregulators discussed here
have emerged as the “gold standard” for metal detection, due
mainly to their metal sensitivity and selectivity.”**”**>
Historically, the first applications of metalloregulators as
biosensors were based on engineering living bacteria, where a
regulated promoter was positioned upstream of a reporter gene,
with strategic modifications of the bacterial chassis allowing for

o . . 2332
the desired intracellular bioaccumulation and sensitivity.”>>~>*°

Later, this simple genetic circuity was adapted to cell-free
platforms, which permits the development of field-deployable
devices."” Synthetic biology continues to push the engineering
and discovery of novel transcription factors and metalloregulator
proteins in particular, enhancing both our fundamental
knowledge of these molecular switches and apglication of
metallosensors as biotechnologically useful tools.”

3.2. Families of Metalloregulatory Proteins

3.2.1. Overview. Metallosensors can be functionally
subdivided into two broad groups of regulatory proteins. One
group mediates the up-regulation of metal efflux systems upon
metal binding in response to metal toxicity generally via
transcriptional derepression or activation mechanisms. The
second group consists of metalloregulators that down-regulate
metal uptake systems via transcriptional corepression in
response to cognate metal binding (Figure 6). The affinity for
different metals generally follows the Irving—Williams series of
stability constants for divalent metal ions (Figure 7). Metal
responsiveness is dictated by the set-point, K;° (Figure 8). the
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ligand set and metal coordination number and geometry, where
formation of the “right” coordination geometry upon metal
binding is a key feature of metal-mediated allosteric inhibition or
activation of DNA operator binding.'*%' #3772

Among the more than 20 structural classes of “one-
component” (Section 2.2.2) transcriptional regulatory systems
in prokaryotes, no fewer than 12 of these structural families
harbor metallosensors. Most metallosensors are “helix-turn-
helix” or “winged helix” superfamily proteins proposed to be
monophyletic, with the prominent exception of the CsoR
protein family, proposed to have evolved from a four-helix-
bundle RNA-binding protein.””***"*** In addition, most of
these 12 structural classes also harbor representatives that
control the adaptive response to cellular reactive oxygen species
(ROS), e.g., superoxide and peroxides, reactive nitrogen species
(RNS), e.g, GSNO and NOx, reactive electrophile species
(RES), e.g., formaldehyde, quinones and the recently described
reactive sulfur species (RSS), e.g., thiol persulfides or more
generally “supersulfides.””*****

We review how sequence diversity in each structural family
can be represented by clusters of closely related sequen-
ces”*”?*>2% and interpreted in terms of a conserved metal
binding or sensory motif, thereby defining the cognate inducer
with greater confidence. Specific characteristics of the functions
of genes that colocalize with a metallosensor gene (genomic
neighborhood) can further improve the robustness of these
predictions. This is because nature has employed a “mix-and-
match” approach in the evolution of metal-sensing operons or
regulons in a specific organism, likely aided by horizontal gene
transfer’*” and subsequent convergent evolution.”*® This
implies that a sensor derived from a particular structural family
may have evolved to sense a distinct inducer (metal or reactive
molecule), dictated by the specific characteristics, e.g, a specific
range in metal bioavailability (Figure 8) or type of small
molecule stressor specific to that organism or “chassis” encoding
it. Alternatively, a collection of sensors from distinct structural
families may have evolved to regulate the same gene in different
organisms. For example, M. tuberculosis, E. coli and E. hirae
encode essentially the same Cu'-specific P, -type ATPase
efflux transporter (Section S5.3) whose Cu'-inducible tran-
scription is regulated by three structurally distinct CuI-sensin%
metallosensors, CsoR,””* CueR (a MerR family member),**
and CopY,”” respectively. The common feature is that each Cu'
sensor employs a low-coordination number Cys-rich Cu'
coordination complex with a characteristic K;° (Figure 8A),
but which triggers very different mechanisms of metal-
loregulation of transcription (Figure 6A).

On the other hand, crosstalk and mismetalation (Section
2.2.3) also play critical functions in metalloregulators, which
brings into question the very idea that each regulator has evolved
to sense a single cognate metal.”** For example, metal binding to
S. pneumoniae CopY elicits a distinct transcriptional response
dependent upon the bound metal; here, Zn" acts as a
corepressor and Cu' functions as an allosteric inhibitor of
DNA binding (Figure 6A) allowing the expression of Cu'-
specific Py ;-type ATPase effluxer specifically under conditions
of Cu' toxicity.”" In Salmonella, acute Zn" toxicity transcrip-
tionally induces a Co" toxicity response orchestrated by the Co/
Ni sensor, RenR, while conversely, acute Co!! toxicity triggers a
Zn" toxicity response regulated by the Zn" efflux activator ZntR,
leading also to repression of the Zur regulon.'”" Mis-metalation
of Fur by Mn" under conditions of Mn" toxicity, in contrast, is
detrimental to cell viability, and is avoided by proper tuning of

the coordinated responses of the Mn'-sensing repressor and Fur
to distinct ranges of cellular metal activity (Figure 8A).”>” Here
we review the impact of metal promiscuity and crosstalk in the
context of structural and sequence determinants of metal
specificity and allosteric connectivity for four classes of metal
efflux regulators (ArsR, MerR, CopY, and CsoR), four families of
uptake regulators (Fur, DtxR, NikR, and Rrf2) and finally, four
families within which metallosensors are significantly under-
represented (TetR, MarR, LysR and GntR).

3.2.2. ArsR. Members of the arsenic repressor (ArsR)
superfamily sense a wide range of stimuli (Figure 10A) and
feature a compact homodimeric “winged helical” DNA binding
fold, characterized by a core al-a2-a3-a4-f1-$2-aS secondary
structure, where the dimer is formed by the quartet of @2 and a$
helices from each subunit (Figure 10B). Some ArsR proteins
harbor extensions on either or both N- and C-terminal sides of
this core motif, generally denoted the a0 and a6 helices,
respectively.'”>>*> The helix-turn-helix (HTH) motif that
mediates DNA-binding is located at the a3-a4 segment that
engages successive DNA major grooves, with a degenerate
tetrapeptide sequence in @4 that enforces specificity for a
particular DNA operator sequence.””* The $1-32 wing extends
from the periphery of the dimer and may mediate interactions
with the immediately adjacent “outer” minor grooves. Early
work on ArsR family proteins suggested that the >3000 distinct
members of this family were mostly metal ion or metalloid-
specific regulators.””>~*>" This is clearly no longer the
case."””**” A number of ArsRs have been recently characterized
and shown to respond to redox-active small molecules*** > or
lack inducer binding sites altogether (Figure 10A).”'~*°* ArsR
superfamily sequence relationships were recently evaluated
using a sequence similarity network (SSN) analysis of ~168,000
unique entries from the Pfam and Interpro data sets.”**>%*

3.2.2.1. Metal-Sensing ArsRs. The largest cluster of
sequences”*>*** contains the vast majority of described
metalloregulators to date, that sense either biologically relevant
transition metals, e.g., Cu, Zn", Ni" or Co™ and toxic heavy
metals, including Cd" or Pb". Collectively, these sequences
share a conserved metal binding site conforming to a
DxHx,oHx,(H/E) motif in the aS helix that defines an
interfacial site between the two subunits of the dimer, and an
additional metal binding site harboring a CxC motif in the a3
helix (Figure 10B). Interestingly, the Zn"' sensors SaCzrA,"!
BsCzrA,”™ SynZiaR**® and TtSmtB'*° that sense Zn' with
significant specificity both in vivo and In vitro,”” share the same
DxHzx,,Hx,(H/E) motif with the Ni" sensor MtbNmtR;
however, NmtR completes an octahedral coordination complex
by recruiting the N-terminal His-Gly sequence.””**’ On the
other hand, Cd" and Pb" responsive regulators LmCadC*”" and
SaCadC*’>*”* rely largely upon the a3 CxC motif and two N-
terminal Cys as the primary allosteric site, denoted a3N, for
negative regulation of DNA binding (Figure 6A, top) since the
a5 DxHx,yHx,(H/E) motif is either not present274 or
allosterically uncoupled (silent).”*®*”> While this Cys-rich site
retains a certain degree of selectivity for soft transition metal ions
Cd" and Pb" over Zn", the In vitro metal selectivity is not as high
as the paradigm Pb" sensors from the MerR superfamily (vide
infra).”* Other characterized ArsR family metallosensors that
contain allosterically active @3N and aS sites are known to have
relaxed metal selectivity. One example here is cyanobacterial
BmxR, whose regulon is inducible by both monovalent (Cu'/
Ag') and divalent (Zn"/Cd") ions in O. brevis.”’® Additionally,
cyanobacterial AztR*”” responds to Zn'/Pb"/Cd" by engaging
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metal donors in a modified @3N site only, while mycobacterial
KmtR*”® responds to Zn"/Co"/Ni" by binding metal to a His-
rich site that resembles, but is not identical to, the a5
DxHzx,,Hx,(H/E) motif found in a canonical Zn" sensor.

3.2.2.2. Other Non-a5 or a3N Metal-Sensing ArsRs. There
are a number of other metal-sensing repressors from the ArsR
family that differ from those described above. The regulon of the
Zn"-responsive efflux repressor mycobacterial SmtB includes
zur (Section 3.2.6) which suggests a mutually reinforcing
response to zinc toxicity (Section 5.3.3).””***" The Cd" sensor
CmtR from Mycobacterium tuberculosis and Streptomyces coeli-
color employ a distinct metal binding site containing two metal
coordinating cysteines derived from the DNA binding helix a4
and a Cys from the C-terminal flexible tail (Figure 10C).**"***
The Ni" sensor SrnR from Streptomyces griseus2 s
representative of a group of candidate Ni'-specific regulators
that depend on a Ni'-binding partner protein (SrnQ) to elicit a
transcriptional response.”*>*** The Hg" resistance regulator
from the Gram-positive bacterium Streptomyces lividans™ is
present in a divergently transcribed operon that has been
replaced by a canonical MerR family regulator in other
bacteria.”*® This sensor has more than six cysteine residues in
different structural elements and several other putative metal
binding sites; however, the bioinorganic chemistry of this system
has not yet been examined.

3.2.2.3. As" and Organoarsenical Sensors. The canonical
As"™ sensors harbor a C-(V/A)-C motif in the a3 helix
coincident to that described above, which donates two of the
three As™ ligands, adopting a trigonal planar coordination
geometry (Figure 10D). This is the dominant As"-sensing
regulator, with an additional Cys present in either close
proximity to this motif*®” or in the C-terminal region.”>> Two
distinct As™ sensing sites described for As™ sensors are
represented by Acidithiobacillus ferrooxidans ArsR**® and
Corynebacterium glutamicum ArsR (Figure 10D).”*” AfArsR
and another ArsR in Agrobacterium tumefaciens™ """ feature a
CCx,C motif in the @S helix that defines a C-terminal As™
binding site.””>*”* The As™ selectivity over Hg" of this protein
has been recently interrogated with a combination of different
spectroscopic techniques that confirm that As™ binds in a rigid
trigonal pyramidal geometry compared to an rather undefined
geometry with Hg'.>”* On the other hand, the CgArsR As™
binding site engages a Cys from the canonical C-(V/A)-C motif
and two N-terminal Cys from the other subunit within the dimer
(Figure 10D).”*” The common feature is that each of these three
As™! sensing ArsRs utilizes three cysteine residues at spatially
distinct locations within the same three-dimensional structure,
suggesting that the ArsRs must have arisen independently during
evolution.”*****?%? It is important to note that while the
coordination of As™ by the canonical As-sensing ArsR has only
been characterized by EXAFS,”” the other two As™ sites have
been resolved by crystallography.”*®

3.2.2.4. Redox-Active Small Molecule ArsR Sensors. The
remainder of the biochemically characterized ArsR family
sensors are not metal ion or metalloid-sensing regulators, but
instead use cysteine thiolate chemistry enabled by a precisely
tuned pK,, nucleophilicity and topology to specifically sense
either RSS or ROS (Figure 10E).**>*7 All known RSS or
supersulfide sensors are characterized by a pair of cysteines in
the a2 and as$ helices which form an intraprotomer polysulfide
bridge when incubated with a sulfane sulfur (sulfur-bonded
sulfur) donor.”**2¢72992%7 The paradigmatic RSS-sensing ArsR
is SqrR from the purple bacterium Rhodobacter capsulatus.”” X-

ray crystal structures of four distinct oxidation states reveal that
the two sensing Cys lie quite far apart from one other, forming a
cavity that restricts solvent accessibility and disulfide bond
formation, which would occur with an oxygen-derived ROS.**
This in turn promotes the formation of a polysulfide bridge
linking the two cysteines. RSS-specificity was shown not only in
vitro but also in cell culture,”®® as in the case of Vibrio cholerae
HlyU, an SqrR homologue, which regulates the expression of
exotoxins necessary for bacterial colonization of the gut in
response to endogenously generated persulfides.”” SqrR
homologues have also been found in other human patho-
gens,””*? plant pathogens**’ and sulfur-oxidizing bacteria.*”’
On the other hand, cyanobacterial RexT is H,O,-specific sensor,
which reacts instead with two vicinal Cys residues in the a3 helix
(Figure 10F).>*® The formation of disulfide bridges between the
vicinal Cys residues is the mechanism by which transcription of
downstream H,0,-detoxifying genes is allosterically regulated.
It remains unclear, however, if crosstalk with other oxidants
occurs in RexT. Overall, nonmetal sensing ArsR proteins appear
to exhibit exquisite chemical inducer specificity afforded by the
distinct structural environment of the dithiol pair.

3.2.2.5. Allostery. The picture that emerges from a gallery of
different ArsR family structures is that the sensing sites are
widely distributed throughout this simple molecular scaffold,
which in turns triggers a change in structure and/or conforma-
tional dynamics that inhibits DNA binding by several orders of
magnitude (AG, ~#+3—6 kcal/mol; Figure 6A-B).2057267,270,301
This large allosteric coupling free energy comes from distinct
metal, metalloid and reactive species-specific sensing sites,
which implies that each of these sites must be connected in some
way to the DNA-binding helices to drive allosteric inhibition of
DNA binding. This remarkable feature is unique to ArsR family
sensors among all of the metalloregulatory protein families
discussed here. The allosteric plasticity of this simple molecular
scaffold has obvious implications for evolvability of new
biological outcomes, which in one case, the Zn" sensor SaCzrA,
appears to arise from a redistribution of internal dynamics
important for DNA operator binding.'*” The extent to which
this allosteric mechanism is a general feature of ArsR family
regulators is unknown, but we believe likely, given the sheer
number of structurally distinct sensing sites that have emerged
on this simple homodimeric scaffold."*”

3.2.3. MerR. MerR proteins, like ArsR proteins, sense a wide
range of metal and chemical inducers (Figure 11A). They are
homodimers organized as two symmetry-related signaling and
DNA-binding domains linked by a long a-helical coiled coil
derived from the a5 helix (Figure 11B).*°**** Each DNA-
binding domain is formed by the N-terminal region of each
protomer which conforms to a winged helix-turn-helix motif
with an al-a2-f1-f2-a3-a4 topology (Figure 11B). The
inducer binding signaling domain typically involves residues
from the C-terminal region of one protomer and the N-terminal
region of the @5 helix of the other protomer.””***° The
diversity of signals collectively detected by MerR sensors may
well be broader than that of the ArsR family as they not only
form coordination complexes with monovalent and divalent
metal ions, e.g., mercury (Hg),1‘35’307’308 cadmium (Cd),***"°
lead,”®”*"! cobalt,*'? zinc,*"? iron,*'* nickel,*"* gold (Aul)g’m’?’]6
and copper,”"” but also respond to oxidative stressors,”*>’"®
carbonyl and nitrosative stressors,” ”**° and lipophilic drug
molecules’****" (Figure 11A). In general, the affinity of MerR
sensors for their target operators is not significantly changed by
binding the cognate inducer, i.e., the apoprotein may function as
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Figure 11. MerR family proteins. A) Abbreviated periodic table
showing the metals and reactive species (shaded) known to be sensed
by MerR proteins. The four-letter designations for individual proteins
that perform the function listed in the nearby box are shown. B) Ribbon
representation of CadR protein (6JGX)>% with close up view of the Cd
metal binding sites, denoted site 1 and site 2. Conserved primary
structural features of different metalloregulator MerR proteins with
metal binding sites with Cd binding preference. C) Ribbon
representation RmPbrR (SGPE)**” with a close-up view of the of the
Pb" binding site. Conserved primary structural features of different
MerR proteins with Pb and Cd metal binding preference. D) Ribbon
representation EcZntrR (1Q08)*" with a close-up view of the of the Zn
binding site showing two Zn metal ions. Conserved primary structural
features of different MerR proteins with Zn metal binding preference.
E) Ribbon representation PaMerR (SCRL)**® with a close-up view of
the Hg binding site. Conserved primary structural features of different
MerR proteins with Hg metal binding preference. F) Ribbon
representation EcCueR (PDB 1Q05)*' an activation complex with
operator DNA with close up view of the of the Cu' binding site.
Conserved primary structural features of different MerR proteins with
Cu' metal binding preference. G) Ribbon representation of the
peroxide sensing ExSoxR (2ZHG)>* in complex with operator DNA
with close up view of the [2Fe-2S] site. Conserved primary structural
features of different ROS sensitive MerR proteins.

a weak repressor of a weak promoter. On the contrary, inducer
binding drives a concerted change in both the conformation of
the homodimer and DNA promoter to which it is bound,
eliciting a transcriptional activation response via recruitment of
RNA polymerase to what is now a strong promoter.z‘;}’?’n’?’22
Canonical MerR activators bind to their DNA operators
embedded in a suboptimal promoter with the —35 and —10
promoter elements separated by 19—20 bp instead of the
optimal ~17 bp distance.'””*"* Signal perception is linked to
DNA underwinding, thus moving the —35 and —10 promoter
elements to same side of the DNA duplex and allowing
productive engagement of RNA polymerase, and transcription
initiation (Figure 6A, bottom).

3.2.3.1. Pb"- and Cd"-Sensing MerRs. Early studies of a
number of canonical metal-sensing MerRs revealed that a major
determinant of metal selectivity was the specific arrangement of
residues (usually Cys or His) in the inducer-binding sites largely
localized to a metal binding loop (MBL),”** with a preferred
coordination geometry for a monovalent vs a divalent metal
ion."*” Insights that have emerged more recently suggest a far
more nuanced picture. For example, while most MerRs contain a
single metal binding site in the MBL, the Cd" efflux regulator
from Pseudomonas putida CadR features two Cd" binding sites,
as inferred from the crystal structure of the different metalated
forms (Figure 11B).**” One site is formed by Cys in the MBL
and a Cys from the N-terminal region of the dimerization (aS)
helix, an arrangement shared with other divalent metal ion MerR
sensors, with the second site a histidine-rich site positioned
between the dimerization helix, the H-T-H motif and the C-
terminal tail (Figure 11B).** Cd" binding to the MBL site
facilitates the assembly of His-rich site and the presence of this
second site in turn enhances the metal affinity of the MBL site
significantly, ie., the binding of Cd" in CadR is positively
cooperative. CadR is the most specific, naturally occurring Cd"-
sensor reported to date, as the cadR promoter is induced only by
cadmium, and this may be traced to this two-site intraprotomer
cooperativity.”>* Other Cd"-sensing proteins, such as CadR
from P. aeruginosa and E. coli,*"® do not conserve this second
Cd" site, and instead rely exclusively on a P. putida-like Cys-
thiolate-rich MBL site for regulation.

The Pb" sensor PbrR from Cupriavidus metallidurans is
representative of a group of MerRs that form a trigonal-
pyramidal coordination complex with three conserved Cys, with
two derived from the MBL and one from a Cys in the N-terminal
region of the dimerization helix (Figure 11C).*"" The crystal
structure of PbrR suggests that the Pb"-selectivity of this switch
may be traced to the coordination geometry itself, where fourth
coordination position is occupied by the stereochemically active
lone pair of electrons on the Pb" ion. CmPbrR, like Cd"-sensing
CadRs, harbors the same asparagine residue (N81; Figure 11B)
that functions as the fourth metal ligand in CadRs,**?'° but is
excluded from the first coordination shell in CmPbrR by the Pb"
lone pair. These characteristics precisely parallel previous
findings for the ArsR family Pb"/Cd" sensor CadC.**”**° It is
interesting to note that although this three-coordinate Pb'-
pyramidyl structure may well be a common feature of Pb"-
responsive regulators, the presence of four Cys residues in the
metal binding site of CadC negatively impacts Pb" specificity
over Cd" or Zn".

3.2.3.2. MerR Family Zn" Sensor. The canonical Zn" efflux
regulator (Figure 6) EcZntR is characterized by a conserved
CCx;Hx,C motif in the MBL and a Cys in the N-terminal region
of the a5 helix, which collectively create a binuclear Zn" cluster
in which the two Zn" ions adopt apgroximately tetrahedral
coordination geometries (Figure 11D). 7 E¢ZntR responds to
intracellular spikes of Zn" in the nanomolar concentration
range””’ but also responds to acute phase Cd" and Pb" toxicity
as well.”*® This suggests that the zinc selectivity of ZntR may be
quite modest in E. coli.”*” In Salmonella, however, ZntR appears
quite selective, at least relative to other biologically required
metals, Mn", Fe', Co", Ni'! and Cul'*' ZntR gplays a key role
specifically in Brucella abortus Zn" homeostasis.”*’ On the other
hand, A. tumefaciens ZntR responds primarily to Cd" toxicity,
eliciting a comparable response to Zn'' and Co™,**" while in
Serratia marcescens, ZntR appears to regulate a Pb" toxicity
response.”” Thus, the true cytoplasmic metal inducer of a ZntR
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may well be dependent upon the composition of the intracellular
“buffering” milieu, which thus impacts its set-point K,* for a
specific metal (Figure 8), perhaps in response to its environ-
mental niche in which an organism resides. This degree of metal-
sensing promiscuity across a collection of closely related ZntRs
in a cell is not only anticipated but may well be beneficial, since it
is well documented that the P,5 , ATPase, ZntA, can efficiently
transport a range of divalent soft transition metal ions, including
Zn® CdY, PbY and HgH by adopting a range of coordination
geometries in the transmembrane metal binding site (Section
5.3.1).°° In fact, this modest selectivity of EcZntR has been
exploited in the selection of engineered ZntR mutants capable of
detecting xenobiotics®”****** that are subsequently leveraged
in the design of whole cell biosensors (Section 3.4).

3.2.3.3. Hg"-Selective MerRs. The founding member of the
MerR superfamily is plasmid-derived EcMerR'*° and all share
three conserved cysteines, two in the MBL and one in the N-
terminal region of the a$ dimerization helix (Figure 11E). The
Hg" site is trigonal planar as revealed by 'Hg NMR
spectroscopy”~**° and EXAFS,*’ and later confirmed by X-
ray crystallography of both Gram negative’®® and Gram
positive’”” Hg'-sensing MerRs. This tricoordinate HgS; site in
MerR remains the only naturally occurring Hg" complex of its
kind, beyond de novo designed three-helix bundle peptides.’*®
The selectivity and sensitivity of this Hg" specific switch is
noteworthy, with ~100-fold discrimination of Hg" over other
metal ions.'””***** This property may well be traced to several
His and Cys residues beyond the first coordination shell that
have been implicated in driving a significant structural
rearrangement in the homodimer which buries the tris-thiolate
HgII site.>®® However, these ideas are difficult to rationalize on
the basis of early extensive mutagenesis studies.”*' In any case,
directed evolution of Hg"-sensing MerR to create a Cd"-specific
sensor has been achieved through the introduction of mutations
distributed throughout the molecular scaffold.***

3.2.3.4. The Monovalent “Coinage Metal” Sensors. The
coinage metal sensors of the MerR family are exemplified by the
Cu! sensor E. coli CueR, which provides resistance against
copper toxicity, and the gold resistance regulator from
Salmonella, GolS (Figure 11F). Cu' coordination by CueR
involves formation of a linear bis-thiolato coordination complex
formed by two Cys from the MBL. Selectivity for Cu' is
mediated by a negative design element, a conserved Ser in the a$
helix, required to exclude divalent metal ions,*'”****** as well as
the somewhat shorter length of the MBL relative to divalent
metal sensors (Figure 11E).*"” For example, the number of
residues between the two Cys ligands in the MBL appear to
impact discrimination between Hg" and Cu'.>"” GolS binds Au'
with the same coordination geometry as Cu'-sensing CueR*'®
and can be phylogenetically distinguished from CueR only on
the basis of differences in the N-terminal region that appears to
confer Au' specificity’'® while modulating regulator-DNA
operator specificity.**>**° Thus, it is not surprising that EcCueR
is responsive to Cu' but can also detect Ag' and Au' in vivo and in
vitro, 302317339

3.2.3.5. Unconventional Metal-Sensing MerR Proteins.
There are several MerR family regulators that do not appear
to conform precisely to this classical paradigm.’”” For example,
Synechocystis CoaR harbors an additional domain that is required
for CoaR to respond to intermediates of the B;, biosynthetic
pathway.’’* MIiR from the marine Bacteroidetes Bizionia
argentinensis has been reported to function as both an iron-
dependent activator and repressor of genes linked to bacterial

survival under Fe-replete conditions so as to avoid Fe-
overload.’'* Similarly, the Haemophilus influenza nickel-
responsive MerR-like regulator (NimR) is the only described
MerR that responds to Ni' and regulates the expression of genes
encoding a Ni'' uptake system.’’> This is in contrast to most
MerR regulators, which generally elicit a detoxification response
to a specific inducer.

3.2.3.6. Redox-Sensing MerRs. Three phylogenetically
distinct groups of MerR sensors respond to redox-active small
molecules. The superoxide sensor, E. coli SoxR, is among the
best characterized of these subfamilies.”*’~**" Each SoxR
protomer harbors a CIGCGCLSxxC motif in the MBL that
coordinates a sensory [2Fe—2S] cluster and mediates a response
to superoxide anion, nitric oxide and redox cycling agents
(Figure 11G).**® Oxidation or nitrosation of the Fe—S centers
induces a conformational change in the homodimer that renders
SoxR-regulated promoters permissive for open complex
formation in front of its only target gene, soxS, which encodes
a global redox resistance regulator. It is interesting to note that in
contrast to most other metal-binding MerRs the [2Fe-2S]
clusters are completely solvent exposed,”” a finding consistent
with a role in cellular monitoring of small redox-active
compounds. SoxR is an excellent illustration of evolutionary
“plasticity” of the MBL in MerR proteins and how that plasticity
can be tuned to perform a distinct function. Unlike E. coli and
related enteric bacteria, however, the majority of SoxR regulons
in P. aeruginosa and Streptomyces coelicolor lack the genes
typically involved in O, detoxification.*****" Thus, it is not yet
clear that all SoxRs are superoxide anion sensors, which suggests
that other redox active small molecules could have a more
significant role to play in these organisms.

NmlIR, first identified in Neisseria gonorrheae,?’52 also activates
transcription in response to both oxidative and nitrosative
stresses, with the structure and mechanism of regulation
described for the H. influenza homologue.”"” Oxidation of a
conserved Cys pair in the MBL changes the protein
conformation allowing transcriptional derepression and/or
activation of the expression of a genes encoding alcohol
dehydrogenase family enzymes.’'® A recent report suggests
Streptococcus pneumoniae could also harness this chemistry to
respond to strong electrophiles such as HCIO.*** AdhR, on the
other hand, is a Bacillus subtilis aldehyde-activated sensor that is
representative of the third group of redox active regulators that
regulates the expression of genes encoding enzymes that reduce
aldehydes or repair aldehyde derived posttranslational mod-
ifications.”>* More recently, it has been shown that polysulfane
compounds induce AdhR-regulated genes.”>> Altogether these
observations suggest that AdhRs and NmIR proteins may
function as promiscuous redox or electrophile sensors in cells.

3.2.4. CsoR. CsoR family proteins exhibit high pairwise
sequence similarities and adopt a disc-shaped, dimer-of-dimers
D,-symmetric tetrameric architecture consisting of four a-
helical ~#90-residue protomers (Figure 12B).**° Members of the
CsoR family collectively detect a wide range of transition metal-
and small molecule inducers, with an inducer footprint that is at
present far smaller than that of the ArsR and MerR families
(Figure 12A). The founding CsoR family members are the Cu'
sensor”>” from Mycobacterium tuberculosis”®® and the Ni"/Co"
sensor RenR from E. coli.**® Since that time, other CsoR family
members have been reported, including a second mycobacterial
Cu' sensor, RicR,**? the Ni" sensor InrS from Synechocystis,360
the formaldehyde-sensing repressor FrmR from E. coli,**"***
and the thiol persulfide sensor CstR, now functionally
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Figure 12. CsoR family proteins. A) Abbreviated periodic table
showing the metals and reactive species (shaded) known to be sensed
by CsoR proteins. The four-letter designations for individual proteins
that perform the function listed in the nearby box are shown. B) Ribbon
representation of MtCsoR tetramer protein (2HH7)**® with close up
view of the Cu metal binding site. Conserved primary structural features
of CsoR homologues proteins denoted in the text. C) Ribbon
representation of the formaldehyde sensitive SeFrmR protein
(SLCY)*** with close up view of the metal binding site. Conserved
primary structural features of FmrR homologues. D) Ribbon
representation of the nickel activated SyInrS protein (SEMN)*° with
a close-up view of the metal binding site. Conserved primary structural
features of InrS proteins are shown. E) Ribbon representation of the
persulfide (RSSH) sensitive SpCstR protein (7MQ2)*** with close-up
view of the reduced cysteines of the RSS-reactive site. Conserved
primary structural features of different CstR like proteins.

characterized in S. pneumoniae,”*’ S. mitis,”* Staphylococcus
aureus’® and Enterococcus faecalis.’®* Inducer specificity by
CsoR-family repressors was originally described in the context of
a simple “W-X-Y-Z” motif using the MtCsoR Cu' chelate as a
template,”” where the first coordination shell ligands around a
subunit-bridging, trigonally coordinated Cu' define the X
(Cys36), Y (His61’) and Z (Cys6S’) residue positions (Figure
12B).>** This conceptually simple perspective on inducer
specificity has proven remarkably resilient, but cannot fully
explain how inducer promiscuity is avoided, particularly when
considering specificity toward reactive species such as
persulfides™ and formaldehyde.*** A recently published SSN
analysis significantly extends these initial ideas, providing new
insights into inducer specificity in this very large superfamily of
transcriptional repressors.239

3.2.4.1. Cu' Sensors. There are three distinct types of Cu'-
sensing CsoR-family repressors exemplified by BsCsoR,**’
MtCsoR,”” and TtCsoR (Figure 12B).>” The reported
SSN**” coupled with a phylogenetic analysis suggests that
copper specificity within this family of repressors may have
arisen multiple times during evolution.**® Copper specificity has
generally been assessed by determining an affinity >107'* M™!

. : . 203,357,368—370
using Cu' specific chelators as competitor ligands,

although the selectivity for Cu' over other transition metal ions
has been determined in only for a few cases.”””””" Nearly all
functionally characterized bona fide CsoR-like Cu' sensors are
related to BsCsoR*”**”*”" which conserve the three cognate
Cu' binding residues that form a C—H—C (Cys-His-Cys) “X-Y-
Z” motif and lack an N-terminal metal binding residue “W”, thus
denoted x—C—H-C. Two structures of this group are
SICsoR*7?7* and GtCsoR,**® obtained in the apo and Cuk
bound states, respectively. A comparison between the apo- and
Cu'-bound states suggests a mechanism of allosteric con-
nectivity where the metal binding event induces a kink in the a2
helix, which leads to a rearrangement of surface electrostatic
potential distribution, thus driving DNA dissociation and
transcriptional derepression of Cu'-resistance genes.”’””

The x—C—H-C motif is also present in MtCsoR which
exhibits high specificity for Cu'.””> MtCsoR and the related
sequences only present in actinomycetes are characterized by a
~30-residue, }z)oorly conserved C-terminal tail not found in
other CsoRs.””**’* The only structure available for this
subgroup is the Cu'-bound form of MtCsoR.*** While structural
details of the apo form are missing for this groups of Cu' sensors,
ion mobility mass spectrometry studies on this protein suggest
that metal binding subtly alters the shape of the tetramer to a
more hydrodynamically compact structure®”” which may lead to
changes in the surface electrostatic potential distribution similar
to that observed for SICsoR.*”**”* Moreover, the &-face of Cu®
coordinated His ligand interacts with residues in the second
coordination shell including nearly invariant Tyr and Glu
residues that are energetically linked to Cu'-mediated allosteric
inhibition of DNA binding, suggesting a path for allosteric
connectivity.203

In T. thermophilus CsoR one of the Cu'-coordinating Cys is
replaced by a His, thus defining a x—C—H-H metal-binding
motif (Figure 12B).**” Although the Cu! specificity of this
switch has not yet been unequivocally evaluated, residues in the
second coordination shell are conserved, as are the neighboring
genes found in all three Cu'-specific clusters (a P, CopA efflux
pump and a CopZ metallochaperone); these features are
consistent with a Cul-specific sensing function.”* Studies
designed to examine the impact of this Cys-to-His substitution
concluded that the histidine positively impacts DNA-binding
affinity and Cul-responsiveness of this sensor.*®” Metal displace-
ment studies on different SICsoR mutants suggest that a His in
this metal-ligating position may impact the kinetics of Ni"
displacement of bound Cu' ions.””" Thus, substitution of the
second Cys may enhance the promiscuity of this subgroup of
Cu' sensors.

3.2.4.2. Ni"/Co" Sensors and the Formaldehyde Sensor.
The Ni"/Co'-sensing repressor RcnR is readily distinguished
from Cu'-sensing CsoRs proteins by conservation of a H—C—H-
H “W-X-Y-Z” motif.”***’® RenRs are most closely related to the
formaldehyde (HCHO)-sensing FrmR,****”” which harbor a P
(Pro)—C-H=x “W-X-Y-Z” motif, as exemplified by EcFrmR and
SeFrmR (Figure 12C). A very high level of pairwise similarity is
consistent with the relative ease with which inducer specificity
can be relaxed or switched in an FrmR by simple reintroduction
of the Z-position His residue found in RcnRs.*** The Ni/Co
specific transcriptional response of RcnR has been extensively
characterized in lacZ-reporter assays and EXAFS studies to
identify subtle differences in Ni" vs Co" coordination modes in
RenR.”7%7% For example, the N-terminal His donor appears

critical for Co™induced DNA dissociation but not for Ni'.>”¢
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While detailed spectroscopic studies have led to atomic-level
models of the different holo RenR species that define residues
beyond the “W-X-Y-Z” motif, the lack of a structure hinders our
understanding of the allosteric mechanism of transcriptional
derepression by RenR.”***7%%7? On the other hand, allostery in
FrmR is driven by a methylene bridge formed between the Cys
(C) and the Pro (P) in the “P—C—H-x" motif after the Cys-
thiolate attacks HCHO; this chemistry appears to lead to a
rearrangement of the surface electrostatic potential distribution
that impairs DNA rfecognition.361

Two additional groups of Ni'/Co" specific clusters are
exemplified by cyanobacterial InrS'"” and Leptospirillum
ferriphilum NcrB.** The Ni/Co specificity of InrS over Cu'
and Zn" has been evaluated both in vivo and In vitro, revealing
that the affinity of InrS for these other transition metal ions is
sufficiently low, i.e., an insufficiently negative AAG relative to
Ni" (Figure 8), which prevents induction of the expression of
genes encoding Ni' transporters as a result of mismetalation
(Figure 12D).**" Unlike RenR, the Ni! coordination complex in
InrS may well be four-coordinate square planar, which would
provide some intrinsic specificity for Ni' (Figure 12D).
Moreover, InrS is the only Ni/Co specific sensor crystallized
to date and is thus far unique among CsoR-family members in
that it has been shown to repress the expression of genes
encoding Ni' efflux transporters, while promoting the
expression of Ni' uptake genes.''” These functional character-
istics of InrS permitted a detailed study of the relationship
between intracellular metal bioavailability and metal sensor
metal affinity in Synechocystis cells that provides critical support
for our current understanding of the metallostasis set point
model (Figure 8A).""” The Ni''/Co" specificity of NcrB and
NreA has been inferred from their regulation of nickel resistance
determinants;**”*** however, detailed biochemical and struc-
tural studies are needed to evaluate the extent and molecular
basis of metal selectivity in these repressors, and what features
distinguish them from an RenR or an InrS.

3.2.4.3. RSS Sensors. Candidate thiol persulfide (RSSH)
sensors constitute the largest group of sequences from the CsoR
superfamily. The most well-studied groups of CstR (CsoR-like
sulfurtransferase repressor) proteins is represented by the
founding member S. aureus CstR found largely in Gram-positive
organisms (Firmicutes).**>*** The structure of pneumococcal
CstR reveals that the two Cys found on opposite subunits within
the dimer unit are characterized by long intersubunit Sy-Sy
distances (7—9 A), mediated in part by a “wedge’ residue NSS,
which defines a x-C-N-C “W-X-Y-Z” motif (Figure 12E). This
structure provides a rationale for the observed low Cu' binding
affinity and enhanced nucleophilicity that prevents crosstalk
with the copper sensor CsoR in the same S. aureus cytoplasm.**”
A mass spectrometry-based kinetic profiling method performed
with a variety of oxidants, including cysteine persulfide
(CSSH),*™ reveals a striking asymmetry of trans-persulfidation
within each CstR dimer unit within the tetramer, with one side
of the dimer reacting and ultimately closing to a cross-linked
product far faster than the opposite side of the dimer.**’
Although reactivity profiles of even closely related CstRs are
distinct from one another, a per- or polysulfidated monomer is
formed rapidly, on pathway, in all cases. This suggests that the
key feature that controls RSS specificity is the enhanced
nucleophilicity of the attacking (N-terminal) Cys, which is
distinct from persulfide sensors of the ArsR family, e.g., SqrR,
which Cys nucleophilicity is lower (Section 3.2.2.4). CstR,

unlike SqrR, reacts rapidly with H,O, In vitro to form the
disulfide-cross-linked species, but sluggishly with GSSG.**

The lack of a characterized H,O,-specific CsoR-family sensor
prevents a detailed side-by-side evaluation of the oxidant
specificity of a bona fide RSS and ROS sensor, limiting our
understanding of inducer specificity in this structural class of
repressors. It is interesting to note, however, that these
regulators can function cooperatively with other transcriptional
regulators that respond to related sulfur-containing species. For
example, it was shown BIYrkD that is encoded in an operon
alongside a two-component system that has been proposed to
respond to extracellular H,S.*** The largely uncharacterized S.
coelicolor CsoR (CstR)*® and a mycobacterial protein,
MtRv1766°" also harbor two conserved Cys of a CstR,
adopting a x-C-x-C “W-X-Y-Z” motif; a functional role in RSS
sensing is consistent with a genomic neighborhood that encodes
for distinct sulfide or sulfite detoxification enzymes.”*” These
sensors do not conserve the wedge Asn (N) residue, which
suggests that these proteins may well perform oxidative
chemistry with a distinct profile of sulfur-containing donors, as
yet unknown.

3.2.5. CopY. The copper-specific metallosensor CopY
(Figure 13A) is a member of the methicillin and S-lactam

Figure 13. CopY family proteins. A) Abbreviated periodic table
showing the metals and reactive species (shaded) known to be sensed
by CopY proteins. The four-letter designations for individual proteins
that perform the function listed in the nearby box are shown. B) Ribbon
representation of antibiotic sensing SaMecl dimer protein (10KR)*’
with close up view of an Alphafold2-modeled Cu' metal binding site
from CopY. Conserved primary structural features of CopY metal
binding homologues are shown.

repressor (Mecl/Blal) family as a result of its high sequence
similarity in the N-terminal DNA binding domain and an
identical cognate DNA operator sequence.’*® The DNA-
binding domain adopts a canonical winged-helical domain like
that found in ArsR, MerR and MarR repressor families, as
determined by NMR spectroscopy.”®” The C-terminal domain
functions as both the regulatory and the dimerization domain
and is of unknown structure.”*® CopYs differ from MecI and Blal
by the presence of a C-terminal unstructured extension
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Figure 14. Fur family proteins. A) Abbreviated periodic table showing the metals and reactive species (shaded) known to be sensed by Fur proteins.
The four-letter designations for individual proteins that perform the function listed in the nearby box are shown. B) Ribbon representation of VcFur
(2W57)*'® with close-up view of the metal binding sites. Conserved primary structural features of different Fur proteins with the different metal
binding sites indicated in brackets are shown. C) Ribbon representation of ScZur (3MWM)*'* with a close-up view of the metal binding sites.
Conserved primary structural features of different Zur proteins with the different metal binding sites indicated in brackets. D) Ribbon representation of
BsPerR (2FE3)*'” with a close-up view of the structural metal binding site only. Conserved primary structural features of different PerR proteins with

the different metal binding sites indicated in brackets.

appended to the C-terminal domain that harbors a conserved
CXCX,CXC motif, or less frequently, a single CXC motif that is
known to coordinate Cu' or Zn" in distinct coordination
geometries and stoichiometries (Figure 13B).** CopYs regulate
Cu' efflux via P, ATPase CopA and the oxidative stress
response in a small number of bacterial pathogens from closely
related Firmicutes, derived from the Lactococcus, Streptococcus
and Enterococcus spp.”">**°73"> CopY-type regulators are
experimentally validated copper sensors in E. hirae,”*® Enter-
ococcus ﬁzecium,393 L. lactis IL1403,3'91 Streptococcus mumns,sg6
Streptococcus pneumoniae,””" Streptococcus pyogenes,176 Strepto-
coccus suis””* and Streptococcus gordonii.‘(

Remarkably, CopYs bind both Cu' and Zn" with opposite
functional outputs. A single Zn'" per dimer is coordinated
tetrahedrally to the CxC-containing CopY, and is an allosteric
activator of DNA binding required for full repression of the cop
operon in the absence of Cul stress; as Cullevels in the cell rise,
two Cu' displace the single Zn" to form an S,—Cu, cluster that
impairs DNA binding.””' Ton mobility mass spectrometry and
SAXS of SpCopY reveals that S,—Cu, cluster formation leads to
conformational instability and protein aggregation, possibly
favoring DNA dissociation.”*"**° The distinct functional output

of Zn" vs Cu'is a unique feature of CopYs, which allow the
organism to exploit repressor metal promiscuity to facilitate
bacterial survival to copper and zinc toxicity. While the impact of
Cu regulation on the crosstalk between Zn and Mn has been
investigated in other CopY-encoding bacteria,'”® it remains
unclear whether the mechanistic proposal described for SpCopY
characterizes other members of this group of repressors.

3.2.6. Fur. The ubiquitous Fur family proteins have evolved
to sense all first-row, late d-block divalent metal ions with the
exception of Cu", and one specific reactive oxygen species,
hydrogen peroxide (Figure 14A). Fe'-sensing Fur and namesake
of the family is a global regulator that integrates the control of
metallostasis of Mn"! vs Fe, in particular, with other oxidative
stressors. This is because Fe' in the presence of even small
amounts of H,O, results in the generation of the biomolecule-
damaging hydroxyl radical (OHe) via Fenton chemistry which
becomes catalytic in the presence of cellular reductants, and
catastrophic for cellular function. All Fur superfamily proteins
are homodimers (some are tetrameric) where each protomer is
characterized by an N-terminal winged helix-turn-helix DNA-
binding domain and a C-terminal dimerization domain that are
connected by a flexible hinge region. This “hinge” occurs just N-
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terminal to a conserved HHxHx,Cx,C motif formally located in
the C-terminal domain in the vicinity of the 2 and /3 strands
(Figure 14B).””**"” In general, one or more His in the HHxH
motif are ligands to the metalloregulatory sites (sites 2 and 3; site
3 is not present in all Furs), with the Cx,C motif forming the N-
terminal half of a tetrathiolate (S,) site 1, paired with another
Cx,C sequence at or very close to the C-terminus of each
protomer (Figure 14B-D). Site 1 is a structural site which is
nearly always occupied by Zn', whose integrity stabilizes the
dimer. Although site 1 can form a [2Fe-2S] cluster that is
reported to play a role in iron sensing in cells, the significance or
generality of this finding among Fur-family proteins is not yet
clear.*”

Fur family members harbor one (site 2) or two (sites 2, 3)
metalloregulatory sites (Figure 14B) whose affinity for cognate
metal is tuned so as to be maximally responsive to intracellular
changes in bioavailable metal (Figure 8). When site 3 is present,
this allows a “graded” or fine-tuned response to cellular metal
status, which generally expands the range of metal concen-
trations over which the sensor is responsive.*’"**> Fur proteins
in general bind to a palindromic A/T-rich sequence found in the
promoters of regulated genes using a metal cofactor as a
corepressor (Figure 6A, middle).””> Metal coordination in the
regulatory site causes a change in the structure and dynamics of
the repressor that promotes and stabilizes its interaction with
DNA,** although the details if allostery in most Fur proteins
remain unclear.”””***

The Fur family, like the MerR and CsoR families, provides an
excellent illustration of how transition metal selectivity can be
tuned by evolving a single primary metal sensing site (site 2) to
adopt distinct coordination numbers and geometries optimized
to mediate a metal-selective allosteric response (Figure 14B-D).
Indeed, the presence of several Fur family proteins in the same
organism is rather common, consistent with the idea that they
can function independently of one another, while possessing a
sufficient degree of specificity for their cognate coregulatory
metal as predicated by the set-point model (Figure 8). However,
crosstalk among Fur paralogs has been observed, for example in
the biosynthesis, efflux and uptake of the broad-spectrum
metallophore staphylopine in S. aureus, which are cooperatively
regulated by both Fur and Zur.**>*° Similarly, there are several
examples of partially overlapping regulons,”***”*” suggesting
a tight interconnectivity between metal balance and the
resistance to oxidative stress. Indeed, Fur mismetalation may
allow Fur to function as a signaling “hub” that globally integrates
control of metallostasis and a response to other
stresses.”” 0149974 Indeed, a regulatory function for apo-
Fur has been demonstrated*'” reinforcing the idea that every
differentially ligated state of Fur may drive a distinct regulatory
output. This is in fact a central tenet of the ability of Fur proteins
to orchestrate a graded response to increasing degrees of cellular
metal limitation, where differentially metal-ligated states differ-
entially repress the expression of downstream genes as metal
levels incrementally fall in the cell.>>>*~*!°

3.2.6.1. Fe'-Sensing Fur. Fur proteins that function as Fe'l
sensors have been described in many pathogenic and non-
pathogenic Gram-positive*'® and Gram-negative bacte-
ria, *0%H #9795 Barly structural work on PaFur**® and
VcFur*'® revealed that Fe'' and other divalent metals could
allosterically activate DNA binding by altering the metalation
status of one or both of the two regulatory sites observed (Figure
14B). These two Fur proteins, like MgFur, appear to lack what is
now regarded as the canonical S, structural site 1, like that found

in CjFur and BsFur, or that site if present, is simply devoid of
metal (Figure 14B). It is the case that the double Cx,C sequence
motif of a canonical S, site 1 is present in most Fur sequences,
which when metalated with Zn", behaves as an apoprotein (not
activated to bind DNA).”>* Regardless, the conservation and
interdigitated nature of the residues that form coordination
bonds to one or the other regulatory site (site 1 in these
structures corresponds to site 3 in other Furs with the S, site)
allows for a significant degree of plasticity in the coordination
chemistry. Indeed, the identity of the donor ligands and the
coordination geometry in each site differs among the X-ray
structures solved with the same or different divalent metals, e.%.,
Zn" in PaFur,**° CjFurAr04 and VcFur;*'© and Mn" in MgFur.4 S
Moreover, the regulatory impact of two observed metal sites
may well differ among individual Fe""-sensing Furs. For example,
in VcFur, metal occupancy of site 2 only by Mn", Zn" and
Fe''*'¢ but not Ni',**’ promotes DNA binding regardless the
identity of the metal in site 1 (site 3). In contrast, MgFur site 1
(site 3) has been shown to be essential for DNA binding and site
2 was proposed to be only fine-tune DNA binding affinity."*®
How distinct Fe'sensing Furs are wired for distinct allosteric
connectivities is not yet understood but remains an interesting
unresolved question.

3.2.6.2. Zn"-Sensing Zur Proteins. The zinc uptake regulator
(Zur) is a ubiquitous Fur-family metalloregulator that represses
transcription of the genes that encode proteins involved in Zn"
homeostasis, including high affinity transporters that mediate
zinc uptake, metal allocation, low zinc paralogs and other
physiological processes, depending upon the organism (Sections
4-5). 25709 E¢Zur, ! BsZur*'? and AbZur** harbor only two
Zn" sites per protomer corresponding to the canonical S,
structural site 1 and a regulatory site 2, while MtZur*”® and
ScZur*'* each contain three sites per protomer, adding site 3, the
presence of which is 1proposed to allow for the “graded” zinc
deficiency response.*>*'* It is remarkable in fact, that the
central stretch of four consecutive His residues in MtZur*** and
ScZur*'* alternate by forming coordination bonds to site 2 and
site 3, on opposite sides of the same f-strand. In all cases, the
Zn" ions are tetrahedrally coordinated (Figure 14C). Zur
proteins are readily distinguished from Fur proteins by the
presence of a Cys in the N-terminal region of the 2 strand,
which roughly defines the hinge point between the N- and C-
terminal domains which plays a key role in allostery; *** however,
it remains unclear the extent to which these differences in
sequence can easily explain the differences in metal binding
preferences, particularly in those regulatory sites that impact
DNA binding. While some Zur 3p_roteins bind DNA only in the
presence of Zn' ions,>******* others showed Zur—DNA
binding in the presence of Zn", Mn", and Cd", which again
suggests that the cellular milieu enforces a metal specificity
profile (Figure 8) that cannot be recapitulated by simple In vitro
experiments.436

Recent work reveals that some Zur proteins harbor a pair of
regulatory Zn" sites distinct from the central HHxHx,Cx,C
motif (vide supra) that stabilizes an oligomeric assembly of three
or more Zur dimers on the promoters of genes encoding cognate
metal efflux transporters, leading to RNA polymerase recruit-
ment and activation of transcription when metal levels become
very high.**”~*** This regulatory mechanism thus integrates
repression of uptake transporters and up-regulation of efflux
transporters over a very large range of metal activity using a
single regulator, allowing for a coordinated cellular response to
extreme metal toxicity.
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3.2.6.3. Hydrogen Peroxide Sensor PerR. PerR is the master
regulator of peroxide stress in many Gram-positive organisms
and is functionally equivalent to the thiol-containing OxyR
(Section 3.2.13) encoded by most Gram-negative bacteria, with
only a few exceptions.**""*** PerR is an Fe' binding protein that
forms a six-coordinate Fe' structure with five protein-derived
ligands (site 2) and an open coordination site that
accommodates the binding of H,0,. The first structure of a
PerR protein solved by X-ray crystallography corresponded to
apo-PerR-Zn from B. subtilis, in which the structural S, site 1 was
occupied by Zn" (Figure 14D).*"” When peroxide binds to the
regulatory Fe'' complex, metal-catalyzed oxidation triggers the
incorporation of one atom of oxygen into one of the His in site 2
(either H36 of H91 in BsPerR sequence,**” labeled with a star in
Figure 14D)."**~*7 Histidine oxidation weakens the affinity of
PerR for Fe' and thus dissociates from the DNA with the loss of
its corepressor. The structural changes induced in PerR upon
loss of the regulatory remain unresolved, although it seems
unlikely that the loss of the metal creates a “splayed out, open”
conformation (Figure 14D).*"” The PerR regulatory site binds
Fe"" and Mn" and both function as corepressors; however, only
Fe" can carry out the oxidative chemistry. Thus, the functional
responsiveness of PerR to peroxide stress is tuned to the cellular
Mn':Fe" ratio, which is in part governed by Fe''sensing Fur.***
The mechanism underlying the peroxide selectivity by PerR
relative to Fur remains incompletely understood, but replace-
ment of E108 in 2 by Asp as found in PerRs to create E108D
BsFur makes it sensitive to H202.448

3.2.6.4. Other Fur Regulatory Proteins. There are a number
of Fur family regulators that inte§rate responses to other
transition metal ions, including Mur*~*" and Nur,*>* both
of which appear to sense Mn', and Irr, which is a heme-based
sensor.***> Although microbial physiology studies suggest
metal or metallocofactor-specific responses, there are significant
data that show that metalation with various metals can promote
DNA binding In vitro. These observations reinforce the idea that
our understanding of metal specificity in Fur proteins remains
limited, and must be developed beyond the simple model of a
single cognate metal corepressor.

3.2.7. DtxR. DxR (Diphtheria toxin repressor) family
proteins form a phylogenetically conserved group of Fe'-and
Mn"-regulated repressors prevalent largely in GC-rich Gram-
positive bacteria and archaea, evolutionarily distinct from, but
functiona117y analogous to, Fur family proteins (Figure
15A).%%*%7 DtxR family of proteins are characterized by an
N-terminal DNA-binding domain, an interfacial domain which
contains two metal-binding sites, and a third C-terminal SH3
(Src homology 3)-like domain not present in all DtxR family
crystal structures.”®**” The second domain is comprised of
three helices, organized as a pair of three-helix bundles from each
protomer and is thus responsible for homodimerization and
regulatory metal site binding. SH3-like domains are structurally
like eukaryotic SH3 domains, which mediate grotein—protein
interactions in many signaling proteins,**>**" but have no
detectable sequence similarity with them.

3.2.7.1. Fe'-Sensing IdeR/DtxR. 1deR (Iron-dependent
repressor) regulates the expression of genes that encode proteins
involved in the acquisition and storage of iron. These include
siderophore production and transport, iron transporters,
ferritins and bacterioferritins, as well as proteins involved in
iron—sulfur cluster assembly and metabolic enzymes that harbor
Fe cofactors.”'/#9%4594637995 whjle Fell-1deR represses iron
uptake, it activates the expression of iron storage genes.*** IdeR/

Figure 15. DxR family proteins. A) Abbreviated periodic table showing
the metals and reactive species known to be sensed by DtxR family are
colored. The four-letter designations for individual proteins that
perform the function listed in the nearby box are shown. B) Ribbon
representation of SeldeR protein (7B1 V)*? witha close-up view of the
primary metal binding site and auxiliary site. Conserved primary
structural features of different IdeR proteins with the different metal
binding sites indicated in brackets. C) Ribbon representation of
BsMntR (10N1)** with a close-up view of the primary and auxiliary
metal binding sites shown. Conserved primary structural features of
different MntR proteins with the different metal binding sites indicated
in brackets.

DtxR proteins play other roles beyond controlling iron
homeostasis and in M. tuberculosis and C. diphtheriae are
required for full virulence;*****® in the actinomycete Strepto-
myces avermitilis, IdeR regulates morphology and cellular
metabolism.**> While several IdeR homologues are known to
respond specifically to Fe',**™*” CdDtxR responded equally
well to Fe'' and Mn" when expressed in Bacillus subtilis (an
organism that employs Fur to sense iron).*® Reconciling in vivo
selectivity for Fe'' with in vitro promiscuity remains a
challenge.mz"‘sg’469 For example, the binding of DtxR to the
Tox operator In vitro is activated by a range of divalent metal
ions, including Co", Fe!l, Mn" and Ni'l, whereas Zn" shows only
weak activation.”’® Each IdeR subunit contains two metal-
binding sites, each adopting octahedral coordination geo-
metries, with the so-designated “primary” site characterized by
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a larger impact on IdeR activity; however, both primary and
“auxiliary” sites must be occupied for full IdeR activity, and the
auxiliary site has higher metal binding affinity (Figure
15B).*7*717%7% In both metal binding sites, the metal
coordination sphere is completed by a water ligand (not visible
in all structures, but likely always present).*® To date only one
structure of a bacterial IdeR protein activated by its physiological
effector Fe!' is available.”™® However, structures of tully
metalated, full-length bacterial DtxR/IdeR proteins show the
same metal-binding sites and coordination geometry regardless
whether a cognate or noncognate metal is used.*¥*”*7*
Selectivity for Fe'' over Mn" may be enhanced by the presence of
two sulfur ligands (M 10 and C102) in the primary Fe' site, since
the corresponding MntR Mn'-sensing site contains an aspartate
or asparagine in place of M10 and a glutamate in place of C102
(Figure 15C). Introducing the IdeR-specific metal ligands to an
MntR protein and vice versa switches or broadens the metal
responsiveness of the respective variant in cells.**® While IdeR
can bind Mn" it does not strongly activate DNA binding, as it is
likely not bound to the primary site.****”* On the other hand,
crosstalk with Zn" homeostasis has been noted.”” It has been
proposed that due to the high Zn" binding affinity to the primary
site, only the auxiliary site would be filled with Fe' in vivo with
the other bound by a noncognate metal, most likely Zn'; if true,
this scenario is precisely analogous to what has been described
for sites 1 and 2 in Fur proteins (vide supm).458

3.2.7.2. Mn"-Sensing MntR. Structural and functional studies
of Mn"-specific DtxR family sensors are more limited that of the
Fe" responsive DtxR family proteins. Most of what we know
about the metal selectivity of a Mn'--sensing DtxR protein comes
from BsMntR. BsMntR forms noncognate metal complexes with
Fel!, Zn'" and Co, that are mononuclear, rather than binuclear
Mn" complex, and do not allosterically activate DNA operator
binding (Figure 15C). 162476 Early structural work on BsMntR
revealed that the metal-binding pocket was substantially distinct
from that of DtxR, with the two metal binding sites physically
closer, sharing two bridging ligands, and including two water
molecules, allow for heptacoordination of the Mn" ions (Figure
15C).** Other Mn" sensing DtxR family proteins such as S.
pneumoniae PsaR are also known employ two regulatory metal
sites to activate DNA binding, with Zn" in the primary site and
Mn" in the auxiliary site.”’” A more recent study of the
Deinococcus radiodurans Mn" sensor DR2539 revealed addi-
tional metal binding sites and new insights into DNA operator
recognition by these Mn" sensors.*”® Other Mn"-dependent
transcriptional repressors from the DtxR family have been
described to have an impact on pathogen virulence (Figure
15A). 504774797482 T is an exciting area of future study since
Mn'-specific DtxRs are found broadly in Gram-positive and
Gram-negative bacteria.**®

3.2.8. NikR. NikR proteins are obligate homotetramers with
a central C-terminal metal-binding domain (MBD) connected
by flexible linkers to two peripheral N-terminal DNA-binding
domains (DBDs) that adopt a ribbon-helix-helix fold.*** NikR
proteins sense the bioavailability of nickel only, which
allosterically activates high affinity DNA binding and complex
formation with the promoters of regulated genes (Figure 16A).
While H. pylori NikR has been shown to act as both a repressor
and as an activator of diverse genes that share a weak consensus
in their promotor sequences, ™" E. coli and Pyrococcus horikoshii
NikRs are known only to repress Niu-ipeciﬁc ABC-type
importers under Ni'replete conditions.”'”**> The nearly 30
high resolution crystal structures of NikRs in various allosteric

Figure 16. NikR family proteins. A) Abbreviated periodic table
showing the metals and reactive species known to be sensed by NikR
(shaded). B) Ribbon representation of EcNikR (2HZV)'** with close-
up view of the Ni" coordination complex. Conserved primary structural
features of different NikR proteins with the primary metal binding site
indicated by the brackets.

states reveal four symmetry-related conserved square planar
His;Cys Ni" coordination complexes per tetramer that
promotes a conformational change to a closed conformation
competent for DNA binding (Figure 16B; Figure
6A). PP A7 This coordination geometry allows for
picomolar affinity for Ni'! as measured by chelator competition
assays.””"*”* Since NikR also binds other divalent metals, the
biological Ni" selectivity arises here from a precise control of
allosteric coupling to DNA binding (Figure 8A) and K,* (Figure
8B). Noncognate metal ions Zn" and Co" bind with different
affinities and stoichiometries, and form non-native coordination
geometries and ligand sets that do not support a metal-mediated
allosteric response.””"*”* A recent study suggests that Ni'-
specific binding couples an allosteric network of residues at an
interface between the DNA binding and metal binding domains
(Figure 16B), which in turn, appears to result in an increase in
protein rigidit}f, locking NikR in a DNA binding-active
conformation.**’

NikR thus provides an exceptional illustration of the
importance of metal coordination geometry as a key feature of
cognate metal sensing by a metalloregulatory protein, since if
mis-metalation occurs, it does so without triggering a transcrip-
tional response. It is interesting to note that while there is no
evidence of regulatory crosstalk with other metal ions, HpNikR
also responds to changes in pH which is consistent with its role
as a global regulator in that organism. Here, NikR binds DNA
with high affinity in the acidic environment H. pylori encounters
in the human stomach, even in the absence of nickel.*”***° Both
nickel and lower pH activate HpNikR to bind to the ureA
promoter with similar affinities and locations on the DNA,***
but the mechanism of allosteric regulation of DNA binding by
acidity remains unknown.
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3.2.9. Rrf2. Rrf2 repressors are dimers consisting of an N-
terminal DNA-binding “winged helical” domain composed of
five helices and two f-strands, and a C-terminal helical
dimerization domain dominated by a long helix, and thus
superficially resemble MerR-family activators (Section
3.2.3).219%%7%% The two domains are connected by an
unstructured linker where the inducers and cofactors are
bound. Rrf2 family repressors regulate sulfate reduction
(Rrf2),*? iron—sulfur cluster biogenesis (IscR),”'**% cysteine
metabolism (CymR),*?®*°"3%% jron homeostasis
(RirA),>'°9%3%* catechol iron uptake-coupled quinone detox-
ification (SifR),”*° redox balance/oxidative stress (RsrR,*"”%°
Hpr,506 SaiR>"”), and the sensing of NO and reactive nitro§en
species via a [4Fe-4S] cluster (NsrR) (Figure 17A).*7%39%°%

Functionally characterized members of the Rrf2 family can be
broadly divided into two groups. One group utilizes an Fe—S$
cluster as the sensory module,”'” while the other contains one or
a pair of Cys residues that sense reactive oxygen or reactive
electrophile species.”®” The prototypical Rrf2-family repressor is
proteobacterial IscR, an Fe—S cluster regulator that contains a
2Fe—2S cluster ligated by three Cys and one His and controls
the biogenesis of Fe—S clusters in cells.”'**%*'! The chemical
nature of the Fe—S cluster differs depending on the small
molecule inducer. While RsrR harnesses the same IscR-like
2Fe—2S cluster as a sensory module for redox sensing (Figure
17B),°” RirA’"? and NsrR>"? utilize a 4Fe—4S cluster to detect
iron limitation and nitric oxide, respectively (Figure 17C). The
cluster coordination chemistry appears to be remarkably
variable. EcIscR is unique,”” while RsrR uses one His, one
Gluy, and two Cys as cluster li%ands (Figure 17B)."” RirA utilizes
three Cys as cluster ligands,””* while NsrR employs three Cys
and one Asp as cluster ligands (Figure 17C).*® Studies on
TpIscR reveal that different homologues of IscR employ
different ligand sets, despite what is likely the same function in
surveilling the Fe—S status of the organism (Figure 17B). It is
important to note that while many biochemical studies provide
support for the disparate structure of these Fe—S clusters in Rrf2
proteins, crystallographic structures have only been reported for
holo-NsrR*® and RsrR.*"”

The diversity in allosteric mechanisms of the Fe—S-containing
members of Rif2 family proteins is also of high interest. While
IscR binds DNA in the apo-form and activates transcription,”"*
Fe—S cluster formation in IscR, RsrR, NsrR and RirA leads to
high-affinity DNA binding and repression, with subsequent
chemistry leading to DNA operator dissociation and transcrip-
tional derepression.”'®*7393°0%313 Eor example, in RirA,
oxidation of the cluster by molecular oxygen leads to cluster
disassembly and DNA dissociation, which allows RirA to
function as a redox sensor.”’* In contrast, the one electron
oxidation of the Fe—S cluster in RsrR leads to a ring-flip of the
conserved Trp9 that appears necessary and sufficient to induce
DNA dissociation; this allows RstR to elicit specific transcrip-
tional responses to cellular redox imbalance (Figure 17B).*7
Similarly, NsrR utilizes the 4Fe—4S cluster as a NO-sensing
module; here, NO displaces Asp8 as a cluster ligand,
destabilizing the cluster and thus leading to DNA dissociation
(Figure 17C).498’513

The chemistry and allosteric mechanisms of Rtf2 proteins that
do not coordinate an Fe—S cluster is comparatively less well
understood, complicated by the fact the degree of Cys
conservation in the sensory module is rather low. However,
most characterized thiol-reactive proteins harbor at least one
reactive Cys, modification of which modulates DNA binding

Figure 17. Rrf2 family proteins A) Abbreviated periodic table showing
the metals and reactive species known to be sensed by Rrf2 family are
colored. The four-letter designations for individual proteins that
perform the function listed in the nearby box are shown. B) Ribbon
representation of SyRsrR (6Y42), with a close-up view of the [2Fe-2S]
cluster site.””® Conserved primary structural features of different RsrR-
family proteins with the primary iron sulfur cluster site indicated by the
brackets. C) Ribbon representation of ScNstR (SN07), with a close-up
view of the [4Fe-4S] cluster site.*”® Conserved primary structural
features of different NsrR-family proteins with the primary iron sulfur
cluster site indicated by the brackets. D) Ribbon representation of
SaCymR (3T8T), with a close-up view of the reactive cysteine.’"
Conserved primary structural features of different CymR-family
proteins that are also thought to function as redox sensors.

affinity (Figure 17D). In the case of SaCymR, the reactive Cys is
in the wHTH domain itself, and not in the sensory module; here,
H,0,-promoted sulfenylation has been proposed to trigger
DNA dissociation (Figure 17D).>" This Cys however is not
conserved among other CzymR proteins that are also thought to
be redox sensors.*”**°"*°* BaSaiR also responds to H,O, likely
through a similar mechanism,*®” while SaHypR appears to react
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selectively with hypochlorous acid (HCIO) and does not react
with HZOZ.506 The most recent member of this thiol-containing
subgroup of Rrf2 proteins to be characterized is the
streptococcal IscR-like family transcriptional repressor (SifR).
SifR uses a single conserved Cys to react with quinones which
are potent cellular electrophiles.”*® These quinones are thought
to originate with the oxidation of simple catechols brought into
the cell as chemically diverse coordinately unsaturated Fe''—
catecholate complexes through PiuBCDA. S. pneumoniae does
not encode Fur or other global Fe regulator due to relatively
modest Fe quota; the SifR-regulon seems to allow S. pneumoniae
to meet its needs for nutritional Fe while avoiding quinone
toxicity.sm

3.2.10. GntR. Many GntR superfamily proteins regulate the
expression of enzymes involved in the metabolism of sugar
acids,>'7 ™" fatty acids, amino acids and cofactors, generally
orchestrating a response to the nutrient and morphological
status of the organism.”*”**' They harbor an N-terminal winged
helix-turn-helix DNA-binding domain and a C-terminal effector-
binding and oligomerization domain often denoted FCD (FadR
C-terminal domain);'® the C-terminal domain is the differ-
entiating feature of well-characterized bacterial regulators,
including FadR, HutC, MocR, YtrA, AraR, and PlmA
subfamilies.”'®>** A small number of GntR family proteins
have been shown to be metal-responsive regulators, notably M.
smegmatis GfcR, a global regulator that responds directly or
indirectly to external copper stress by regulating the expression
of a number of membrane-associated transporters (Figure
18A).>* Tt has been proposed that ~70% of GntR proteins
maintain a conserved, high binding site for Zn"*'” This metal
binding site is buried at the bottom of a solvent accessible cavity,
where it facilitates the binding of small organic acids that harbor
a carboxylate group in a way that is required for transcriptional
regulation (Figure 18B).”'”°?*7*% The small molecule effector
that induces allosteric regulation of DNA binding has only been
identified for a handful of sugar-sensing GntR proteins, namely
GntR from B. subtilis (D-Zgluconate), LIdR from Corynebacterium
glutamicum (L-lactate),”” GguR from Polaromonas sp. (5-keto-
4-deoxy-D-glucarate/galactarate),””” and DgoR (D-galacto-
nate),”*® ExuR (D-galacturonate and D-glucuronate) and
UxuR (D-glucuronate and D-fructuronate) from E. coli.””’
The extent to which metal binding is regulatory in this family of
proteins or functions simply a structural cofactor that enables
molecular recognition of the cognate small molecule effector
remains an open question, and a subject for future studies given
the ubiquitous nature of this protein superfamily in bacteria.”"”

3.2.11. MarR. MarR proteins are triangularly shaped
homodimers that share a winged-helical DNA-binding domain
connected to a DNA-distal all-a-helical dimerization domain.
Members of this protein superfamily share the same winged-
helical DNA-binding fold of ArsRs but harbor an additional C-
terminal (a6) helix positioned in the dimer interface that
dramatically alters the quaternary structure of the homodimer
relative to ArsR family repressors (Figure 19A-B).**°7%%
Canonical MarRs that repress the expression of drug efflux
pumps may bind antibiotics or other small organic molecules
leading to the transcriptional depression of the genes associated
with an adaptive response to antibiotic stress, e.g, efflux
systems.’>” Individual MarR members have been shown to bind
a diverse range of ligands at a cleft between the dimerization and
DNA-binding domain,”**>* as well as to different sites on the
dimer; > *75% likewise, oxidation-sensing cysteine residues
are also found in distinct positions within the dimer (Figure

Figure 18. GntR family proteins. A) Abbreviated periodic table
showing the metals and reactive species known to be sensed by GntR
family are colored. The four-letter designations for individual proteins
that perform the function listed in the nearby box are shown. B) Ribbon
representation of CgLIdR protein (2DI3)** with a close-up view of the
primary Zn" binding site. Conserved primary structural features of
different GntR proteins with the disinct metal sites indicated in the text.

19A).>*775¢ This functional diversity of biological outcome and
inducer recognition among MarR proteins stands in striking
contrast to a relatively common derepression mechanism where
either ligand binding or cysteine oxidation leads to DNA
dissociation (i.e., allosteric inhibition, AGc > 0; Figure
6B).>*>"7%% It has been argued that the ancestral role of
MarR family proteins was to maintain physiological homeostasis
by sensing and derepressing the expression of genes encoding
efflux pumps for both toxic metabolites as well as unnatural
xenobiotics.”® The structural versatility required to accom-
modate binding of a broad range of ligands to different sites
coupled with the wide distribution of oxidation-sensing Cys
residues and low overall sequence similarity among MarR
regulators, collectively suggest a model where ligand binding
induces a conformational change in the homodimer that cannot
be explained by a single sensing site and accompanying pathway
of allosteric communication. MarR proteins are thus reminiscent
of ArsR-family repressors in this regard (vide supra)."*”
3.2.11.1. Zn"-Sensing MarRs. Zn"-sensing MarRs are the
only characterized metalloregulatory proteins from this very
large superfamily, while also constituting an exception to the rule
of allosteric inhibition of DNA binding as a general feature of
MarR proteins. MarR family metallosensors are thus far
restricted to regulators of Zn!' uptake,**'*** exemplified by
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Figure 19. MarR family proteins. A) Abbreviated periodic table
showing the metals and reactive species (shaded) known to be sensed
by MarR proteins. The four-letter designations for individual proteins
that perform the function listed in the nearby box are shown. Ribbon
representation and conserved primary structural features of B) SpAdcR
protein (3TGN)>'® with a close-up view of the two Zn" binding sites
indicated by brackets; C) XcOhrR protein (2PFB)*> with a close-up
view of the disulfide cross-link that results from ROS sensing.

AdcR (adhesin competence regulator) from S. pneumoniae and
closely related Streptococcus and Lactococcus sp. exemplified by L.
lactis ZitR (Figure 19B)."*"°**73% AdcR and ZitR possess two
physically proximate pseudotetrahedral Zn" binding sites that
bind Zn" with very different affinities.>**'® A detailed structural
study of LIZitR showed that the binding to Zn" occurs
sequentially with a graded effect on the DNA binding affinity.**®
Zn" is an allosteric activator of DNA operator binding, in strong
contrast to all other members of the MarR superfamily,
consistent with its biological function as uptake repressor at
high intracellular Zn". It is interesting to note that Zn"
coordination sites employ ligands from an unstructured region
between the first two a-helices that for all other MarR regulators
is part of a longer a2 helix (Figure 19B—C). All characterized
metalloregulators of this family have been shown to bind DNA
only in the metal-bound form and they all share this
unstructured region, which is characterized by enhanced
flexibility in the subns time scale in AdcR in the apo-
state,*1*1%39°73%% 1t has been proposed that introduction of
this dynamic element during the course of MarR protein family
evolution may have enabled allosteric activation in this molecular
scaffold where metals bind as a corepressors (Figure 6A,
middle)."*" The extent to which this allosteric activation model

characterizes other metal-sensing MarR proteins yet to be
characterized is unknown.>”"

3.2.11.2. Oxidation-Sensing MarRs. In many MarRs,
cysteine oxidation is known to occur in distinct sites on the
molecular scaffold, dependent on the nature of the stressor
(Figure 19C). While SarZ, MgrA, AbfR and OhrR share a
conserved cysteine in the N-terminal DNA binding domain that
can become sulfenylated,”*”**3313935¢ the identity of the
nonconserved resolving Cys, as well as the Cys pair for other
cysteine-based regulators from the MarR family differ.”**”!
Alternatively a resolving Cys may not be present at all, with S-
thiolation or mixed disulfide formation with an abundant low
molecule weight thiol the regulatory switch for DNA binding,>*
In any case, while the degree of crosstalk among different
reactive species that signal through MarRs has not been fully
elucidated, it is interesting to note that OhrR and MexR have
been shown to perform chemistry with sulfane sulfur donors,
including thiol persulfides in P. aureuginosa.”>”"’* Furthermore,
EcMarR has been shown to respond to increased levels of
Cu',>**37* which results in Cys oxidation and disulfide bond
formation to create tetramers that have lost the ability to bind
DNA. The extent to which this Cu'-dependent regulatory
modelas proxy for localized bursts of oxidative stress, functions
in other MarRsrequires further study.

3.2.12. TetR. The tetracycline repressor (TetR) family, like
the MarR family described above, is widely associated with
antibiotic resistance and the regulation of genes encoding small
molecule exporters.”’* TetRs, however, play a far more
widespread regulatory role in metabolism, controlling the
expression of genes involved in central carbon metabolism,
antibiotic production, quorum sensing, and many other aspects
of prokaryotic physiology. There are more than 700,000
proteins identified as TetRs to date and more than 500 high-
resolution structures have been deposited in the Protein
Databank (PDB). Canonical TetRs are all-a-helical proteins
that function as ligand-mediated, homodimeric repressors,
where each subunit harbors an N-terminal, three-helix bundle
(al—a3) within which is the helix-turn-helix (HTH) DNA
binding motif. The HTH motif is followed by a large C-terminal
regulatory domain (@4—a9) that incorporates a number of
independently evolved ligand binding cavities that are readily
accessible from the side, front, or top of the homodimer.>’#°7>

While many TetRs function as repressors that provide cellular
resistance against hydrophobic antibiotics and detergents, the
few metalloregulator proteins and inorganic sensors described to
date have distinct allosteric mechanisms of transcriptional
control (Figure 20A). On the one hand, the large hydrophobic
inducer-binding pocket in a canonical TetR regulator has been
repurposed by the heme-regulated transporter regulator from L.
lactis (HrtR) to bind heme tightly and induce DNA dissociation
leading to transcriptional derepression of a heme-efflux
system.”’>>”” On the other hand, Cys thiol-based TetR sensors
have been described that react with a wide variety of small
molecule electrophiles. For example, E. coli N-ethylmaleimide
reductase repressor (NemR) utilizes a cysteine-lysine sulfena-
mide thiol switch to sense HCIO;*”® furthermore, a recent
report suggests that an Enterobacter sp. protein may be induced
by binding of organoarsenic compounds and chromium to a
three Cys site.””” S. aureus glucose-induced biofilm accessory
protein A (GbaA) utilizes a dithiol pair to respond to oxidative
and electrophile stress, however, the identity of the in vivo
inducer is as yet unknown.’*”*®'" While there are no TetRs
reported to date that can be induced by persulfides, a recent
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Figure 20. TetR family proteins. A) Abbreviated periodic table showing
the metals and reactive species known to be sensed by TetR family are
colored. The four-letter designations for individual proteins that
perform the function listed in the nearby box are shown. B) Ribbon
representation of SaSczA protein (3KKC) with a close-up view of the
primary Zn" metal binding site region.””° Conserved primary structural
features of different TetR proteins with distinct metal sites.

report suggests that a TetR encoded in Gordonia sp. regulates
biodesulfurization processes in the presence of organosulfur
compounds.’®* While the objective of this singular study was to
evaluate this sensor in an eventual application for the removal of
sulfur in petroleum fractions, the reported results suggest that
this regulator may react with sulfane sulfur-containing oxidants.

The clearest example of a TetR-family metallosensor is the
transcriptional activator of the S. pneumoniae Zn" efflux system,
SczA, and related activators from other streptcocci (Figure
20B).”*? SczA activates the expression of the gene encoding the
Zn" efflux transporter, CzcD, upon metal binding to two pairs of
metal sites per dimer, one with a tetrahedral coordination
geometry and one with an octahedral geometry.”*’ It is
interesting to note that the crystal structure available from an
SczA homologue was crystallized with Ni" (likely obtained from
the purification buffer). The identification of the true cognate
metal inducer requires detailed studies of metal affinities™®" and
a thorough characterization of the transcriptional response in
cells.”* Although the mechanism of transcriptional activation of
SczA is not yet fully understood, this likely involves recruitment
of RNA polymerase to SczA-regulated promoters in a Zn'-
dependent fashion. In any case, the community has taken full
advantage of the ease with which metal-dependent transcrip-
tional activation can be obtained with SczA, in both synthetic
biology and routine molecular biology applications.”® The
footprint of TetR family inorganic sensors might not be
restricted to heme and Zn", as a putative Cu—reséponsive TetR
has been identified as ComR in Escherichia coli.”**** Although
ComR is involved in the Cu stress response in some way, direct
Cu' or Cu" binding by ComR has not yet been reported.

3.2.13. LysR. The LysR-type transcriptional regulators
(LTTR) are named for the lysine repressor, LysR, which
regulates lysine biosynthesis and is representative of the largest
family of transcriptional regulators in prokaryotes.”*® LT TRs are
involved in the transcriptional regulation of genes involved in
central metabolism, amino acid biosynthesis, cell division,
fermentation, photosynthesis, nitrogen fixation, oxidative stress,
quorum sensing, motility, transport of Na!, symbiosis, and
virulence.”® Members of this family possess the same two
domain-based molecular architecture of other regulators
discussed here, i.e., GntR and TetR, an N-terminal all-helical
DNA binding domain and C-terminal globular ligand binding
domain. While most characterized LysR members respond to
effector molecules such as amino acids or intermediate
metabolites, some members can be described as metal-
loregulators, since they are involved in regulation of inorganic
species uptake (ModE)**”**° or harness thiol chemistry
analogous to that described above for dithiol sensors that
sense H,0, (OxyR)**"**" and/or persulfides (LasR)*”* (Figure
21A).

E. coli OxyR is the prototypical redox-responsive LTTR that
mediates transcriptional activation of an oxidative stress regulon
in response to nanomolar hydrogen peroxide.””*™>”> OxyR
exploits cysteine sulfenylation chemistry to affect transcriptional
activation of the expression of target genes. OxyR can also
respond to superoxide and nitrosative stresses, although these
functions are presumed to be ancillary to its primary role as
H,0, sensor.”*”>” Crystallographic evidence for the H,O,-
sensing mechanism of Corynebacterium glutamicum OxyR
(Figure 21B) identified key residues for the peroxidatic
reduction of H,0, and the formation of a disulfide bond that
triggers a transcriptional response by altering the OxyR
interacton for the promoter region.*’® Similarly, the quorum
sensing master regulator from Pseudomonas aeruginosa PAO1
LasR binds to its target DNA and activates transcription upon
modification by a sulfur-based oxidant, e.g., a thiol persulfide,
which first forms a C188 persulfide or polysulfide moiety,
ultimately resulting in a pentasulfide linkage between Cys201
and CySZO3.592 However, in this case, installation of this
modification does not impact the affinity of LasR for its target
DNA operator, but makes it several-fold more effective in
activating transcription in both In vitro and in vivo assays. Since
the identities of the reactive Cys residues in the peroxide sensor
OxyR and the sulfane sulfur sensor LasR are similar, the
structural mechanism of oxidant specificity remains unresolved.

Metallosensors identified for this family are limited thus far to
the sensing of the oxyanion molybdate (Mo"") by ModE, which
represses the transcription of Mo"" uptake system in E. coli and
other bacteria.””"*”" Crystal structures of both apo- and
molybdate-bound forms of ModE>”” reveal that the molybdate
binding to the C-terminal domain alters the relative orientation
of the N-terminal DNA binding domains from each protomer,
allosterically activating the ModE homodimer to bind DNA
(Figure 21C). The C-terminal regulatory domain of ModE is
actually two subdomains, each corresponding to a Mop
sequence similarity region. The first Mop subdomain harbors
the molybdate binding site, where R128, S126 (SARN
segment), $166, and K183, with the assistance of T163 and
A184, form the binding pocket for the oxyanion. ModE shares
the conservation of two cysteines separated by 8—13 residues in
the C-terminal domain with OxyR/LasR, which enable the
formation of a disulfide bridge in response to oxidants in these
regulators.
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Figure 21. LysR family proteins. A) Abbreviated periodic table showing
the metals and reactive species (shaded) known to be sensed by LysR
proteins. The four-letter designations for individual proteins that
perform the function listed in the nearby box are shown. B) Ribbon
representation of CgOxyR (6G4R) with a close up view of the H,0,
binding site. Conserved primary structural features of different
regulator LysR proteins with the different ligand binding sites indicated
in the text.*’® C) Ribbon representation of EcModE (107L) with a
close-up view of the molybdate binding site shown.”

While no LTTR is as yet known to bind transition metals
directly,”®® the remarkable diversity of the family, the difficulties
identifying the cognate effector and the clear role of dithiol
chemistry suggest that it is possible that metalloregulatory LysR
activators may yet be discovered or evolved for the development
of novel biosensors for metal ion monitoring.

3.3. RNA-Based Metalloregulators

3.3.1. Overview. Metalloriboswitches,”* are highly struc-
tured, chameleon-like regulatory RNA domains found within
the S’ noncoding or untranslated region (UTR) of protein-
coding mRNAs. The binding of a ligand, a specific metal, metal
complex or other inorganic anion, to the aptamer domain alters
the folding of the RNA, and thus expression of a downstream
gene. More than 55 distinct classes of natural riboswitches have
been discovered in the past 20 years. The discoveries of
inorganic element-sensing riboswitches have revealed that
RNAs harness the power of supramolecular chemistry, func-
tional dynamics and coordinate-covalent bonding to achieve a
metal selectivity profile that rivals that of metalloregulatory
proteins, albeit sometimes with lower sensitivities (K,%; Figure
8).7*7*” While some extant riboswitches might be direct
descendants of the RNA-based sensors and switches that may
have been gresent in ancient organisms before the emergence of
proteins,””” in existing bacteria they are often paired with a
metalloregulatory protein, endowing an organism with the
ability to expand the range of metal bioavailability that is sensed,
as dictated by their often weaker affinities (Figure 8A). More
work is needed to provide support this conclusion, however.

Inorganic riboswitches thus far described are known to sense
transition metal ions,né’ng’éoo_602 fluoride anion®” and other
ions including the alkali metals Li' and Na', and the alkaline earth
metals Mg and Ca" (Figure 22A)."°%**%°°* Here we aim to
discuss molecular insights into metalloriboswitch metal
selectivity from atomic structures, and how the physiological
“division of labor” between these RNA elements and metal-
loregulatory proteins might be orchestrated. It should be noted
that the metalloriboswitches thus far characterized represent
only a small fraction of the #10,000 riboswitches that have been
proposed to exist in modern organisms;zzg’599 thus, this picture
of metal selectivity and specificity may well change as new
insights emerge. An interesting observation is that small organic
molecule-sensing riboswitch pairs are capable of functioning as
canonical logic gates in cells;**° the extent to which metal-
loriboswitches function in this way, perhaps in concert with
protein partners, is not yet known.

3.3.2. B;,- and Moco-Sensing Riboswitches. The
adenosylcobalamin (AdoCbl) riboswitch represents the first
high-resolution structure of a transition metal or organometallic
cofactor bound to a riboswitch.**” Here, AdoCbl recognition is
accomplished largely through shape complementarity between
the RNA and the ligand, thus highlighting the role that
supramolecular chemistry plays in molecular recognition
(Figure 22B). More recent studies show that the cobalamin-
sensing riboswitch RNAs as a class is capable of sensing and
responding to multigle derivatives of vitamin Bj,, collectively
termed corrinoids.’”® The exquisite corrinoid specificity of these
RNAs is achieved by shape complementarity that is highly
sensitive to distinct conformational features of individual B,
variants.

The mechanism of metallocofactor recognition of corrinoids
shares similarities to Moco (molybdenum cofactor)-sensing
RNA motifs known to respond to Mo- and W (tungsten)-
containing compounds broadly identified in y-Proteobacteria, 6-
Proteobacteria, Clostridia, Actinobacteria, Deinococcus-Ther-
mus species and environmental DNA samples.”” Interestingly,
the Moco-sensing RNA motifs are present downstream of the
operator-promoter regions of genes regulated by molybdate-
bound ModE (Figure 21), including the high affinity molybdate
transporter, modABCD.”*' Both protein-based and RNA-based
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Figure 22. RNA-based metalloregulators. A) Abbreviated periodic table showing the metals and other elements (shaded) known to be sensed by
inorganic riboswitches. The designations for individual RNAs that perform the function are listed near the box shown. B) Structure of cobalamin
riboswitch in marine metagenome with close up view of the aquo-adenosylcobalamin binding site (4GMA).>*” C) Structure of Mn'!-sensing riboswitch
from Lactococcus lactis (LI ykoY) bound to Mg" (site A) and the Mn" (site B) (4Y11).%° D) Structure of NiCo riboswitch from Erysipelotrichaceae
bacterium with a closeup view of the four Co sites (4RUM).*** Metal site 4 was later shown to play no regulatory role and is not occupied in solution

. 6
studies.®”’

regulatory mechanism collectively ensure sufficient molybdate
supply to biosynthesize Moco, an “expensive” cofactor. This
highly conserved RNA, of unknown structure, effectively
discriminates against closely related analogues of Moco, which
is also triggered by the analogous tungsten cofactor (Tuco).
Although clearly connected to cellular metallostasis, corrinoid
and Moco sensing is dictated by specific interactions with the
organic cofactor rather than specific contacts with the metal ion
itself. This mode of molecular recognition also contrasts with
most metalloriboswitches, which combine the influence of
supramolecular chemistry and “soft” ligand (nitrogen) coordi-
nation chemistry to create coordination complexes that bind
transition metals selectively while outcompeting cell-abundant
Mg", required to fold these complex polyanionic and globular
RNA structures. This is highlighted by the crystal structures of
the Mn'"sensing (Figure 22C)°” and Ni"/Co'sensing
riboswitches (Figure 22D).”**

3.3.3. Mn"/Ca"-Sensing Riboswitches. The discovery of a
Mn'-sensing riboswitch was driven by genetic experiments first
carried out in Salmonella,”> but the chemical selectivity
remained speculative until the structure of the E. coli yybP-
ykoY orphan riboswitch in complex with both Mg" and Mn" was
reported in 2015 (Figure 22C).°” The Mn! coordination
chemistry in this structure suggests that that metal selectivity is
achieved largely by a single “soft” coordination bond to the N7
of an invariant adenosine (A41), as the only inner-sphere Mn"
contact (Figure 22C). Indeed, when A41 is substituted by U41,
the structure contains only Mg" ions. On the other hand, the
slow (millisecond) conformational dynamics of the Mn'-

sensing yybP-ykoY aptamer RNA revealed by single-molecule
fluorescence energy transfer (smFRET) spectroscopy suggests
that conformational selection, i.e., where Mn! “selects” a MgH-
stabilized “closed” conformation of the RNA, is an important
component of metal ion selectivity.” *°"" These findings reveal
how these highly structured and complex RNA motifs harness
the conformational ensemble to stabilize distinct ligand-bound
forms of the RNA, thus enhancing the affinity of what would
otherwise be weak coordinate-covalent bonds.

A follow-up study of distinct yybP-ykoY mRNA sequences
posited that the selectively of this RNA for Mn" could be traced
to the structure of the Mn" chelate itself, which resembles the
heptacoordinated Mn" complex in the Mn'-sensing protein
repressor, B. subtilis MntR (Figure 15C).°"* However, the long
coordination bonds and relatively modest resolution of the
Mn"-bound yybP-ykoY riboswitch structure casts doubt on this
conclusion. What is more significant from this work is that the
yybP-ykoY riboswitch Mn" binding affinity (in a background of
physiological Mg") is at least 10-fold weaker than the reported
affinity of the Mn'-sensing repressor MntR, a finding that
parallels analogous experiments in S. pneumoniae with the Mn'-
sensing repressor PsaR and the yybP-ykoY riboswitch
RNA.”***"” These physiological studies are consistent with a
model where riboswitches sense higher bioavailable concen-
tration of Mn" than is sensed by their counterpart protein
metalloregulators, and thus likely function as a fail-safe “on”
signal to prevent Mn" toxicity by high cellular Mn".**

Interestingly, the S. pneumoniae yybP-ykoY riboswitch RNA
that regulates mgtA expression binds and responds to Ca' in the
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presence of millimolar Mg", stabilizing a compact state that
elicits the same transcriptional response in vitro with E. coli RNA
polymerase.”*® However, Ca'' is not as strong an inducer of mgtA
transcription in vivo as Mn", and the extent to which Ca!' efflux
by MgtA is beneficial for this respiratory pathogen during an
infection is not known. Nonetheless, MgtA is most closely
related to the P,,-type ATPase, human SPCA1, known to efflux
both Mn" and Ca" (Section 5.3.1.1) with the coordination
structures of these two metal complexes now known (see Figure
54, below). Thus, while the metal selectivity of the riboswitch
appears to match that of the regulated efflux pump, the
functional significance of Ca' binding by this riboswitch in
bacteria is not yet fully understood.

3.3.4. Ni"/Co"- or Fe'"-Sensing Riboswitches. The NiCo
riboswitch was originally discovered and functionally charac-
terized in Clostridium botulinum and Erysipelotrichaceae
bacterium (Eba) cultured in the presence of Co.*** This
riboswitch is found in the 5" UTR of the czcABC mRNA in these
organisms, which encodes a periplasm-spanning metal efflux
“gun” in Gram-negative bacteria, and is generally considered to
mediate resistance against Cd", Zn" and Co" (czc) tox-
icity.”'#*'* Thus, these initial findings were broadly consistent
with a regulatory scenario that is analogous to the yybP-ykoY
riboswitch described above (Section 3.3.3).

However, one puzzling feature of this initial work is that the
bindin§ affinity for Ni"! and Co" ions are in the low micromolar
range,”>* which is significantly less sensitive than the
corresponding Ni'- and Co'-sensing metalloregulatory proteins
that have affinities in the (sub)-nanomolar range of bioavailable
metal (Figure 8A).20H270615616 1 deed, more recent studies
reveal that this NiCo class of metal-responsive riboswitches is
overrepresented in obligate anaerobes and has recently been
shown to exhibit a robust response to Fe'' (but not Fe''), a
conclusion reached through use of a fluorescent-sensing
derivative of the NiCo riboswitch.”*® Tron responsiveness was
initially missed because cells were cultured aerobically, where
Fe' is rapidly oxidized to insoluble Fe™.”** An RNA-based
fluorescent sensor based on the NiCo RNA aptamer to detect
bioavailable Fe levels in E. coli cells suggests that the Ky is
actually tuned to known bioavailable Fe"" pools buffered in the
low uM range (Figure 8A).”*" It has therefore been proposed
that czcD riboswitches primarily respond to physiolo§ical Fe to
mitigate iron toxicity, rather than Co" and Ni".”**°** The
transition metal selectivity of the NiCo riboswitch remains
unsettled and more work is clearly warranted here.

In any case, the structure of the Co"-bound NiCo riboswitch
reveals four Co" binding sites that likely nucleate formation of a
four-way junction stabilized by a network of contacts that may
explain how cooperative binding of Co" ions to adjacent sites
might be achieved (Figure 22D).***% This structure reveals at
least seven inner sphere Co" coordination bonds with
nucleobase nitrogen atoms, while the supramolecular chemistry
of the folded RNA drives a cooperative metal binding that must
contribute to fine-tuning of the regulatory response to these
metals in cells. More comprehensive metal-binding studies of
NiCo riboswithces from Eba and Listeria monocytogenes reveal a
metal binding stoichiometry of three in solution, with metal site
4 (Figure 22D) playing no regulatory role, and likely an artifact
of the high Co' concentration used in the crystallographic
experiments.607

3.3.5. Other Inorganic Metalloriboswitches. The first
crystallographic structure of a metal-sensing RNA riboswitch of
any kind was the B. subtilis Mg'-sensing riboswitch positioned

upstream of a Mg" uptake transporter.">’ This ubiquitous Mg'-
sensing “off” riboswitch is thought to make a major contribution
to cellular Mg" homeostasis in most bacterial cells.'*!
Consistent with this, the metal binding affinity for Mg" and
noncognate cations are all weak, in the millimolar range, which
ensures a Mg'-specific response as this is the only metal in the
cell that reaches millimolar bioavailability (Figure 8A). This is
the case despite that fact that the folding of this RNA could be
induced In vitro by many different divalent metal cations.">’

The ligand-bound structure of the Thermotoga petrophila
fluoride-sensing riboswitch reveals that inorganic riboswitches
are not necessarily restricted to positively charged metal ions.
Here, the bound fluoride is encapsulated within a junctional
architecture, anchored through direct coordination to three Mg"
ions, which in turn are octahedrally coordinated to water
molecules and five inwardly pointing backbone phosphates.’'”
The selectivity of this riboswitch is unparalleled as it readily
discriminates against other larger halides; as such, it has been
used to develop a highly specific F~ biosensor for water
analysis.”'®

More recently, a new riboswitch class, exemplified by the
DUF1646 motif, was characterized to selectively sense Na' and
regulate the downstream expression of sodium and calcium
transporters among other genes relevant to sodium biology.®**
Interestingly, these Na' riboswitches exhibit dissociation
constants in the low mM range, and show no response to any
other alkali and alkaline earth group metal. It has been proposed
that bacterial cells exploit the specificity of these Na'-specific
riboswitches alongside the c-di-AMP-sensing riboswitches to
coordinate gene expression in order to mount an osmotic stress
response. The structure of this riboswitch is as yet unknown but
promises many surprises.

3.4. Biotechnological Applications of Metalloregulatory
Systems

3.4.1. Overview. The fast-growing field of synthetic biology
sees biological systems as toolboxes to be deconstructed into
“parts” for subsequent repurposing. In that sense, the capacity of
a regulatory “circuit” that leverages the ability of the “one-
component” transcriptional regulators discussed here (Section
3.2) to sense a specific metal stimulus makes them ideal sources
of diverse parts. At its most basic level, a biosensor is composed
of a sensory module, which selectively detects a target analyte of
interest, and a reporter module that produces a detectable
output (Figure 23A). Among the myriad of possible sensory
parts (functional DNA, RNA, transcription factors, enzymes,
antibodies) the metalloregulatory systems discussed here have
emerged as the “gold standard” for rapid and sensitive metal
detection, as a result of their desirable sensitivity and selectivity
profiles.”**~***

3.4.2. Utility and General Features of an Allosteric
Transcription Factor. A major application of metalloregula-
tor-based biosensors is to assess water quality, as the chemical
contamination of drinking water remains a challenging analytical
problem to which these biosensors might provide useful
solutions. Securing global access to clean and safe drinkin%
water is one of the main technological challenges today.®!
Benchmark technology currently used to assess water quality
must be performed by experts with expensive equipment in
specialized laboratories, limiting the geographical reach of water
surveillance campaigns worldwide. In the last decades of the
20th century”®” biosensors have been proposed as an
inexpensive, easy to use, field-deployable, and highly sensitive
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Figure 23. Transcription and transcription-translation based bio-
sensors. A) Components of the sensor and reporter modules, these
parts can be employed in both WCB and cell-free contexts. The sensor
module can comprise metalloregulators from any transcription factor
family that act as repressors or activators of transcription. Promotor
design is an important factor in biosensor performance, correctly
assembling a regulatory circuit requires defining an operator sequence
(blue) and a reporter gene (green). In the case of riboswitches, circuit
design must incorporate the correct features to allow for correct
regulation. The reporter gene encodes can encode for a transcriptional
reporter such as fluorescent aptamer or reporter proteins and enzymes
in the reporter module. B) Whole cell biosensor (WCB) construction
based on a two-plasmid design; one plasmid constitutively expresses the
regulatory element with the reporter plasmid encoding for a reporter
regulated by the metalloregulator. The inducer (orange) concentration
inside the cell depends on efflux/influx systems of the selected chassis.
C) Cell-free biosensors that employ the regulatory function of TFs,
their minimal construction is reflected in ROSALIND biosensors that
are based on In vitro transcription reactions. Among the advantages of
cell-free biosensors are that the sensory molecule is directly exposed to
the total concentration of inducer and the ease of lyophilization and
reconstitution on-site of the reactions.”*’

alternative. The emerging enthusiasm for adopting metal-
loregulator-based biosensors derives from their innate sensibility
and selectivity, and their compatibility with inexpensive, point-

of-care devices compliant with current water quality regulations.
Notably, the effective metal concentrations to which metal-
loregulators are tuned to activate a transcriptional response
inside a cell (Figure 8) are in fact similar to required limits of
detection in the field, even if a design is limited by an
underperforming, but easily optimized, output or signal
detection strategy.*”®*' This makes applications of whole cell
biosensors to biological engineering and industrial biotechnol-
ogy rather straightforward. On the other hand, a major challenge
of cell-free approaches is that metal selectivities of the
metallosensors tend to be reinforced by the cellular milieu, i.e.,
the buffering molecules in cells (Section 2.2; Figure 8). This has
to be taken into account in the design of such cell-free devices."”

Although well-characterized metalloregulators have the
advantage of a well-defined metal selectivity profile, metal
promiscuity”’ if present can also be leveraged to create sensors
for arrays of metals where the limit of detection of each metal ion
matches the desired application.’”> Moreover, an attractive
teature of working with bacterial transcription factors is access to
naturally occurring sensors for potentially any natural product of
interest through genome mining approaches (Figure 24A,
below). Improved bioinformatics tools have more robust
annotation of candidate allosteric transcription factors (aTFs)
in genomes®** and have recently been used to predict a cognate
DNA operator(s) suitable for circuit design.””* Multiple
databases are available to explore well-characterized tran-
scription factors and their regulons, including regulonDB,625
SwissRegulon626 and GroovDB.®”” Now, thanks to decades of
research into the components that make them, metal-sensing
biosensor platforms are closer than ever to mainstream
application in the field.”®

3.4.3. Whole Cell Biosensors. The simplest whole cell
biosensor (WCB) functions as a traditional reporter assay
(Figure 23B). Here, a synthetic regulon or “circuit” is
constructed with a regulatory factor, e.g., a metalloregulator,
that controls the expression of a reporter gene positioned
downstream of a DNA operator/promoter region. Growth of
this strain containing the gene circuit in the presence of an
inducer activates transcription of the reporter gene, producing a
detectable signal, as long as the inducer exceed a specified
concentration, which defines the limit of detection (LOD) or
sensitivity of the circuit. WCBs offer many advantages, including
the low cost of growing small quantities of bacterial culture and
access to a range of configurable and orthogonal output signal
detection modalities, including luminescence, fluorescence and
colorimetric approaches. Additionally, these circuits can be
tailored for any specific application by expanding the toolbox to
include amplification circuits, logic computations, signal
integration®”**" and rapid allosteric transcription factor library
screening.

The development of WCBs specific for metal ions and
metalloids began almost immediately with the description of the
regulatory element of the ars operon,'**%**%3% and indeed,
biosensors employing ArsR continue to emerge.235’634’635 A
typical ars operon contains a regulatory gene, arsR, and genes
encoding for an arsenate reductase and an arsenite efflux pump
(namely, asrA, arsB and arsC) that collectively mediate As™
resistance (Section 3.2.2). A number of improvements to arsenic
biosensors have been reported that highlight advantages of
employing WCBs. On the one hand, the choice of strain or
“chassis” was demonstrated to be a major factor in determining
As'! sensitivity®*® because the WCB signal ultimately depends
on the bioavailability of the inducer in that cell, and thus how it is
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Figure 24. Transcription factor sourcing and tuning. A) Novel genome
mining tools assisted with operator and inducer predictions software
complement the existing transcription factor databases to extract novel
TFs for novel biosensor development. B) Rational design of
metalloregulator mutants is based on prior knowledge of its regulation
mechanism. In the case of the MerR family, in depth studies of its metal
preference led to different design strategies such as exchanging metal
binding domains and points mutations in key residues. C) Example of
an established directed evolution scheme (SELIS) with dual selection
optimized for transcription factor evolution, starting from a library of
random TF mutants assessing their repression and induction
capabilities.**

“tuned” to detect the analyte.”*’

choice of reporter”® and gene circuitry design
permitted significant gains in performance relative to previous
designs. The first generation As sensors were based on ArsRs
that harbor the canonical As™ a3 coordination site (Section
3.2.2); however, this biosensor is limited to the detection of
soluble As™ species and cannot detect other As speciation. To
expand the repertoire of detection of As species, biosensors
based on ArsRs containing other As'! sensing sites, e.g., AfArsR
and CgArsR, were found to sgeciﬁcally enhance detection of
organoarsenicals for example,”*’ highly relevant due to their
widespread use as herbicides. In an effort to detect arsenate
(AsO,; AsY) directly, a Paracoccus sp. ArsRC fusion protein

On the other hand, strategic
621,639 '

containing an arsenate reduction domain linked to an AstL

sensing ArsR regulatory domain resulted in improved detection
of As".°*" Metal promiscuity can also be leveraged, as in
SaCadC,°** while aTFs from different metallosensor families
can be employed in parallel to construct biosensor arrays
suitable for quantitation of many heavy metal contaminants
simultaneously.”*>*** Moreover, these sensor arrays combined
with DNA logic circuits may also permit the design of tools able
to compensate for the lack of selectivity of a given metal if other
sensors predictably respond to interferences.'” MerR family
activators (Section 3.2.3) are particularly relevant in this regard,
since some exhibit a relatively high selectivity for a specific metal
analyte, e.g., for Pb" with CmPbrR,*** Cu' with PpCueR,*** and
Au' with StGolS.***

A significant strength of the WCB approach is that the
anticipated biosensor metal selectivity profile is well predicted
by extensive studies that provide the foundation for the set-point
model, which aims to reflect metal sensitivity in cells (Section
2.2). A major limitation of WCBs is that bacterial cultures must
be maintained and continuously cultured over multiple
generations under antibiotic selection, which could result in
the accumulation of mutations that ultimately disrupt WCB
performance. Field deployment is further limited by the need to
transport sophisticated equipment to the field and the use of
biocontainment protocols to prevent the release of engineered
microorganisms into the environment.”***

3.4.4. Cell-Free Biosensors. In vitro or cell-free biosensor
systems do not suffer from the same limitations of a WCB and
have emerged in the past decade as a means to circumvent the
use of living bacterial cells. While cell-free reactions with
metalloregulatory proteins were developed soon after their
discovery,”*’ the output signal of initial designs proved
insufficient. A number of strategies have been introduced to
transduce, and more importantly, amplify output signals from
transcription factors In vitro, which has catalyzed further
development of these platforms.®*”~°*’ Some leverage structural
changes that occur in the metalloregulator upon ligand binding
or couple DNA binding to an electrochemical signal.”*° Other
strategies couple transcription factors with the wealth of
established DNA signal detection platforms such as strand
displacement amplification (SDA)** or nicked DNA template-
assisted signal transduction (NAST).®"” These emerging
strategies have largely been developed with nonmetal-sensing
transcription factors and have been thoroughly reviewed
elsewhere.”®" Exploring these strategies with metalloregulatory
proteins represents a promising avenue for the future develop-
ment of novel metal biosensing platforms.

In vitro cell-free transcription systems, like WCBs, leverage
metalloregulators as metal detectors that elicit a transcriptional
response that leads to an amplified signal. The ROSALIND
platform*®” employs apo-repressors as transcription factors from
different structural families (Section 3.2) to sense a wide array of
metal and organic contaminants in water (Figure 23C). The
platform consists of only a few purified components. These
include a linear DNA template with a bacteriophage T7 RNA
polymerase promoter and a DNA operator sequence that binds
the transcription factor of choice, each separated by a spacer.
These elements regulate the transcription of an RNA aptamer
(three-way junction dimeric broccoli, 3WJdB) that when bound
to an organic dye, produces a fluorescent signal. This work
showed that with appropriate promoter design an aTF can
regulate transcription of even the highly processive phage T7
RNA polymerase. The modularity of ROSALIND has permitted
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the development of transcriptional circuits controlled not only
by metallosensors, including SmtB (Zn"), CsoR (Cu/Zn") and
CadC (Pb"/Cd"), but also those capable of detecting small
organic molecules, such as TetR (tetracycline), MphR
(erythromycin) and QacR (benzalkonium chloride).”’

While ROSALIND is limited to the use of well-characterized
apo-repressors, cell extract-based In vitro transcription-trans-
lation (Tx-T1) systems permit the development of biosensors
with the whole array of possible aTFs®***"*>* and orthogonal
regulatory elements, including riboswitches (Section 3.4),°°*
since both protein- and RNA-based “parts” make use of the same
endogenous RNA polymerase. The use of riboswitches in this way
has thus far has been limited to Tx-T1 systems, and as yet only for
the detection of nonmetal analytes such as fluoride anion.>* We
believe that riboswitches are a particularly unexplored area for
metal biosensor development given our considerable knowledge
base®”¥°%>* and the comparative ease with which they can be
engineered relative to protein-based factors.>* Cell extracts also
allow the use of metabolic engineering to integrate the signal
from a target molecule for which a transcription factor is
currently unknown.*****” Major limitations of the use of cell
extracts arises from a generally slow “turn-on” response as a
result of inconsistent manufacturing®**** and storage®® of the
extracts that does not allow for robust calibration required by a
quantitative biosensor.

3.4.5. Engineering and Evolution of aTFs for Biosensor
Applications. Currently, the construction of a biosensor based
on a metalloregulator begins by defining a target metal
contaminant of interest for detection. Then, the choice of a
metalloregulator is made by consulting available databases that
are populated with well-characterized and annotated transcrip-
tional regulators. These databases are continuously updated,
allowing the user to create a “short list” of strong candidate
metalloregulators with the desired inducer specificity profile and
operator DNA sequence. Candidate combinations are then
evaluated using homologues of well-characterized metal-
loregulators to identify one that is best suited for the desired
application.®®’ Even then, metal binding site promiscuity and a
lack of sensitivity can limit the use of naturally occurring
metalloregulators for a particular application.

A key aspect of transcription factors is their tunability.”
Rational (targeted) engineering of transcription factors has been
explored as a means to improve sensibility, metal specificity and/
or expand the repertoire of analytes to be detected. MerR family
members have been the subject of many engineering efforts from
different perspectives, facilitated by the fact that these are largely
“single-site” regulators, in which metal specificity is determined,
at least part, by the specific nature of the metal binding loop
(MBL) (Section 3.2.3). For example, the mutation of a highly
conserved serine residue in the MBL of monovalent metal
specific regulators to a cysteine, based on its presence in divalent
metal regulators, resulted in variants capable of sensing both
Hg" as well as the monovalent coinage metals (Figure 24B).%%
In another study, EcZntR metal promiscuity was further
enhanced by introduction of targeted mutations in the MBL,
resulting in variants with and ability to sense both Hg" and
Cd"3#393%% Other studies that simply “swapped” MBLs
among MerRs with different metal selectivity profiles, however,
have met with limited or unpredictable success,”®> which
reinforces the idea that transition metal selectivity in MerRs is
not solely determined by the first coordination shell, but also by
the physical presentation of the MBL in the context of the
protein scaffold. This conclusion has been reinforced by findings

with a dual selection, directed evolution campaign carried out
with CmPbrR.°°® Two very distinct PbrR variants were obtained
with improved selectivity of Pb" over Zn". One variant harbored
a CI34R substitution in the MBL, while the other variant
featured two substitutions (N64A/L68S) far from the MBL.
These findings are consistent with the conclusion that predicting
selectivity from sequence information alone remains a challenge
in the biosensor design field (Figure 24B).

More recently, other selection schemes have been imple-
mented to improve analyte inducibility and thus the biosensor
response using EcArsR as a model.”*”*>*%” Other robust dual
selection schemes easi}y tailored to sensor evolution, e.g., SELIS
(Figure 24C) 029698669 have been used to introduce novel
organic ligand selectivity into a previously ligand-promiscuous
transcription factor. This scheme has not yet been applied to
metalloregulators and represents a promising avenue to evolve
metalloregulators with virtually any desired metal selectivity
profile. Although metalloregulator engineering and rational or
targeted mutagenesis campaigns geared toward biosensor
applications have provided valuable new information on how
transition metal selectivity emerges, we believe nonguided
design paths such as directed evolution or more recent “ligand-
aware” artificial intelligence tools may ultimately emerge as the
new standard approach for biosensor development.®”"~%"*

4. METALLOPROTEOME PARALOGS

4.1. Overview

Metal sensors control the expression of the genes that encode
proteins that allow an organism to maintain homeostasis while
mounting an adaptive response to either metal limitation or
metal toxicity. In the following two sections, we consider two
specific adaptive responses to perturbation of the extracellular
metal availability that highlight the remarkable versatility of the
adaptive response in prokaryotes. These include the expression
and characterization of metalloenzyme paralogs and cambialistic
metalloenzymes recently described (Section 4) and specific
mechanistic features, recently uncovered, of metal delivery to
downstream protein clients and trafficking of metals across
bacterial membranes, including intracellular organelles (see
Section 5).673’674

4.1.1. Metalloenzyme Paralogs vs Cambialism. The
general concept of a metalloenzyme paralog derives from a
comparative genomics analysis of distinct species,”’”* where a
particular metabolic pathway, while clearly present in two
organisms, appears to lack one or more enzymes in that pathway,
e.g, a “pathway hole”, and yet the pathway remains fully
functional.®’® Thus, there must be a workaround. In one case, a
distinct enzyme has evolved via convergent evolution, or
“nonorthologous displacement,” that catalyzes exactly the
same reaction.”’”%’® In another case, an enzyme has evolved
that catalyzes a different reaction that eliminates the require-
ment for one or more other reactions within the same pathway,
establishing an “alternative route.”””” Metalloenzyme paralogs
are a specialized type of nonorthologous displacement where an
enzyme evolves to catalyze the same reaction as an obligatory
Zn"-dependent enzyme, for example, but is characterized by a
relaxed metal cofactor specificity profile or uses no metal at all. If
distinct genes encoding the conventional or “housekeeping” vs
paralogous enzymes are present in the same genome, they may
well be differentially regulated by metal nutrient status of the
growth conditions. An early example of this was in fact GTP
cyclohydrolase-I (Section 4.3.3). Known enzyme paralogs often
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catalyze what might be considered “permissive” chemistry,
where the metal cofactor does not undergo a change in oxidation
state, e.g., in hydrolytic enzymes or other kinds of Lewis acid
catalysts.

Cambialism, in contrast, defines the specialized case where
the same metalloenzyme can be metalated with distinct metal
cofactors without a significant loss of catalytic activity.”*" This
might occur in response, at least in part, to nutrient metal
availability,”*"*% a strategy that may well be more widespread
than previously anticipated.”*’ Remarkably, the work summar-
ized here on the superoxide dismutases (SODs) and
ribonucleotide reductases (RNRs) reveal that cambialism and
more generally metalloenzyme paralogs have evolved in
enzymes that catalyze more “restrictive” chemistry, where a
change in oxidation state and even access to high-valent
intermediates, is involved. Here, Mn"/Fe!' cambialism is
superimposed on paralogism, where one member of a series of
paralogous enzymes exhibits the distinct property of cambialism.

4.1.2. Expression of Metalloprotein Paralogs in the
Metal Limitation Response. Although Zn and Fe are essential
nutrients for growth, bacteria often colonize Zn- and Fe-deplete
environments,*%*%% Pathogenic bacteria are particularly
susceptible to transition metal starvation by the action of
metal scavengers including calprotectin (CP) and related S100
proteins. CP often induces components of the Zur and Fur
regulons, which is hypothesized to result in collateral under-
metalation of the proteome (Section 3.2.6; Figure 8B).'%%¢ In
the specific case of zinc starvation, bacterial cells upregulate the
expression of protein paralogs of obligatory Zn"-dependent
enzymes that function in key physiological pathways.**”***
These paralogs include ribosomal proteins, global transcrip-
tional regulators, enzymes of central carbon metabolism, one-
carbon metabolism and carbon fixation, and perform tRNA
modification and aminoacylation, nucleotide (purine, pyrimi-
dine and pyridine) biosynthesis, heme biosynthesis, amino acid
biosynthesis and bacterial cell wall remodeling.”* In the case of
the Zn" enzymes, the regulation of the expression of these
paralogs is believed to be a form of “Zn sparing” that mobilizes
Zn' for other functions,”®’ conserving a severely restricted
nutrient for essential processes.

We classify the functional characteristics of currently known
paralogs into two distinct groups (Figure 25A): (1) paralogs that
have lost metal coordinating residues and may or may not
dispense of the need for metal altogether (Category 1), and (2)
paralogs that are metal-promiscuous and require a metal for
catalysis but may or may not retain function with Zn" (Category
2). As discussed above, enzyme paralogs can arise as a result of
convergent evolution, in which structurally distinct solutions to
the same reaction chemistry evolve (Figure 25B). Each category
exhibits distinct mechanistic features in adaptation to low Zn so
that metabolic flux through a major biosynthetic pathway can be
preserved. Here, we exploit one genomic region of the P.
aeruginosa Zur regulon to illustrate these general principles
(Figure 25C). This region of the genome harbors two distinct
Zur-boxes that regulate the expression of different sets of genes
(an operon). The first divergently transcribed operon encodes
for two proteins of unknown function, two candidate
COGO0523-family putative Zn metallochaperones, the DksA2
paralog, and a TonB transporter component that may be
involved in Zn uptake across the outer membrane in this Gram-
negative bacterium, through the outer membrane porin ZnuD.
The second divergently transcribed operon encodes the paralogs
FolEIB, PyrC2, AmiA, and a y-class carbonic anhydrase. Finally,

Figure 25. Conceptual framework defining the different categories of
Zur-regulated paralogs of Zn-requiring enzymes that catalyze the same
reaction, as an example. A) Gene duplication and divergent evolution
leads to extant Zn-requiring and non-Zn-requiring enzymes. At higher
intracellular Zn (gray spheres) concentrations, the canonical enzyme
(yellow) can acquire Zn while the paralog (cyan) is repressed by Zn-
bound Zur. When Zn levels drop in the cell and the canonical enzyme is
inactivated via loss of Zn, a Zur-regulated paralog is expressed where it
functions in the absence of any metal (category 1), or with an
alternative metal to Zn (purple sphere, category 2). B) Enzyme paralogs
can also arise as a result of convergent evolution in which structurally
distinct solutions to the same reaction chemistry evolve, where the Zn
enzyme (cyan) might be subject to inactivation via loss of Zn; the others
may be regulated by Zur (not shown). C) Part of the P. aeruginosa Zur
regulon comprised of two divergently transcribed operons is shown,
with locus tags (gene IDs; PAxxxx) and inferred functional assignments.
Two known Zur boxes are indicated.””® Genes that encode paralogs as
defined here are shaded cyan, COGO0523-family candidate Zn
metallochaperones shaded red,””" and genes of unknown function are
shaded gray.

the intriguing cases of two cambialistic enzymes, superoxide
dismutase (SOD) and ribonucleotide reductase Ib (RNRs), are
discussed.
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4.2. Category 1: Metal-Independent Paralogs

4.2.1. Ribosomal C— Paralogs. A classic example of Zur-
regulated paralogs comes from the modification of a structural,
not a catalytic, Zn binding site.””>*”* This is exemplified in the
Zn sparing phenomenon of Zur-regulated, nonenzymatic
ribosomal protein paralogs. These paralogs lack 4 conserved
cysteines that form a pair of CxxC Zn binding motifs (called
“C—" ribosomal proteins) present in their Zn binding
counterparts (“C+,”).°*”%> The model organism E. coli encodes
two C+ ribosomal proteins, L31 and L36, encoded by the genes
rpmE and rpm], respectively, and two C— paralogs L31B and
L36B, encoded by the genes ykgM and ykgO (Figure 26A).”* E.
coli Zur achieves upregulation of L31 through a “repression of a
repressor” mechanism. Zur regulated L31B, expressed in zinc-
deficient conditions, in turn represses L31 expression by binding
to its mRNA 5’ UTR. In the presence of sufficient zinc, the C+
ribosomal protein is expressed while the C— paralogue is

Figure 26. C— ribosomal protein paralogs. A) Ribbon representations
of M. smegmatis 131 and the low-zinc paralog, L31B.*””*”® Conserved
features of C+ vsC— subunits with Zn-binding Cys residues labeled
highlighted with a yellow sphere. B) Space-fill model of the M.
smegmatis 70S ribosome shaded gray with the indicated ribosomal
subunits highlighted in yellow and cyan (PDB: 5O61 C+ ribosome and
6DZ1 C— ribosome®”®). The five C+ subunits (yellow) associated
with Zur-regulated C— paralogs (cyan) are shown.

repressed.’”® This allows the organism to deploy this significant
new intracellular pool of bioavailable Zn for other crucial
processes as ribosomes are among the most abundant molecular
assemblies in the cell.””* Across the bacterial kingdom there
exists a large diversity of C— paralogs, with seven identified thus
far in Zur regulons; some organisms encode for no C— paralogs
while others possess up to six."*" These paralogs are sprinkled
throughout the mature ribosome, spanning both large and small
subunits inside and out, and are generally incorporated into both
intermediate and late 50S ribosomal assembly intermediates, but
not early ones;*”® the significance of this finding is unknown.

Structurally, the C— proteins not only lack the Zn binding Cys
residues, considered essential for their C+ counterpart function,
but also contain insertions, extensions, and divergent sequences.
Both C+ and C— ribosomes from M. smegmatis have been
structurally characterized®””%”® and these ribosomes have been
evaluated for functional differences (Figure 26B). Specific C—
insertions protect the ribosome active site by inhibiting the
efficacy of antibiotics.””” C— and C+ ribosomes appear to have
similar elongation rates and error rates, and may be more active
under Zn-limiting conditions.””” However, C— ribosomes
exhibit distinct translation profiles and are characterized by
slower translation initiation rates relative to C+ ribo-
somes.””””%" The extent to which C— subunits confer additional
features on the ribosome remains to be fully evaluated, but an
exciting hypothesis is that ribosome remodeling during Zn
limitation may selectively upregulate the translation of cellular
transcripts that enable physiological adaptation to nutrient
limited conditions.

4.2.2. DksA/DksA2. The stringent response is induced by
general nutrient starvation resulting in hyperphosphorylation of
nucleotides which signals an alleviation mechanism(s) that
involves a global change in gene expression patterns ultimately
leading to stasis or quiescence.”’”> Major signaling molecules in
the bacterial stringent response are the alarmones guanosine
pentaphosphate (guanosine S’-triphosphate, 3’-diphosphate;
pppGpp), and guanosine tetraphosphate (guanosine S'-
diphosphate, 3’-diphosphate; ppGpp), collectively referred to
as (p)ppGpp. These are synthesized from GTP or GDP,
respectively, and ATP, as the source of 3’-pyrophosphate
moiety. These alarmones severely deplete cellular GTP pools,
and function either by inhibiting enzymatic activity directly by
binding to a GTP or GDP binding site in competition with this
substrate or “signal” within the transcriptional machinery
itself.”*>’°* The stringent response is also dependent on
specialized proteins, including DksA.””> DksA is a broadly
conserved RNA polymerase regulatory factor and is present in
most bacterial species,”’® with the prominent exception of
Firmicutes. DksA2 is a paralog that is found in Zur regulons of -
and y-proteobacteria®®® and has been most extensively
characterized in P. aeruginosa. PaDksA2 shares 34% sequence
identity with PaDksA, and both proteins adopt nearly identical
folds (Figure 27A). Moreover, during the evolution of
Salmonella from an environmental bacterium to a vertebrate
enteric pathogen, a number of virulence genes were genomically
colocalized into an ancestral DksA regulon, highli%hting an
important role of DksA as a pathogenicity regulator.””’

Although DksA is constitutively expressed, it is known to
function only when (p)ppGpp and/or ROS/RNS are abundant
in cells.””®”"” Under these conditions, DksA binds directly to
RNA polymerase and differentially regulates transcription from
selected promoters of genes encoding proteins involved in
translation or amino acid biosynthesis and uptake.”**”'*”"" The
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Figure 27. DksA transcription factor. A) Ribbon representation of the
RNAP-DksA binary complex (PBD: SWIT). Motifs of RNAP
(domains in white and 670 in black) binding (p)ppGpp are indicated
with an arrow.””’ Right, ribbon structures of E. coli DksA (yellow, PDB:
1T11)""" and P. aeruginosa DksA2 (cyan, PDB: 41JJ),”"® and the DksA
Zn ion shown as a gray sphere. The globular (G), coiled-coil (CC), and
C-terminal helix (CTH) domains are highlighted. Tetrathiolate Zn
binding site of E. coli DksA with Zn coordinating Cys residues labeled
and shown in stick, with the Zn ion shown as a gray sphere. Analogous
metal binding site region of P. aeruginosa DksA2, with the two
conserved Cys that from a disulfide bridge labeled and shown in stick
representation. B) Conserved primary structural features of the global
transcriptional regulator DksA and DksA2, centered only on the DksA
metal binding region. DksA Zn-binding residues are labeled in yellow
and highlighted with a yellow sphere and the DksA2 disulfide bridge is
labeled with a bracket.

combination of DksA and (p)ppGpp in the stringent response
inhibits ribosome production, thereby decreasing amino acid
consumption by translation and increasing amino acid biosyn-
thesis, as global efforts to restore nutrient balance in the
organism. In fact, RelA, the synthase that synthesizes (p)ppGpp
binds to the ribosome directly, particularly those ribosomes that
harbor an unacylated tRNA in the A-site, which occurs as a result
of amino acid starvation, further stimulating the cellular
production of (p)ppGpp. The DksA-dependent regulatory
profile that is independent of (p)ppGpp and connected to
ROS/RNS stress down-regulates both the ribosome biogenesis
machinery and amino acid biosynthesis, while also promoting
redox buffering and repair of biomolecules, thus resulting in
broad cellular resistance to these conditions.”*”"*

DksA is a small protein with an N-terminal globular domain
(NTD), an extended coiled-coil (CC) domain, and a C-terminal
a-helix (CTH) (Figure 27A, right).”*” The NTD is linked to the
CTH by a tetrathiolate, tetrahedral Zn" binding site.”"*”"*
Substitution of the Zn" coordinating Cys residues disrupts DksA
activity in cells.”""”">7'° The four Zn-coordinating Cys residues
have been shown to be susceptible to oxidation by various
reactive oxygen and reactive nitrogen species (ROS and RNS)
which enhances global DksA-mediated transcriptional inhib-
ition.””®”!® Reaction with ROS and RNS species results in the
release of Zn, and treatment with reducing agent after oxidation
results in nearly full restoration of DksA secondary structure.

These findings suggest that the primary role of Zn is not that of a
structural cofactor, but rather as a sensor of redox stress. This
oxidation event also leads to potent transcriptional inhibition in
the absence of (p)ppGpp, consistent with its assignment as a
regulatory metal site that tunes ROS and RNS sensing by
DksA.”"?

PaDksA2 possesses only two cysteines of the four Zn-
coordinating Cys present in DksA (C96 and C117), which are
precisely analogous to the redox-sensing cysteines C114 and
C13S in EcDksA (Figure 27B). Loss of two or three Zn
coordinating cysteines (some DksA2 paralogs possess only one
of the four Cys observed in EcDksA) would of course abolish Zn
binding in the cell, and thus would effectively “spare” this Zn for
another purpose.”'” In P. aeruginosa the AdksA strain exhibits a
growth phenotype on Zn-replete minimal media since Zur will
repress the expression of dksA2 under these conditions.”'® As
expected, this phenotype is suppressed under low Zn, where
dksA2 is upregulated. Indeed, DksA2 has been shown to
functionally complement DksA in vivo and In vitro to varying
degrees.””®”'° Additionally, a P. aeruginosa strain that expresses
only DksA (a AdksA2 strain) exhibits inhibited growth on Zn-
deplete minimal media, clearly indicative of a disruption of DksA
function specifically under conditions of low Zn.

A consensus model holds that DksA becomes undermetalated
under zinc limiting conditions which results in an increased
sensitivity to ROS/RNS and an impaired alarmone-dependent
adaptive response. Under these conditions DksA2 is upregu-
lated, thus restoring the stringent response. Zn coordination by
DksA may attenuate its redox-sensing activity, reserving the
redox-sensing Cys pair to respond only under conditions of
chronic ROS stress, where cellular reductant pools become
depleted.””® Consistent with this, the Zn-free DksA2 is S0-fold
more reactive toward H,O, In vitro and oxidation-induced
transcriptional repression is far more sensitive to low H,O, in
cells expressing only DksA2 vs cells expressing only DksA.”*®
Kinetics studies reveal that the Zn-bound DksA requires
significantly higher ROS to enhance transcriptional repression
since the major cellular reducing thiol glutathione (GSH)
preferentially scavenges ROS under these conditions; in strikin
contrast, DksA2 is a far better ROS scavenger than GSH itself.”"
This results in reduced survival in macrophage models of
infection of bacterial cells that express only DksA2 compared to
those expressing only DksA, as (p)ppGpp-independent tran-
scription inhibition occurs at lower ROS levels. Taken together,
dispensing of the Zn binding site in DksA2 is a remarkably
complex evolutionary adaptation that appears to integrate the
bacterial adaptive response to Zn restriction and chronic ROS
exposure that may well be coincident in the infected host.

4.3. Category 2: Metal-Promiscuous Paralogs

4.3.1. QueD/QueD2. Transfer RNA (tRNA) modifications
are widespread in all kingdoms of life and are regarded as global
regulators of translational capacity and important markers of
nutritional status.”'””"® Queuosine (Q) is a hypermodified, 7-
deazaguanosine incorporated into the 34th or “wobble” position
of the anticodon loop of four specific tRNAs (Asn, Asp, Tyr and
His) that decode synonymous NAC and NAU (N = A, U, C or
G) codons.””” Q-tRNAs bind more tightly to the translating
ribosome, although the effects vary widely. The Q modification
in eukaryotic cells impacts the decoding of NAU codons while
decreasing amino acid misincorporation, thus affecting trans-
lation accuracy and speed.””” The loss of Q results in weaker
codon-anticodon pairing of NAU codons (called Q-decoded
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codons) which can also lead to ribosome stalling in these
cells.”*""7%° The effects of Q loss in bacteria may well be more
complex, and strongly growth condition-dependent, but can
lead to biased translation and proteome remodeling, particularly
under the combined effects of nutritional stress and antibiotic
stress.”””’*® This has led to the concept of “modification-
tunable transcripts (MoTTs)””"””*” which drives a global
adaptive response in bacteria, potentially enhancing virulence or
endowing an organism some other growth advantage in the
infected host.””’

Only bacteria possess the ability to de novo synthesize
queuosine-tRNA from GTP, with higher eukaryotes dependent
on the salvage of queuine (the nucleobase) from the
microbiota.”” The Q-tRNA biosynthesis pathway is complex
and depends on no fewer than seven enzymes that require
transition metals as cofactors.”””~"** Nutrient metal starvation
negatively impacts flux through the queuosine-tRNA biosyn-
thetic pathway in Acinetobacter baumannii while giving rise to a
more pleiotropic response in E. coli.””*® The committed step in
the Q-tRNA biosynthesis pathway is performed by a 6-
carboxytetrahydropterin (CPH,) synthase, QueD”*’ or a
QueD paralog termed QueD2.°®® Bacteria either encode a
housekeeping QueD or a QueD2 that becomes cell-abundant
under conditions of Zn" restriction,”*” or alternatively encode
both a constitutively expressed QueD and a Zur-regulated
QueD2. Mutant strains of different organisms lacking the
housekeeping enzyme could be complemented by over-
expression of a paralog, revealing a conserved function.””*”

Both QueD and QueD2 are obligate metalloenzymes, with
QueD copurifying and structurally characterized with tightly
bound Zn™.”**7*" Recent work reveals that both QueD and
QueD2 are rather metal-promiscuous, with each possessing
comparable specific activities with Mn", Fe"" and Zn"". Each is a
member of the tunnel fold (T-fold) superfamily characterized by
an oligomeric assembly state that forms a central S-barrel that
resembles a tunnel. This family consists of two f,,a,, rings (n >
2) that join in a head-to-head fashion, with the symmetry-related
active sites bridging the two rings. QueD possesses a conserved
Cx;HGH motif containing the essential catalytic nucleophile,
Cys27 in EcQueD and two His (His31 and His33) that
coordinate the Zn" (Figure 28A).”** An additional conserved
residue, His16, contributes the third protein-derived ligand, with
two water molecules or two oxygen atoms from the substrate,
intermediates or product completing the five-coordinate
trigonal bipyramidal Zn" site.

The QueD2 paralog exhibits very low (<20%) sequence
identity relative to the housekeeping QueD and harbors a one-
residue insertion in the catalytic Cx3HGH motif of QueD to
create the Cx,HGH motif of QueD2. A recent structure of
QueD2 from Acinetobacter baumannii reveals a distinct
octameric assembly state (two stacked tetrameric rings) relative
to the E. coli QueD hexamer.” In contrast to QueD, there are two
high occupancy Zn" binding sites in the structure of AbQueD2
(Figure 28B). One corresponds roughly to the active site of
EcQueD (site 1), with the second site (site 2) more peripheral
and solvent exposed, some ~14 A away and coordinated by the
active site nucleophile, Cys23, an invariant Cys specific to
QueD2s, Cys18 (this is a His in the other major cluster of
QueD2 sequences), and two other poorly conserved residues
derived from an adjacent subunit within a tetrameric ring. The
inserted amino acid in the QueD2 Cx,HGH motif displaces the
Cys nucleophile far from the catalytic site, while shifting the
metal coordinating HGH motif (His28 and His30 in AbQueD2)

Figure 28. 6-carboxy-S$,6,7,8-tetrahydropterin (CPH,) synthase QueD.
A) Top-down (left) and side (right) views of the ribbon structure of the
hexameric E. coli QueD (yellow, PDB: 4NTM).*° A single protomer is
colored, the remaining protomers are shaded gray, with the Zn ions
(black) shown. The product 6-carboxy-S,6,7,8-tetrahydropterin
(CPH,) binding site is highlighted. Close up view of the E. coli
QueD Zn binding site with conserved catalytic and metal binding
residues labeled and shown in stick (highlighted by the yellow circles),
and the Zn ion represented by a black sphere. The catalytic nucleophile,
C27, is highlighted with a red circle. The sepiapterin-like intermediate is
shown as green CPK stick. B) Top-down (top) and side (middle) views
of the ribbon structure the octameric A. baumannii QueD2 (cyan, PDB:
7 VOF).” Close up view of the A. baumannii QueD2 Zn binding sites 1
and 2 (bottom) with conserved catalytic (C23, red; H68’, blue circle)
and metal binding residues labeled (blue circles) and shown in stick,
with water molecules shown as small red spheres coordinated to Zn1,
and the Zn ion represented by a black sphere. C18 (green circle) is
uniquely conserved in QueD2 genes as either a Cys or a His.

further into the 2 strand relative to EcQueD.” In addition,
His13 in AbQueD2 (analogous to metal ligand Hisl6 in
EcQueD) does not coordinate the Zn" and instead incorporates
His 687, analogous to His71” in EcQueD, one of the catalytic
bases in the second half of the reaction.”*” Activity assays reveal
that as expected, Zn" binding to site 2 inhibits turnover by
QueD2, which suggests that the active site 1 may well be
conformationally “plastic” or dynamically heterogeneous and
must “fold” to accommodate substrate, in striking contrast to the
housekeeping enzyme QueD.”

What then is the function of metal site 2 in this low-zinc
paralog QueD2? K, for this site is quite weak and it is unlikely to
be occupied under conditions of zinc starvation or even under
zinc-replete conditions (+AAG for metalation; Figure 8B). The
conserved site 2 ligand, Cys18 in AbQueD?2, inhibits the rate of
Zn" dissociation, consistent with a function as a “trap” of
exchange-labile metal in coordinately plastic first coordination
shell.” Even more significantly, AbQueD2 possesses an ~100-
fold higher catalytic activity when bound to Fe' in a way that is
not dependent upon Cys18. How this high activity with Fe'" is
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accomplished is unknown, but suggests a significant alteration in
the active site structure that specifically facilitates the second
step of this two-step reaction, the release of acetaldehyde.” In
any case, these features make it possible for an organism
expressing a QueD2 to adapt quickly to niches where Zn" is
deplete and Fe remains replete. This complex, multifaceted
evolutionary adaptation to metal restriction, from metal
“retention” to classical Zn sparing, represents a response that
can be tuned to any flavor of metal starvation.”

4.3.2. PyrC/PyrC2. All members of the amidohydrolase
superfamily share similar catalytic functions, enabling the
reversible ring formation/opening of cyclic amides.”*' PyrC is
a dihydroorotase (DHOase) that catalyzes the reversible
interconversion of carbamoyl aspartate (CAA) and dihydroor-
otate (DHO) and functions in the third step of de novo
pyrimidine biosynthesis, just downstream of the committed step
catalyzed by another Zn-metalloenzyme, aspartate trans-
carbamoylase.”** As such, PyrC is an essential enzyme.”**~"*
Historically, bacterial DHOases can be grouped into two classes
and a representative member of each has been structurally
characterized. These are the 45 kDa class I PyrC enzymes largely
found in Gram-positive bacteria, e.g., Bacillus anthracis (Figure
29A)7**7*7 while the 38 kDa class II enzymes are generally
found in Gram-negative bacteria, including the prototypical
enzyme from Escherichia coli (Figure 29B).”*>”*” They require a
divalent metal ion for enzymatic activity, thought to be Zn" in
the cell; Zn" and Co" typically exhibit maximal activity while
other divalent metals result in inhibition.”**~">* While both
enzyme classes harbor a nearly isostructural binuclear Zn" site
where each Zn" exhibits a trigonal bipyramidal geometry
containing four His and an Asp, the sixth ligand is an Asp in class
I PyrC and a post-translationally modified carboxylated Lys in
class IT DHOases.”**~7*

The Zur-regulated paralog PyrC2 is structurally uncharac-
terized, but is found in Zur regulons of Gram-negative bacteria,
e.g, P. aeruginosa (Figure 25C) and B. cenocepacia. In these
organisms, the housekeeping PyrC is a class II enzyme that is not
regulated by Zur or Zn starvation. P. aeruginosa PyrC2 is distinct
from P. aeruginosa PyrC, with just 10% sequence identity, but
notably exhibits 30% sequence identity to the class I B. anthracis
PyrC. Furthermore, P. aeruginosa PyrC2 has lost the most N-
terminal of the Zn1-coordinating His residues, which is replaced
by a Gln that is conserved in other Zur-regulated PyrCs (Figure
29D).°*® Interestingly, the structure of Gram-negative Porphyr-
omonas gingivalis PyrC, a third DHOase denoted class III
(Figure 29C), reveals features of both class I (sequence
similarity and an N-terminal extension) and class II (a
carboxylated Lys as a bridging ligand, instead of an Asp)
enzymes. We view this structure as an excellent model for Zur-
regulated PyrC2 given the high (50%) sequence identity and the
presence of the same site 1 Gln substitution that is found in the
P. aeruginosa PyrC2 paralog. This suggests that class III PyrCs
may well contain other paralogs that may function better under
Zn-limited conditions, as yet unknown. PyrC may be under-
metalated under conditions of low Zn, thereby necessitating the
upregulation of PyrC2 to maintain flux through this pathway;
however, the ability of a ApyrC2 strain to grow in Zn-limited
conditions has not yet been evaluated. The difference between
class I and II coordination spheres might relax the metal
preference of PyrC2 allowing Mn" to bind, for example,”** or
alter Zn affinities or kinetic labilities. Alternatively, the
upregulation of PyrC2 simply forces metabolite flux toward

Figure 29. Binuclear zinc metalloenzyme dihydroorotase PyrC. A)
Ribbon representation of the structure of B. anthracis PyrC (4YIW)”*
with the dimerization interface indicated by the dashed line, and the
CAA-bound Zn binding site (close up) with Zn binding residues
labeled and shown in stick, the CAA substrate shown in green stick, and
Zn ions shown as black spheres. B) Ribbon representation of the
structure of E. coli PyrC (1XGE)”** with the dimerization interface
indicated by the dashed line, and the DHO-bound Zn binding site
(close up) with Zn binding residues labeled and shown in stick, the
DHO substrate shown in green stick, water molecules shown as red
spheres, and Zn ions shown as black spheres. C) Ribbon representation
of the structure of P. gingivalis PyrC (PDB: 2GWN) with the putative
dimerization interface based on homology to B. subtilis PyrC indicated
by the dashed line, and the Zn binding site (close up) with Zn binding
residues labeled and shown as sticks, water molecules shown as red
spheres, and Zn ions shown as black spheres. D) Conserved primary
structural features of PyrCs belonging to class I (represented by B.
anthracis enzyme), class II (represented by E. coli enzyme), and class II1
(represented by P. gingivalis enzyme), jointly with PyrC2 (represented
by P. aeruginosa) comparing the different Zn coordinating residues in
each class. Class I Zn coordinating residues are highlighted in red, class
II Zn binding residues are highlighted in yellow, and class III residues
are highlighted in cyan, with the ligands corresponding to metal sites 1
and 2 indicated.

pyrimidine biosynthesis by mass action in this reversible
enzyme.
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4.3.3. FolET1A/FolE1B. GTP cyclohydrolase-IA (GCYH-IA;
FolEIA or simply FolE) is a Zn" metalloenzyme that catalyzes
the conversion of GTP to 7,8-dihydroneopterin triphosphate
(H,NTP). H,NTP is the first intermediate in the de novo
biosynthesis of tetrahydrofolate (THF, folate) in all kingdoms of
life; in bacteria, H,NTP is a true metabolic branch point, serving
as the substrate for QueD/QueD2 in the biosynthesis of the
queuosine-tRNA (Section 4.3.2).”°° FolEIB (GCYH-IB; also
known as FolE2), in contrast, has been described as a metal-
cambialistic paralog that can catalyze the same reactions when
metalated with Zn" or another divalent metal”””*”® Genes
encoding FolEIB, like QueD2, are not exclusive to Zur regulons
and in some organisms, e.g., Staphylococcus aureus, only folEIB is
present. Like QueD/QueD2, both FolEIA and FolEIB are
members of the T-fold superfamily,’”® and are characterized by
very low pairwise sequence identity and distinct oligomeric
assembly states, i.e, dimer of pentamers vs a dimer of dimers
double ring-shaped architectures in FolEIA and FolEIB,
respectively (Figure 30A,B). As apoproteins, both FolEIA and
FolEIB are inactive and activity can only be observed by

Figure 30. GTP cyclohydrolase I, FolE. A) Top-view (left) and side
view (middle) of the ribbon representation of the decameric T.
thermophilus FolE (IWUR)”®* with a single protomer shaded in yellow
ribbon, with the remaining protomers shaded gray. Active site region
(close up) with Zn binding residues labeled and highlighted in yellow
stick, the catalytic intermediate mimic 8-oxo-GTP* shown in green
stick, and the Zn ions shown as black spheres. B) Top-view (left) and
the side view (middle) of the ribbon representation of the tetrameric N.
gonorrheae FolE2 (3D20) with a single protomer shaded in cyan
ribbon, with the remaining protomers shaded gray. Active site region
(close up) with Zn binding residues labeled and highlighted in cyan
stick, the catalytic intermediate mimic 8-oxo-GTP is labeled as GTP*
and shown in cyan stick, and the Zn ions shown as black spheres. S-
nitrosated C149 is also shown in NgFolE2. C) Conserved primary
structural features of FolE and FolE2 in the active site region. The active
site acid (which donates a proton) is labeled Z, while X and Y are metal
ligands along with a conserved Cys. Note that the FolE2 Y (not shown
in this region) and X coordinating ligands (panel B) and the Z
functional groups in the primary structure of T. thermophilus FolE and
N. gonorrheae FolE2 are significantly displaced from one another.*

metalation of the active site as revealed by mutagenesis and
enzymatic activity assays.ém’756

Both enzymes coordinate Zn" in a distorted tetrahedral
geometry as revealed by the structures of E. coli FolEIA and the
Neisseria gonorrheae FolEIB (Figure 30A,B), with three protein-
derived ligands and a mimic of the first catalytic intermediate, 8-
0x0-GTP (GTP*) coordinated to the metal.”**”*” This open
coordination site in the absence of substrate analog is filled by
OH™, which is poised to attack the electrophilic C8, which itself
is activated by a nearby His (Z residue; Figure 30C). FolEIA
features a Cys,His-OH™ coordination site while in FolEIB, one
of the Cys (C179 in FolEIA; the Y ligand) is replaced with a
glutamate (E201”) from a protomer in the opposite dimer in this
dimer-of-dimers architecture, thus creating a “harder” coordi-
nation site.* While FolEIA is thought to be an obligatory Zn"
enzyme and clearly copurifies with Zn", this has not been
rigorously established. In contrast, FOlEIB enzymes from B.
subtilis, Cupriavidus metallidurans and N. gonorrheae generally
have lower activity when metalated by Zn", significant activity
with Mn", Fe! and Co" and low activity with Ni", all trends
consistent with the observed change in the first coordination
shell in FolEIB vs FolEIA.”*”*® Interestingly, some FolEIB
enzymes are reported to be active with Mg", to an extent on par
with that of Co", which is puzzling given the presence of clearly
“softer” ligands in both FolEIB coordination shells.

Both FolEIA and FolEIB catalysis feature classic Lewis acid
chemistry and proton transfer-catalyzed ring-opening and ring-
closing rearrangements, involving several pentacoordinate-
metal intermediates, with the release of formate and H,NTP.
Interestingly, inspection of the active site regions of both FolEIA
and FolEIB suggests the possibility that posttranslational
modification of one or more residues might have a regulatory
role. Indeed, NgFolEIB, as purified, features additional electron
density on the nonliganding cysteines, C149 (Figure 30B)
assigned as an S-nitrosated Cys essentially positioned “on top” of
the active site.””” Mutation of this Cys to Ala or Ser largely
inactivates the enzyme, which suggests that S-nitrosation may be
a protective mechanism that preserves FolEIB activity under
conditions of nitrosative stress. The evolution of FolEIB in
bacteria may be reflective of a GCYH that evolved under the
influence of dual stressors, oxidative/nitrosative stress and Zn'"
limitation, reminiscent of DskA2 vs DksA (Section 4.2.2).”"°

In any case, the significant activity of FolEIB with divalent
metal ions other than Zn'" uncovers a clear evolutionary
adaptation for bacterial survival under conditions of Zn
starvation, given the universality of one-carbon (1C) metabo-
lism in all cells.”*>’®" Indeed, this adaptation may well have
several regulatory layers, since in B. subtilis, the housekeeping
enzyme FolEIA is reported to be a target of the COG0523
superfamily metallochaperone, ZagA (Section 5.1.4).”°" ZagA is
reported to sustain folate biosynthesis under conditions where
folEIB is not expressed, as part of the graded response to
increasing degrees of cellular zinc limitation.””"”* A putative
protein—protein interaction between ZagA and FolEIA appears
to be stimulated by the alarmone and purine derivative ZTP (§'-
aminoimidazole-4-carboxamide-1-f-D-ribofuranosyl-5’-tri-
phosphate; AICAR triphosphate),”* which accumulates in cells
under conditions of folate deficiency.”*® Mechanistically how
ZagA impacts FolE catalytic activity is not yet known since
FolEIA binds Zn" essentially irreversibly and may well be
kinetically trapped, since it is difficult to remove with chelators
and thiol modifying agents (Section 5.1.4).”>®
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4.3.4. Carbonic Anhydrases. Carbonic anhydrase (CA) is
the prototypical zinc metalloenzyme that catalyzes the reversible
hydration of gaseous CO, to bicarbonate anion, HCO;™, and a
proton (H*). CAs therefore play a crucial role in equilibrating
CO, and bicarbonate inside the cell. The central importance of
CAs in global carbon capture, pH regulation, pyrimidine
biosynthesis and in providing a universally employed substrate
for all biotin-dependent carboxylation reactions’®” underscores
the remarkable evolutionary diversity of CAs. Indeed, there are
now eight known gene families that encode structurally
divergent classes of CAs: the a-, f-, y-, 6, (-, 5-, 6-, and 1-
CAs.”**7%7 All human CAs the a-class enzymes, where at least
12 active isozymes have been described that differ in oligomeric
assembly state, subcellular localization, tissue expression, and
kinetic properties while all sharing Zn" as an essential
cofactor.”®® In bacteria, the major structural classes are the a,
B and y enzymes while the 1-CA is present in marine diatoms.”*’
Bacterial a-CAs are generally are generally periplasmic (in
Gram-negative organisms) and function as monomers or
dimers, while employing Zn" as the Lewis acid cofactor in a
His;-H,O motif like the mammalian CAs (Figure 31A). f-CAs
are typically dimers, tetramers or octamers that are also obligate
Zn" metalloenzymes that coordinate Zn" with two Cys, one His

Figure 31. Carbonic anhydrases likely arose via convergent evolution.
A) Ribbon representation of the homodimeric a-carbonic anhydrase
(4X58)77* with the highlighted monomer labeled in red and other
protomer colored gray. a-carbonic anhydrase active site (close up, left)
with Zn binding residues shown as red sticks, Zn ion as a black sphere,
and the acetazolamide (AZM) inhibitor shown as green sticks. B)
Ribbon representation of the tetrameric p-carbonic anhydrase
(2A5V)""* with the highlighted monomer labeled in yellow and
additional protomers colored gray. f-carbonic anhydrase active site
(close up; left) with Zn binding residues shown as yellow sticks, Zn ion
as a black sphere, and SCN™ molecule shown as green sticks. C) Ribbon
representation of the trimeric y-carbonic anhydrase (3KWC)””® with
the highlighted monomer labeled in cyan and additional protomers
colored gray. y-carbonic anhydrase active site (close up; left) with Zn
binding residues shown as cyan sticks, Zn ion as a black sphere, and
water molecules as red spheres.

and an open coordination site (Figure 31B). f-CAs often exhibit
strongly pH-dependent activity in which an Asp is recruited into
the open coordination site at high pH, thus abolishing turnover.
7-CAs are adopt a trimeric left-handed f-helical architecture and
utilize the same His;-H,O motif as a-CAs (Figure 31C), but are
reported to be Fe'-dependent enzymes that are also active with
Zn" and Co". One 1-CA has been reported to prefer Mn'" over
Zn", although the extent to which this is broadly the case is not
known.””°

Most bacteria encode more than one CA, often but not always
derived from all three major classes (cytoplasmically localized -
and y-class enzymes feature prominently in clinically relevant
pathogens), with some regulated by nutrient stressors. In the few
instances where it has been documented that cellular expression
of a CA changes with Zn" restriction”*® and/or represents a
bona fide Zur target (as in P. aeruginosa) these enzymes tend to
belong to the - and y-classes, with bacterial pathogens often
encoding multi;)le p-CAs with apparently nonredundant
functions.””””**’*> We believe that Zur-regulated expression
of a y-CA may represent a case of Zn-sparing, since this enzyme
is reported to be metal-promiscuous with Fe'' the preferred
metal cofactor when prepared under anaerobic condi-
tions.””"””> An in depth study of metal preferences across the
different families of CAs and, in particular, in the case of Zur-
regulated y-CAs is clearly warranted to correctly identify how
this essential metabolism has adapted to microenvironmental
niches poor in nutrient metal availability.

4.3.5. Cambialistic Superoxide Dismutases. The super-
oxide dismutases (SODs) detoxify superoxide, a reactive oxygen
anion radical produced in all organisms exposed to oxygen
particularly during aerobic metabolism. Superoxide is also
employed by the mammalian immune system in response to
infection.””® The ubiquity of SODs across the tree of life
illustrates their biological importance in an oxygenated world,
and are particularly important as part of the host—pathogen
interface.””” Typically, SODs are classified in families according
to their metal cofactor, and are grouped into three different
structural classes: the copper and zinc or Cu-only SODs, the
nickel SODs, and the manganese (Mn), iron (Fe) or cambialistic
Fe/Mn SODs.””® Each metal cofactor results in a metal active
site with a distinct redox potential and architecture. SOD
subfamilies also diverge in distribution, subcellular location,
quaternary structure and specific mechanism.””® Nonetheless, in
general they achieve catalysis via a ping-pong mechanism, in
which the metal center oscillates between oxidized and reduced
states that differ by one electron.”” As such, the general SOD
mechanism consists of two half-reactions, where substrate
oxidation produces O, and a reduced metal site, and substrate
reduction produces H,O, and the oxidized metal site.

The differential expression of SODs with different metal
requirements by the same organism can be considered a
canonical metal sparing mechanism to ensure organism survival
during metal nutrient limitation and the oxidative burst.””” A
highly conserved regulatory mechanism, originally described in
E. coli, consists of a global regulator, the Fe'' sensor Fur, a small
RNA, RyhB, and two genes encoding distinct Mn- and Fe-SODs,
sodA and sodB, respectively. When Fe is replete, Fur represses
transcription of sodA and ryhB, which lowers the stability of the
sodB mRNA, thus leading to the production of Fe-SOD. Under
conditions of Fe starvation, Fur dissociates from its operator,
leading to transcriptional derepression of sodA and ryhB,
allowing for high cellular levels of Mn"—SOD.”*’ This mode
of regulation has also been described in Azotobacter vinelandii,”*"
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Bacillus subtilis’® and Helicobacter pylori’®® with global
regulators from the same regulator family and SODs with
distinct metal preferences.

Another regulatory mechanism first described in Streptomyces
coelicolor involves the inverse regulation of the expression of sodF
(Fe-containing) and sodN (Ni-containing) by the nickel-specific
repressor Nur, a Fur-family regulator.”®* In nickel-replete
conditions, Nur represses sodF transcription, while inducing
sodN expression indirectly. The sodF gene produces a stable
small-sized RNA species (s-SodF) of ~90 nucleotides that
harbors an anti-sodN sequence complementary to the 5" end of
sodN mRNA through the ribosome binding site. Therefore, Nur
activates sodN expression by inhibiting the synthesis of the sodF
mRNA, from which inhibitory s-SodF RNA is generated
forgoing the need for another small RNA to acts as a
mediator.”** SODs of different metal selectivity are thus
differentially expressed according to cellular metal nutrient
bioavailability.

In contrast to metal-specific SODs, there are other SODs that
are genuinely cambialistic (camSOD)’® or metal-interchange-
able. Here, a SOD may be characterized by distinct metal
binding affinities for Fe vs Mn yet possess identical specific
activities when cofactored by either metal.” These SODs,
denoted SodFMs, will be differentially metalated with Fe or Mn
depending on which metal is present and bioavailable. Notably,
S. aureus camSOD (Figure 32A) allows superoxide detoxifica-
tion during host-imposed Mn starvation by calprotectin (CP),
which functions in place of the Mn-dependent SodA (Figure
32B) and is presumably not effectively metalated under these
conditions (Section 2.2.2)."%"7%¢ This is an excellent illustration
of Mn"-sparing, also found for at least one glycolytic enzyme in
the same organism under the conditions of CP-mediated
nutrient limitation.’

The evolutionary diversity of extant SODs is thought to arise
in part from a series of gene duplication events, later selected
during the earth’s geological changes, e.g,, the great oxygenation
event, or as an adaptation of pathogens to host-imposed stresses,
including nutritional immunity and ROS exposure.'*"”*
Determining the metal preference of a metalloprotein in general
remains a difficult task, and in the case of SODs, these
preferences have been shown to depend not only on the first
coordination shell of metal binding residues but is also impacted
by the identity of specific second sphere residues (Figure
32C).”* In addition, discoveries such as the Cu-only SODs
from an opportunistic fungal pathogen that dispose of the
requirement for Zn altogether within a canonical Cu/Zn-
dependent SOD fold, and which are strongly induced under
conditions of Fe-starvation, highlights a potential of still
uncovered regulatory and structural diversity within the
superoxide dismutases.”**”"?" Recently, a comprehensive
sequence and phylogenetic analysis has been shown to improve
the ability to predict the preferred metal cofactor in a SOD,
which enhances our understanding of the catalytic diversity
present in this family.°® This study proposes that redox
tuning’”" allowed the SodFM subfamily to exquisitely fine-tune
their metal preference along a continuum of Mn:Fe preferences
as a result of very subtle structural changes in the active site.
Indeed, cambialism may not simply be a feature that has evolved
multiple independent times, but may also be under positive
selection in nature to allow a bacterial pathogen to circumvent
host-derived nutritional immunity during an infection.'®"**°

4.3.6. Ribonucleotide Reductases. The ribonucleotide
reductases (RNRs) catalyze the 2’-dehydroxylation of a

Figure 32. Superoxide Dismutases. A) Ribbon representation of the
dimeric cambialistic superoxide dismutase SodM (camSOD) from S.
aureus (6EX4)7°> with the highlighted monomer shaded cyan. The
active site (close-up) with identical metal binding residues shown as
sticks and highlighted in yellow. Fe is a gray sphere. A cyan star
highlights an identified residue responsible for determining metal
preference. B) Ribbon representation of the dimeric Mn"-dependent
superoxide dismutase SodA (MnSOD) from S. aureus (SN56)"** with
the highlighted monomer labeled in yellow. The active site (close-up)
shows the Mn binding residues in sticks and highlighted in yellow. Mn is
a black sphere. A cyan star highlights an identified residue responsible
for determining metal preference. C) Conserved features of SODs that
encompass both metal selective and cambialistic enzymes. While each
has a high degree of identity and highly conserved metal binding
residues (highlighted in yellow), certain key residue positions have
been identified as determinants in metal preference (highlighted with
cyan stars). Their identity can modulate its metal preference from Mn-
or Fe-selective to cambialistic.

ribonucleotide substrate thus providing the only de novo route
to 2'-deoxyribonucleotide building blocks for DNA syn-
thesis.”””> RNRs are typically composed of two types of
subunits: a catalytic R1 subunit and a small radical-generating
subunit R2. R2 comprises a core four-helix bundle that harbors
the metal cofactor, and four additional auxiliary helices that
participate in the interaction with the other subunits (Figure
33A). Ribonucleotide reduction typically requires a metal
cofactor and an oxidant in the R2 subunit (encoded by nrdF)
that ultimately oxidizes an active site cysteine side chain in the
R1 subunit to create a thiyl radical; this allows for radical
activation of an otherwise inert C—H bond in the ribose ring of
the substrate bound to R1.* The mechanism by which the metal
cofactor generates the radical to initiate this chemically
challenging reduction reaction varies substantially among the
three classes of RNRs. While class II requires an adenosylco-
balamin cofactor and class I11, a [4Fe-4S]-activating enzyme, all
class I enzymes harbor a bimetallic metal site defined in the core
four-helix bundle that also encodes for an aromatic residue
which participates in electron transfer (Y105 in E. coli NrdF)
(Figure 33).” A metal-free class Ie enzyme constitutes a possible
exception within class 1 which lacks the metal-ligating
glutamates (highlighted in blue in Figure 33B) and instead

https://doi.org/10.1021/acs.chemrev.4c00264
Chem. Rev. 2024, 124, 13574—13659


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00264?fig=fig32&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00264?fig=fig32&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00264?fig=fig32&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00264?fig=fig32&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Figure 33. Ribonucleotide reductases. A) Ribbon representation of the
R2 subunit of the ribonucleotide reductase NrdF from E. coli in the
Mn,-form in cyan (3N37) and Fe,-form in yellow (3N38).””> A close-
up view of the active site with metal binding residues shown as sticks. Fe
is a black sphere, Mn is a gray sphere, and the red spheres represent
water molecules. An orange star highlights the tyrosine residue that will
become a tyrosyl radical upon metal oxidation. The interface with the
catalytic R1 subunit is indicated with a red dashed line. C) Conserved
features of class Ib R2 subunit that encompass metal binding residues
highlighted with circles, while the tyrosyl radical is highlighted with a
star. Residues conserved among all class I enzymes are highlighted in
yellow while the residues absent in the metal free class Ie activase are
highlighted in cyan. The residue that has been shown to impact metal
preference in B. anthracis R2 is indicated with a black arrow.

requires a specialized Nrdl activating enzyme.®””* The metal
requirement and metal specificities of the R2 subunits have been
shown to differ among the class I subclasses, with class Ib of
particular note here, since class Ib R2 enzyme is truly
cambialistic, forming active enzymes with both dinuclear Fe/
Fe and Mn/Mn cofactors (Figure 33).”%

The physiological conditions that drive iron or manganese
loading in class Ib enzymes remain long-standing questions in
the field.”**””® One possibility is that metalation is primarily
determined by the specific characteristics of the growth
environment where the bioavailability of Fe', which can be
significantly modulated by collateral oxidative stress, vs Mn"!
may well dictate metal occupancy of a sin7gle expressed class Ib
enzyme, thus enhancing bacterial survival.” It has been proposed
that use of Mn" by bacterial subclass Ib, Ic and Id RNRs, which
contrasts with the exclusive use of iron by the eukaryotic Ia
enzymes, may help to protect certain pathogens against iron
deprivation imposed by their hosts. In E. coli, for example, the
class Ib NrdF protein is not expressed under conditions of metal-

replete aerobic growth but is induced under iron limitation and
oxidative stress. In contrast to the class Ia diferric tyrosyl radical
(Fe',-Ye) cofactor, which can self-assemble and mature from
Fe',NrdF and molecular O,, generation of the Mn",-Ye
cofactor in the class Ib enzyme requires the reduced form of a
flavoprotein, Nrdly,, and O, to create superoxide anion for
active site assembly and oxidative maturation.””” Indeed,
structures of the NrdI-NrdF complexes have been known for a
number of years now.””” This may not be generally true for all
class Ib enzymes, since in Bacillus cereus, for example, the NrdF—
NrdI complex is not strongly affected by the nature of the bound
metal in the NrdF subunit.””” Furthermore, Bacillus anthracis
class Ib R2 subunit intrinsically selects manganese over iron,
under both aerobic and anoxic conditions, when the metal-free
protein is subjected to incubation with equimolar Mn" and Fe"
in a crystallographic soaking experiment.””® These findings are
at face value in opposition to expectations from the Irving-
Williams series (Figure 8). Interestingly, introduction of a
substitution of a second coordination sphere residue (high-
lighted with an arrow in Figure 33B) in B. anthracis NrdF only
subtly changes the site 1 metal coordination geometry and yet
impacts spontaneous metalation of the protein to form a
predominant heterodinuclear Mn/Fe cofactor under aerobic
conditions and a Mn/Mn metal center under anoxic
conditions.””® There is clearly much more to learn about the
general principles of metal selectivity in cells, particularly in class
1b RNR activating enzymes.

5. METAL TRAFFICKING TO SPECIFIC CLIENTS AND
COMPARTMENTS

A second major regulatory outcome of metalloregulation of gene
expression by metal sensor proteins is the expression of proteins
that traffic or allocate transition metals to a specific recipient
protein or cellular compartment (Figure 1). Seminal work on
copper chaperones found in all domains of life provides the
framework for much of this discussion.”””*° These early studies
showed that a metallochaperone forms a ligand-exchange labile
coordination complex with a specific metal and exploits the
specificity of protein—protein interactions to transfer the metal
to an acceptor or client protein (Figure 34, top). Here, we
discuss more recently published work on a distinct class of
soluble, NTP-hydrolysis powered metallochaperones involved
in metalloenzyme maturation.”****"*°" We also discuss recent
structural and biological work on metal transporters, some from
the P-type ATPase superfamily,”*>*" as historical clients of the

Figure 34. Conceptual framework for thermodynamically favorable
metal transfer from a donor protein to an acceptor client protein. Top,
metallochaperone-client protein interaction lowers the kinetic barrier
to metal transfer via intermolecular metal—ligand exchange. Bottom,
metallochaperone-client protein interaction reduces the thermody-
namic stability of the metallochaperone-metal complex, enabling
transfer by increasing the favorability of the transfer reaction.
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copper chaperones, that are paired with an accessory

protein(s) that may have metallochaperone-like features, or
possess intrinsic metallochaperone activity itself.””” Although
chemical and structural mechanisms that underscore the
processes we describe here are, in some cases, not yet known,
these biological studies establish a foundation for future studies.

One prevailing model of metallochaperone function holds
that the association between a metalated donor and an
apoprotein acceptor occurs such that the donor metal complex
is in close physical proximity to the empty client metal binding
site, allowing client metal ligands to invade the first coordination
shell of the donor metal complex, and initiate a ligand exchange
process.**"*°%” This framework exploits the fact that late 3d-
block divalent transition metal complexes formed with biological
ligands, even complexes of considerable thermodynamic
stability and metal association constants of 10'° to >10%° M,
are kinetically exchange-labile,*”® particularly so if a higher
coordination number complex can be transiently formed during
the metal transfer process (Figure 34, top).**”"'% Alternatively,
protein—protein docking disrupts or alters the first coordination
shell of the donor, independent of intermolecular metal ligand
exchange, lowering the metal affinity, thereby enhancing the
kinetics and thermodynamics of metal transfer (Figure 34,
bottom).

The rates and mechanism by which metals are exchanged
between donor and acceptor remains understudied, but must be
dictated in part by their position along a continuum of divalent
metal stability constants with simple organic ligands, known as
the Irving-Williams series (Figure 7).">” We posit that for high
affinity metals, notably Cu" (and Cu'), Zn" and Ni", affinities
are so tight so as to render metal dissociation rates (off-rates),
even if increased by the presence of metal-buffering small
molecules, far too slow to be relevant during intermolecular
metal transfer (Figure 34, top). A metal—ligand exchange
process effectively lowers the kinetic barrier to the metal
movement as long as the thermodynamic gradient from donor to
acceptor is favorable."” This arrangement also effectively
prevents deleterious “off-pathway” reactions by highly com-
petitive metals (Figure 7) where inappropriate metal dissocia-
tion might drive noncognate mis-metalation of the proteome
(Section 2.2.3), particularly problematic for metalloenzymes
that require weaker binding metals for activity.'***'! In contrast,
metal dissociation rates into solvent for those weaker binding
metals, including Mn" and Fe" on the left side of this series
(Figure 7), can be sufficiently rapid to be captured by both
metal-buffering small molecules and ultimately the recipient
acceptor protein, particularly if an open or solvent-accessible
coordination site is available on the metal bound to the donor
protein.

5.1. Soluble Nucleotide-Dependent Metallochaperones

5.1.1. Overview. Enzymes associated with the superfamily
of P-loop G3E GTPases and other closely related NTPases are
the principal nucleotide-dependent metallochaperones (NMC)
in all kingdoms of life (Figure 35A).°*%°"%" These GTPases
(G-proteins) use the energy of GTP hydrolysis to facilitate metal
transfer or another step in the metalloenzyme maturation cycle,
shown specifically for a metal transfer reaction (Figure
35B).°%**7815 Gproteins are characterized by several short,
conserved G-loops that are responsible for GTP binding and
hydrolysis and are denoted G1-GS, from N- to C-terminus
(Figure 36A,B).°'° Loop G1 encompasses the canonical P-loop
or Walker A motif and recognizes the a- and f-phosphates. G2

Figure 35. Nucleotide-dependent metallochaperones. A) Known
members of the small P-loop G3E superfamily of NTPases that are
known or thought to be involved in metallocofactor maturation.
SIMIBI, signal recognition particle, MinD, and BioD; COGO0523,
cluster of orthologous groups 0523. The Co MeaB square is shaded
differently to emphasize that MeaB functions as an accessory protein for
ATR (Section 5.1.3). B) Nucleotide-dependent metallochaperone
model, which proposes that GDP hydrolysis and dissociation of P; are
just upstream or coincident with metal transfer to the client.

Figure 36. Conceptual and structural comparisons between repre-
sentative SIMIBI class and COG0523 subfamily metallochaperones. A)
Cartoon representation of SIMIBI G-proteins. The five G-loops are
shaded as in panel B: G1, red; G2, orange; G3, yellow; G4, green; GS,
blue. The GTP is purple with the three S’ phosphate groups shaded red.
The metal to be transferred is shaded green. B) Ribbon representation
of Helicobacter pylori HypB (4LPS), with the five G-loops shaded as in
panel A. C) Cartoon representation of a canonical COG0523 protein,
colored as in panel A, with Zn" shaded black. CxCC (C, Cys; x, any
amino acid) is the high affinity metal binding site of COGO0523
enzymes.*”” D) AlphaFold2 model of Acinetobacter baumannii ZigA
from Model Archive showing GTP and Zn" positioned as in the crystal
structure of Methanococcus janaschii HypB (PDB 2HE8) (panel B).**°
Conserved motifs are indicated on the structure, shaded red, orange,
yellow, green, and blue for G1-GS respectively. Mg" ion, gray sphere;
Zn" ion black sphere; GTP, purple stick.

(switch 1/switch I) and G3 (Walker B or switch 2/switch II)
stabilize the - and y-phosphates on the bound nucleotide and
donate ligands to the Mg" coordinated by these phosphates
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(Figure 36A). The Mg" activates a water molecule for GTP
hydrolysis. The G3E family gets its name from a Glu (E) in the
G3 motif, ExxG instead of the canonical DxxG.*'” The
glutamate directly participates in coordinating the Mg' ion,
whereas the more typical aspartate makes a water-mediated
contact to the metalion.*'” The G4 (often NKxD, where N, Asn,
K, Lys; D, Asp) and GS loops influence nucleotide specificity
and release, respectively, via interactions with the nucleobase;
GS, in particular, exhibits higher sequence variability than the
other G-loops.*"

The G2 and G3 loops are conformationally plastic and
function as molecular switches that drive a change in structure
and/or dynamics within and likely beyond the G-domain upon
GTP hydrolysis. The conformation of the G2 loop in particular
defines the active ON (GTP-bound) and inactive or relaxed
OFF (GDP-bound) states;*'**'” conformational switching by
one or more G-domain “switches” upon GTP hydrolysis is likely
the key structural trigger that orchestrates NMC function in a
metallochaperone cycle (Figure 35B).

5.1.2. SIMIBI Proteins Involved in Ni'-Enzyme Bio-
genesis. UreG and HypB are examples of extensively
characterized G3E GTPases that utilize their G-domains to
catalyze Ni" insertion into urease and [NiFe]-hydrogenase,
respectively (Figure 37).%'”**""** This metalloenzyme specific-

Figure 37. Schematic illustration of the maturation of bacterial [ NiFe]-
hydrogenase and urease. UreE (labeled E; shaded pink) is thought to
bridge the two metalation pathways, capable of accepting Ni" from
HypA and UreG as indicated.*”*

ity is not absolute, since UreG can substitute for HypB in the
maturation of [NiFe]-hydrogenase, with the accessory protein
UreE a key player that links the two metalloenzyme maturation
pathways in some bacterial cells (Figure 37).%*”%** Both UreG
and HypB are members of the SIMIBI (signal recognition
particle, MinD, and BioD) class of ATPases and GTPases™®
that are regulated by reversible dimerization stabilized by NTP
binding that is linked to formation of a metal coordination site
that is destined to be transferred to a client enzyme (Figure
38A,B).5'7%2° In the GTPases, the GTP is sandwiched into two
symmetry-related binding sites at the protomer interface of the
dimer in the ON or GTP-bound state. In the case of UreG, this
creates a subunit-bridging Ni" site that is coordinated by an
invariant Cys-Pro-His sequence from opposite protomers and
positioned between the G2 and G3 loops in the primary

Figure 38. Structural features of the UreG and HypB homodimers. A)
Ribbon structure of the KpUreG dimer (gray, black subunits) with G-
loops shaded as in Figure 36 and the intersubunit Ni" coordination
sphere shown in magenta stick. Ni', cyan. GTP, purple stick. Inset,
Close-up of the Ni' coordination sphere with an abbreviated primary
structure representation with Ni" ligands (cyan circles) and the E
residue as the namesake of the G3E superfamily indicated. B) Ribbon
diagram of the HpHypB dimer, shaded as in panel A. Inset, close-up of
the Ni"' coordination site, with the Cys residue drawn from the G3 loop
(yellow) and CH sequence (magenta) shown.

structure, to form an approximately square planar Cys,-His,
coordination complex (Figure 38A),%! mutagenesis of which
abolishes urease maturation.®?” Zn' can also bind to this site, but
the binding is weaker.'®> These general features also characterize
HypB, except that the subunit-bridging coordination chemistry
is distinct, involving two invariant Cys, one of which is part of an
Cys-His motif positioned between the G2 and G3 loops,”" and
another embedded in the G3/switch II motif itself (Figure
38B).519824828 Thijg suggests a conformational “gating”
mechanism in HypB where GTP hydrolysis signals to the Ni"
binding site through G3, thus initiating metal transfer to HypA,
which itself later inserts Ni" into [NiFe]-hydrogenase (Figure
37, top).*”” There is evidence to suggest that the His in the Cys-
His motif in HypB (Figure 38B) toggles on and off the Ni" as a
function of nucleotide status as an important aspect of the gating
process, but more needs to be done here.**”

5.1.2.1. Urease Maturation. There has been considerable
progress in our mechanistic understanding of UreG-dependent
urease maturation in both Klebsiella pneumoniae and in the %ut
pathogen Helicobacter pylori (Figure 37, bottom).**"%*%%%
Urease hydrolyzes urea into carbon dioxide and ammonia
and allows H. pylori to thrive in the acidic environment of the
stomach, where it portends an increased risk of peptic ulcers and
gastric cancer.””> Urease adopts a C3-symmetric trimer of
trimers (affy) architecture (Figure 39A), harboring a buried
binuclear Ni, active site (Figure 39B) featuring a bridging
carbamylated Lys (Figure 39C), with all metal ligands derived
from the a-subunit. Urease maturation involves the participation
of four accessory proteins that form a urease activation complex
that ultimately moves Ni' from UreG to UreB (H. pylori
designation) via the obligatory intermediacy of UreF and UreD
(UreH in other organisms) (Figure 37, bottom). Early work
established that UreG, UreF and UreD form a 2-fold symmetric
UreG,F,D, complex in which the UreG dimer fits snugly
between an approximately linear UreD-UreF—UreF-UreD’
complex with UreG, docked opposite the UreF, core,
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Figure 39. Structure of K. aerogenes urease (1FWJ).2** A) Ribbon
representation of the trimer or trimers architecture, with one afy
heterotrimer shaded blue, red and yellow, respectively. B) Metal
coordination structure of the binuclear Ni, active site. C) chemical
representation of the coordination structure, featuring a bridging
carbamylated Lys.

positioning the subunit-bridging Ni" ion at the UreG,F,
interface (Figure 40A).5%°

Figure 40. Urease maturation intermediates. A) The 2-fold symmetric
H. pylori UreG,F,D, complex (4HI0), with the UreG G-loops of the
homodimeric UreG shaded as in Figure 38A. G1-GS loops are colored
red, orange, yellow, green, and blue, respectively; GDP, colored purple,
and the CPH Ni-binding motif colored magenta. UreF subunits are
colored light and dark blue, and UreD subunits are colored light and
dark purple. B) An Alphafold2 model of the UreG,eUreE, complex
(ModelArchive ma-41ctj), which functions upstream of the complex in
panel A.

Functionally upstream of UreG is UreE, and it is the UreG,-
GTP form that productively engages Ni'-bound UreE, and
accepts the metal, leading to dissociation of UreE following Ni"
transfer (Figure 40B). The GTP-bound form UreG, is then
incorporated into the UreG,F,D, complex (Figure 40A).
Assembly of this metal transfer intermediate alters the structure
of the terminal UreD subunit in such a way that this allows
UreG,F,D, complex to engage a single protomer of the apo-
urease trimer, with a single UreD subunit of UreDF heterodimer
necessary and sufficient to bind a urease trimer, primarily via
interactions with UreB (Figure 41).*> Remarkably, formation
this UreFD-urease complex results in the formation of an

Figure 41. Model of a single UreG,F,D, complex (colored as in Figure
40A) bound to one of the three urease heterotrimers (green), based on
overlaying the cryo-EM structure of H. pylori urease in complex with
UreFD (8HC1)®*® and the crystal structure of H. pylori UreG,F,D,
complex (4HIO). This results in formation of an extended tunnel (dark
gray), as identified by the Pymol plugin Caver 3.0.3,%** that connects
the UreG active site (magenta) with the urease active site.*>® The
schematic model from Figure 37 is shown in the lower left.

extended ~100 A tunnel that links the UreG-Ni" binding
domain with the empty urease active site, thus suggesting a
plausible pathway of Ni'! movement from UreG to urease
(Figure 41). Critically, mutations that disrupt the UreG,F,D,
complex or the UreFD interface abolish urease activation in cells
and In vitro, respectively.&}’o’833 In addition, mutations that
compromise the integ;rity of the tunnel negatively impact urease
maturation In vitro.*>>

This remarkable tunnel serves to enhance the exquisite metal
specificity of urease maturation that must be dictated by the
metal specificity of the UreE,G, complex itself, while also
chaperoning this highly competitive Ni" (Figure 7) into the
active site, so as to avoid off-pathway mis-metalation by this toxic
metal ion. Mechanistically, GTP hydrolysis is known to induce a
conformational switch in the G2 loop and Cys-Pro-His Ni'-
binding motifin UreG (Figure 38A),”" and perhaps only as part
of the activation complex, may weaken the Ni" affinity and allow
for dissociation of Ni'' into the vestibule (Figure 34, bottom).**
How the integrity of metalation of client proteins dependent on
other G-protein metallochaperones (Section 5.1.4) is not yet
known, and this is an area worthy of significant future study.

5.1.3. SIMIBI Proteins: MeaB and Maturation of B,,-
Cofactored Enzymes. Although the work described above for
HypB and UreG is consistent with the metallochaperone model
(Figure 35B), both function upstream of the actual apoenzyme
metalation event and neither directly interacts with the client
enzyme itself. In the maturation of the adenosylcobalamin
(AdoCbl; B;,)-dependent enzyme, methylmalonyl-CoA mutase
(MCM), the SIMIBI family G-protein MeaB (MMAA in
humans) also requires the energy of GTP hydrolysis to drive
metallocofactor insertion into MCM. However, MeaB
(MMAA) functions not to deliver metallocofactor cargo
(AdoCbl) directly, but instead uses the energy of GTP
hydrolysis to close a “wedge” between the two subdomains of
MCM, after another enzyme, adenosyltransferase (ATR;
MMAB in humans*****°) inserts the cofactor into an “open”
form stabilized by the MeaB-GTP dimer (Figure 42A).%'*%7
ATR has two roles, one of which is to adenylate cob(II)alamin
using ATP to make AdoCb], followed by transfer of AdoCbl to
the cobalamin (Cbl)-binding domain of MCM. Thus, MeaB
(MMAA) leverages the energy of GTP hydrolysis to gate
AdoCbl insertion into the active site of MCM, while also
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Figure 42. MeaB and adenosyltransferase (ATR)-dependent matura-
tion of MCM. MeaB is shaded gray (GDP-bound OFF state) or bronze
(GTP-bound ON state), ATR, blue and MCM, green, with the Cbl-
binding domain of MCM shaded dark green.**" A) Model for a typical
system in which MCM and MeaB are different polypeptide chains. GTP
binding activates MeaB to recruit cofactor-loaded ATR to an “open”
conformation of the mutase; GTP hydrolysis inactivates MeaB (OFF),
leading to a “closed” conformation. Cofactor damage leads to the
recruitment of GTP-bound MeaB and ATR, leading to release of the
damaged cofactor. B) Model for maturation of a fused (IcmF) system,
which requires GTP dependent dimerization of two peripheral MeaB
protomers within a filamentous oligomer to create a conformation that
is active for maturation.**!

stimulating removal of damaged cofactor from inactive MCM
(Figure 42A).816’838

5.1.3.1. Standalone MeaB. Initial structures of dimeric MeaB
in the apo-, product GDP- substrate GMPPNP-bound states
were rather similar (Figure 43A), with the nucleotides of each
protomer far apart, thus inconsistent with the dimer structures of
HypB and UreG (Figure 36A,B). Further, a functionally critical
switch Il loop, a mobile loop that is very close to G3 and unique
to MeaB, was exposed to solvent. MMAA mutant alleles in this
region are associated with human disease-causing mutations in
methylmalonic aciduria, an inborn error of metabolism”
making these findings puzzling. A more recent structure of a
high affinity (Ky < 100 nM) 1:1 complex between MeaB and the
Cbl-binding domain of an MCM, solved in the presence of
GMPPCP, reveals a completely different dimer conformation,
where the two nucleotides are now quite close to one another,
sandwiched at the dimer interface, with the switch III loop now
engaged in direct interactions with the nucleotide of the
opposite protomer of MeaB, effectively burying the bound GTP
(Figure 43B). The G2-loop (switch I), disordered in the
“inactive” conformation,®'® becomes ordered in this complex,
forming a f-strand that hydrogen-bonds with a f-strand in
MCM, establishing much of the intermolecular interface. This

Figure 43. Conformational change in MeaB in moving from the
“inactive” GDP-bound conformation to the “active” GMPPCP-bound
state enabled by the stable interacion with the Cbl-binding domain of
MCM. A) GDP-bound conformation (2QM7).**> B) The active
conformation compared to a cartoon model of a dimer interface that
must be formed in the filament form of IemF.**' This structure is that of
the soluble MCM“*-MeaB 2:2 complex (8DPB).**” The two MeaB
subunits on the left are oriented in exactly the same way in panels A and
B, allowing visualization of the large movement of the MeaB’ subunit
(right) in the “active” relative to “inactive” states. The G2 switch I
(orange) and the switch III (magenta) regions are highlighted in each
structure, with the G-loops shaded as above. The bound nucleotide is in

stick (purple).

conformation of MeaB is thought to be representative of the
“active” state.”’’

The binding of MCM stimulates the GTPase activity of MeaB
dramatically, and thus the client functions as a GTPase
activating protein (GAP), a finding nicely explained by the
structure of the complex.** Consistent with this, switch IIT
mutants effectively uncouple GTP hydrolysis from cofactor
transfer from ATR, in that significant cofactor transfer occurs in
the presence of a nonhydrolyzable GTP analog, GMPPNP; in
addition, these mutants suppress the GAP function of MCM,
giving rise to elevated MCM-independent GTPase activity. As
expected, switch III mutants are impaired for the ability to
offload damaged cofactor,*'“**” notably cobalamin(II), which
results from the loss of the 5'-deoxyadenosyl moiety.*'®

5.1.3.2. Fused MeaB. Studies of another bacterial B;, enzyme
maturation system provides new insights into how GTP
hydrolysis gates AdoCbl transfer to the mutase. IcmF from
Cupriavidas metallodurans is an AdoCbl-dependent isobutyryl-
CoA mutase fused (IcmF), in which the MeaB domain exists as
an independent domain of the target enzyme, which itself
harbors two domains, an N-terminal TIM barrel-shaped
substrate binding domain and a C-terminal Rossman fold
AdoCbl-binding domain (Figure 42B).**” The AdoCbl cofactor
is situated at the interface between these two subdomains. IcmF
is a homodimer, with the substrate-binding domain forming
most of the dimer interface, placing the two G-domains on the
periphery of the dimer (Figure 42B).**" A key aspect of these
structures was that the apo- and holo (cofactor-bound)-IcmF
dimers were found to adopt “open” and “closed” states, which
are representative of a structure ready to accept cofactor from
ATR and the catalytically competent and cofactored state,
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respectively, a finding that parallels subsequent work in human
MMUT-MMAA complex.**

These IcmF structures proved puzzling, however, in that it
seemed impossible to form an obligatory G-protein dimer like
that described above (Figure 43B)*'**" furthermore, the
switch III region was again fully solvent-exposed.””” This
conundrum of the “inactive” dimeric IcmF was ultimately solved
when it was shown that in the presence of GMPPCP, IcmF
oligomerizes into filamentous chains, thus creating the “active”
MeaB-like dimer between IcmF dimers within the filament
(Figure 43B).**" This form is capable of recruiting ATR, and
once one of the two immediately adjacent ICM active sites is
metalated, GTP hydrolysis closes the “gate”, and metalated and
catalytically active IcmF dissociates (Figure 42B).*** Both the
identity of the G-nucleotide and the chemical integrity of
AdoCbl cofactor impact the oligomeric state equilibrium, albeit
to distinct degrees, consistent with their functional impor-
tance.**' The “open” state of IcmF is also readily visible in these
structures and distinct from that of the “closed” state.**'

5.1.4. COGO0523 Proteins. Detailed studies like those
described above of SIMIBI GTPases provide significant context
for our understanding of other poorly understood NMCs.
Cluster of orthologous groups (COG) 0523 proteins are a
distinct subfamily of the G3E P-loop NTPases that are
associated with the biosynthesis of vitamin B,, the maturation
of the Fe-dependent nitrile hydratase and a large diversity of
other proteins that are often, but not always, regulated by Zur
and thus become cell-abundant under conditions extreme zinc
starvation (Figure 35). 1400888437845 00 G523 enzymes are
conserved in all kingdoms of life, from bacteria to plants to
higher vertebrates, and many are connected to the cellular zinc
limitation response.’®%"*'*#4¢ Unlike SIMBI family proteins,
COGO0523 proteins may function as monomers and harbor an
N-terminal G-domain of =240 residues and a C-terminal
candidate protein—protein interaction domain connected to the
G-domain by a variable length linker (Figure 36C,D). The only
known COGO0523 crystallographic structures, of E. coli YjiA
show a C-terminal domain consisting of an antiparallel S-sheet
flanked on one side by a pair of a-helices, in a f1-a1-$5-$2-f3-
p4-a2 topology (Figure 44A).*'®**” Alphafold2-based model-
ing suggests that many families of COG0523 proteins follow the
same pattern (Figure 44B), while others have additional
elements of secondary structure inserted between the 4 and
BS strands (Figure 44C), and some have an additional S-strand
N-terminal to 1 (Figure 44D). These features in the CTD may
impact target protein specificity but this is not yet known. The
extent to which the G-domain and the C-terminal domain stably
interact with one another is also unknown and may well change
as a function of G-nucleotide status. Although some COG0523
proteins have been reported to weakly self-associate,'”>*** the
functional importance of this is not known nor are there general
trends in oligomerization state that are dependent on G-
nucleotide status across the COG0523 subfamily; in any case,
the C-terminal domain of EcYjiA docks against the G-domain in
a way that would seem to inhibit dimerization in a UreG or
HypB-like fashion, at least in the conformational state.'*’

5.1.4.1. Coordination Chemistry. The key distinguishing
feature of the G-domains of COGO0523 proteins relative to
SIMIBI proteins is the presence of an N(G/S)C@CC (N, Asn;
G/S, Gly/Ser; C, Cys; ¢, hydrophobic) motif on a loop that is
positioned between the G2 and G3 loop motifs that has long
been thought to serve as a high affinity (K, ~ 10'°—10"' M)
coordination site for cognate metal (Figure 36).688 A super-

Figure 44. Secondary structural schematics (left) of the tertiary
structure (A) or AlphaFold2 model (B-D) (right) of the C-terminal
domains (CTDs) of selected COG0523 family members. A) E. coli YjiA
(PDB 4IXN),*'® B) human ZNGIA (Q9BRT8)*° C) A. baumannii
ZigA (ModelArchive ma-zam5h),**° and D) E. coli YeiR (P33030).%*
Left, a-helices, blue cylinders; f-strands, gray arrows, with the residue
numbers from each primary structure that define the 2° structure
boundaries indicated. NTD, N-terminal G-domain upstream. Right, the
ribbon is colored from blue to red, starting with the a0 helix (front),
then the most N-terminal f-strand, B1 through to the C-terminal a2
helix (back, opposite the 1 and fS strands).

position of one subunit of the Mg"eGTP-bound HypB and an
Alphafold2 model of A. baumannii ZigA (Zur-induced GTPase
A) G-domain reveals that the Ni" transfer site in HypB is nearly
precisely coincident with the CICC motif in this Zur-regulated
COGO0523 enzyme (Figure 45).° Recent X-ray absorption
spectroscopy (XAS) studies of A. bauammnii ZigA reveal that all
three Cys residues contribute to a S;(O/N) Zn" coordination
complex in the G-nucleotide-free form, with the identity of the
fourth ligand as yet unknown.**° The structure of this chelate
remains S;(N/O) in the GTPyS-bound ON and GDP-bound
states OFF states, although these spectra will be somewhat
insensitive to a change in the nature of the lighter donor atom in
this complex.**” This chelate structure is in contrast to an early
crystallographic study of Zn"-soaked EcYjiA, which suggested a
Zn" binding site composed of the second Cys in the C¢CC
motif and two acidic residues derived from the G2 loop region,
not conserved in AbZigA.691 EcYjiA, of unknown biological
function, and AbZigA, which clearly plays an important role in
the adaptive response to transition metal starvation'>>”** are
only distantly related to one another.””' The GTPase activity
both AbZigA, the same enzyme from Staphylococcus aureus
(SaZigA) and another E. coli COG0523 enzyme of unknown
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Figure 45. Superposition of one subunit of the MjHypB in the GTP-
bound ON state (2HFS, cyan)**° and the G-domain of the AlphaFold2
model of A. baumannii ZigA (ModelArchive ma-zamSh, light gray). The
G-loops are colored as above, with G1-GS colored red, orange, yellow,
green, and blue, respectively; GMPNP colored purple, CxCC motif
colored magenta, and the CH Ni"-binding motif colored pink.

function, EcYeiR, are both modestly (up to ~5-fold) stimulated
by Zn" binding to a high affinity site; in both ZigAs, this
stimulation is ablated in a triple serine substitution mutant,
CICC to SISS, which selectively eliminates high affinity Zn!
coordination to S;(N/O) site.”**** Although both EcYeiR and
EcYjiA bind Zn" with equilibrium affinity comparable to that
ZigA, the Zn" affinity in neither case is appreciably increased by
GTP binding, in contrast to AbZigA (see below)."***** Most
COGO0523 enzymes connected in some way to zinc homeostasis
harbor one or more secondary Zn" sites of lower affinity whose
functions are unknown,*®**%%?

5.1.4.2. Structure and Dynamics of G-Nucleotide Binding.
A near total lack of high-resolution structure and dynamics
insights for COG0523 enzymes and how these molecular
switches change from the “spring-loaded”®’ GTP-bound ON
state to the “relaxed” GDP-bound OFF state, continues to
severely limit our understanding of these enzymes. Insights from
a family of bacterial GTPases that regulate ribosome biogenesis
under conditions of nutrient limitation®*° reveal that in the
MgHOGMPPCPglg—bound ON state, the G2 helix and the G3
loop are fully folded to engage the terminal y-phosphate; upon
nucleotide hydrolysis, the G2 helix is destabilized and becomes
highly dynamic (Figure 46)."° Recent studies of AbZigA
employed hydrogen—deuterium exchange mass spectrometry

(HDX-MS) to investigate the ligand-free, Zn" bound,
Mg"eGTPyS—Zn" substrate and Mg e GDP-Zn" product states
(Figure 47).%° These and other findings reveal that Zn'"

Figure 47. Ribbon representation (Alphafold2 model) of the results of
probing various allosteric states of the bacterial Zn" metallochaperone,
A. baumannii ZigA, by hydrogen—deuterium exchange-mass spectrom-
etry (HDX-MS) relative to a common apo (ligand-free) reference
state.””° ON-state, GTP bound; OFE-state, GDP bound. The Zn"-
coordinating Cys S atoms are.indicated (yellow spheres). The ribbon
in each case is colored according to% change in deuterium uptake (see
scale, right). See text for details.

coordination by the CxCC muotif slightly destabilizes the G-
domain, while subsequent addition of either substrate analog
GTPyS and product GDP induce significant stabilization of a
metastable or fluxional G-domain (Figure 47); analogous
findings may well characterize the closely related Fe'-dependent
nitrile hydratase activator protein.”*’ Quantitative metal binding
studies reveal that both Mg"eGDP and Mg'"eGTPyS enhance
the Zn" binding affinity, with the effect far greater for
Mg"eGTPyS, by ~10-fold;** these findings of significant
positive linkage between substrate Mg"eGTPyS and Zn"
binding, also observed by Co"-bound CobW.**" A significantly
reduced Zn" affinity of the Mg"eGDP-bound OFF state may
well provide a (shallow) thermodynamic driving force for
metalation of a client protein (Figure 48A), exactly in line with
thermodynamic gradients previously observed in sequential Cu'
trafficking reactions,”” and analogous to protein—protein
interaction affinity gradients recently observed in [4Fe-4S]
cluster enzyme maturation.”>” The HDX-MS reveal unfolding of
the G2 loop specifically upon GTP hydrolysis, which impacts the
stability of selected other regions of AbZigA, extending into the
CTD (Figure 48B).**° This long-range communication of
nucleotide status in the G-domain to other regions of the protein
is canonical long-range allostery, and a hallmark of G-proteins in
general.

Figure 46. A depiction of a structural changes in the small GTPase involved in ribosome biogenesis, Staphylococcus aureus RsgA. A) GDP-bound OFF
state. The G-loops are labeled and shaded as above; note that the G2 loop is disordered in this structure and not observed in the crystal structure (pdb
6ZHM).**® The structure of the alarmone (ppGpp)-bound state (pdb 6ZHL) is similar, with a disordered G2 loop.**° The immediately adjacent
oligonucleotide-oligosaccharide (OB)-fold (OB) and ZF (zinc finger) domains are shown in dark gray. B) GMPPNP-bound ON state of Escherichia

coli RsgA bound to the 308 ribosomal subunit (pdb 7NAR).***
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Figure 48. Thermodynamic model for favorable metal transfer that is linked to GTP hydrolysis by a nucleotide-dependent metallochaperone.

820,851

Here, the ON- or substrate GTP-bound state of the metallochaperone has a higher affinity for the metal to be transferred relative to the OFF or product
GDP-bound state, as experimentally verified for CobW and A. baumannii ZigA. If the recipient client protein has an affinity between these two
extremes, the metal will move thermodynamically “downhill” to the client (green arrow), with concomitant dissociation of the chaperone-client
protein complex. (B) Depiction of the structural and/or dynamic changes originating with the G2/switch 1 region, as experimentally determined for A.
baumannii ZigA by HDX-MS, which is destabilized in the OFF state. These changes in structure or dynamics propagate to the other regions of the G-
domain and the C-terminal domain (pink ribbon). The approximate positions of the G1, G2, G2 and G4 loops are indicated by the red, orange, yellow
and blue Ca spheres, respectively. The Sy atoms of the high affinity Zn" site shown as dark yellow spheres. Scale bar:% change in deuterium uptake in
the GDPeZn" state relative to the GTPySeZn" state, colored onto the ribbon AlphaFold2 model of ZigA.

5.1.4.3. Client Proteins and Mechanistic Insights. Unlike
the SIMIBI GTPases, there are few insights into metalation
clients of bacterial COGO0523 proteins, with the exceptions of
authentic CobW'* and the Fe-dependent nitrile hydratase
activator protein Nha3.**’ The acquisition of Co" by the corrin
component of vitamin B, occurs in cells via one of two distinct
pathways, designated as the early or late Co insertion pathways.
In the late insertion pathway, Co™ is accessed by the COG0523-
family metallochaperone CobW and incorporated into hydro-
genobyrinic acid a,c-diamide (HBAD), as part of a HBAD-
CobNST chelatase complex, to form Co"-HBAD, in what is
also known as the metallochaperone-dependent pathway.'*>%"!
This reaction is calculated to be unfavorable if the Co'' is derived
from bioavailable Co" pool based on an idealized metal pool in
Salmonella (Figure 8A) but is calculated to become
thermodynamically favorable only when Co" is bound to the
product Mg"eGDP-CobW complex (Figure 48A).%" There is
as yet no published biochemical evidence that CobW activates
CobNST directly, and the involvement of intermediary protein
cannot yet be ruled out.

Limited biochemical data on the Fe-dependent a,f3,
heterotetrameric nitrile hydratase maturation factor Nha3
support a model in which the folded a-subunit forms a complex
with Nha3; Fe' binding to Nha3 followed by GTP binding then
stimulates GTP hydrolysis and Fe'' transfer to the a-
subunit.**>*** Following transfer, Fe'a is proposed to engage
the S subunit and via subunit swapping with apo-GDP Nha3,
which then drives formation of the mature ./, heterotetramer
(Figure 49A).*** Maturation of the Co'-dependent nitrile
hydratase also involves a subunit swapping step and may require
ATPase activity for metallocofactor insertion, but shows no
requirement for a COG0523 metallochaperone.***™*° The
GTPase activity of Nha3 is required to obtain active nitrile
hydratase in cells.*”” This work on Fe-dependent nitrile
hydratase raises many questions, but a molecular switch in
Nha3 from the ON to the OFF state might be anticipated to
modulate the stability of the Fe-a complex, so that subunit
swapping can occur. The catalytic Fe"' site in Fe"-dependent

Figure 49. A) Proposed activation mechanism of bacterial Fe-
dependent nitrile hydratase (NHase) in which Fe'l is transferred
from the COG0523 metallochaperone, Nha3.*** Once the a-subunit is
loaded with metal, this facilitates dissociation of the OFF-state
chaperone and subunit swapping into an “immature” a,f, tetramer
via an as yet unknown mechanism. B) Ribbon representation of the
structure of an @f heterodimer of mature Fe'" nitrile hydratase from
Rhodococcus erythropolis AJ270 (2QDY), with the alpha subunit shaded
green and the beta subunit shaded blue.*®’

nitrile hydratase is buried at the @—/ subunit interface;'”* the
same is true of the Co'-dependent enzyme (Figure 49B).%*
However, it remains unclear as yet why nitrile hydratase
activation requires a specific metallochaperone, and molecular
details of cofactor biogenesis remain largely lacking. One
possibility is that the metallochaperone coordinates maturation
of the cofactor beyond insertion of the metal, including selective
oxidation of the two coordinating cysteines in the first
coordination shell;**’ arguing against this is the finding that in
at least one case, the @-subunit alone has significant catalytic
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Figure 50. Solution structure of the major site of interaction between eukaryotic ZNG1 and METAPI1.

1.°° A) Ribbon representation of the structure of

the N-terminal tail of ZNG1 (blue) bound to METAP1 ZF domain (PDB 7SEK). B) Same structure as in panel A, with the N-terminal tail of ZNG1
shown in stick (residue numbers in bold italic) and the ZF domain shown in spacefill colored as an electrostatic surface renderlng C) Conserved
features of all ZNG1 N-terminal METAP1-interacting motif, with the sequence of the vertebrate ZNG1 shown below the weblogo.*®

actu;ltgf and harbors a fully post-translationally modified metal
site.

There are no known metalloenzyme clients for any bacterial
Zur-regulated COGO0523 protein, although the functional
characterization of B. subtilis ZagA and its connection to
sustaining folate biosynthesis and one-carbon (1C) metabolism
under conditions of Zn!" restriction has been reported.”®" FolE
catalyzes the rate-determining step in bacterial folate biosyn-
thesis and is an obligatory Zn"-dependent enzyme.®> When
Zn" levels become scarce, Zur regulates the expression of ZagA
and if this fails, a ZnH—independent paralog, FolEB, which uses
other divalent cations for activity, in an effort to sustain folate
biosynthesis under these conditions (Section 4.3.3).”°> The
simplest mechanistic model is that ZagA and apo-FolE
physically interact in a way that is modulated by G-nucleotide
status of ZagA, but this is not yet known. Attempts to obtain a
preparation of metal-free apo-FolE from Zn"-bound FolE
purified from E. coli has generally met with limited success,
consistent with the idea that the Zn" bound to subunit interface
in the folded decameric FolE oligomer may not be in equilibrium
with the bioavailable Zn" pool.*** Thus, other models may well
be required to explain the metallochaperone activity of ZagA. It
is the case that ZagA binds and hydrolyzes the alarmone, S-
amino 4-imidazole carboxamide riboside S5'-triphosphate
(ZTP), which accumulates in cells under 1C folate deficiency,"**
the functional significance of which is remains unknown.”®"

The previously noted strong evolutionary similarity of
bacterial ZigA/ZagA to the mycobacterial Mrf (MPY recruit-
ment factor) deserves comment.””' Mrf binds to the 308 subunit
of the ribosome and loads mycobacterial factor Y (MPY) onto
the 70S ribosome to induce ribosome inactivation under
conditions of Zn"" deficiency.””” This suggests the possibility
that some COGO0523 proteins function by physically associating
with the ribosome. Here, Zn" might be installed into an
obligatory Zn"-dependent protein(s) by ZigA cotranslationally,
into the nascent unfolded chain, thus avoiding kinetic or
thermodynamic trapping of the metal into a holoprotein once
folded.*****° Indeed, Mycobacterium smegmatis, the soil
saprophyte of M. tuberculosis, encodes both ZigA and Mrf, and
both are regulated by Zur; this may allow the organism to fine-
tune control of ribosome function and metalloproteome
maintenance under conditions of nutrient Zn" restriction.
Ribosome proﬁling866 in a AzigA strain grown under conditions
of Zn" deficiency would provide strong support for a

cotranslational metal insertion model that is stimulated by
ZigA, for example.

5.1.4.4. Eukaryotic COG0523 Proteins. Landmark studies
published in 2022 establish that a eukaryotic COG0523 protein,
named ZNG1 for Zn-regulated GTPase metalloprotein activator
1, fulfills all the criteria that one would anticipate of a
metallochaperone for methionine aminopeptidase-1
(METAP1) in vertebrates and the yeast Saccharomyces cerevisiae,
a finding recapitulated recently in plants.***'*** METAP1 is a
cell-abundant binuclear Zn" enzyme that associates with the
translating ribosome, cleaving the N-terminal meth10n1ne (Met)
in over 50% of the nascent polypeptide chains.*®” This activity is
critical to cell physiology since the identity of the N-terminal
residue in a mature protein can dictate organellar destination in
eukaryotic cells. There is as yet no evidence that bacterial or
archaeal methionine aminopeptidase is dependent upon a
COGO0523 for metalation under conditions of metal restriction,
although this is clearly worthy of investigation.

METAP1 and ZNG1 form a complex mediated in part by a
conserved N-terminal CPxLxP (C, Cys; P, Pro; L, leucine; x, any
amino acid) sequence motif in ZNG1 not present in bacterial
homologues, and an N-terminal Cys¢His, cross-brace zinc finger
(ZF) structure in METAP1 (Figure 50A).°® The NMR solution
structure of the complex reveals a core fpafla, cross-brace fold
with a 1,3,2 antiparallel f-sheet arrangement, in which the outer
P2 strand hydrogen bonds with the ZNGl-derived peptide
(Figure SOB). This structure fully explains the sequence
conservation of the METAP1 interacting motif in ZNGI, from
lower eukaryotes to plants and animals across millions of years of
evolution, conformlng the general sequence “[D/E] wPxLVp
(Figure 50C).”® These studies suggest that GTP hydrolysis by
ZNG]1 simulates metalation of the empty METAP1 active site
above that which could be obtained with GMPPNP or the OFF-
state product GDP, consistent with the mechanistic model
shown (Figure S1A).

Although structures of the complex are lacking, an Alphafold2
model (Figure 51B) places the CXCC motif of ZNG1 in close
proximity to the active site of METAPI, seemingly poised to
undertake a sequence of ligand exchange reactions and metal
transfer down a thermodynamic gradient (see Figure 34, top). In
fact, some METAPI structures incorporate a “third” metal
binding site, positioned just above the binuclear active-site
cluster, coordinated by a series of conserved residues, a subset of
which function in substrate binding and catalysis (Figure
51C).** One hypothesis is that these residues play multiple
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Figure S1. A mechanistic model of ZNG1 function.*® A) Cartoon
depiction of the catalytic cycle illustrating one round of metal insertion.
B) An AlphaFold2 model of the complex between human ZNG1
(green) and human METAP1 (gray). The region of the model that
corresponds to the NMR solution structure is boxed (cyan; NMR). A
close-up of the interfacial region of highlighting the close juxtaposition
of the native binuclear Zn" center (black) with its ligands indicated and
the CXCC motif of ZNG1 (green ribbon). C) A potential metal—ligand
exchange pathway that connects the Zn" bound to the CXCC motif of
ZNGI (white), through a “third” metal site (gray) and the binuclear
active site of METAP1 (black). The residues highlighted (yellow stick)
are conserved in METAPI sequences and thus may function to guide
the metal into the (empty) active site via a sequential metal ligand-
exchange process.

roles, one of which is to initiate ligand exchange with the
metallochaperone. However, the nature of the driving force for
metalation (Figure 34) awaits further study. The K, values for
isolated ZNG1 and METAP1 are very similar in the absence of
G-nucleotide; furthermore, Zn" slightly inhibits the GTPase
activity of ZNGI, like in EcYjiA, its closest bacterial
homologue;691 addition of Zn, METAP (with the active sites
empty) to Zn"-ZNGI restores the GTPase activity to that of
apoprotein, as expected if metal moves from donor ZNGI to
client.

It is interesting to note that the N-terminal ZF domain of
METAPI is also required for association with the translating
ribosome, via the C-terminus of the f-subunit of the nascent
polypeptide-associated complex (NAC). NAC is analogous to
bacterial trigger factor, which is anchored near ribosome exit
tunnel on what is considered a “universal” ribosome docking
site.®®® This suggests a model, not yet tested, in which the f-
NAC peptide and the N-terminal tail of ZNG1 are in
competition with one another and given increased cellular
expression of ZNG1 under conditions of Zn" limitation,*® may
help to ensure that inactive metal-free METAP1 does not readily
associate with the ribosome. Alternatively, the metalation status
of METAP1 may regulate ribosome binding in some way.

Finally, of the hundreds of zinc metalloenzymes present in
even a simple eukaryotic cell,*”” why does METAPI require
what may be a dedicated metallochaperone under conditions of
nutritional zinc deficiency? One possibility is that cotranslational
processing of the nascent chain by a highly cell-abundant
enzyme is simply “too big to fail”. Indeed, cell abundant proteins
in specialized cells often have their own specialized protein

chaperone as a means to maintain proteostasis, exactly parallel to
metallostasis (Figure 1). These ideas are in line with
metalloproteomics experiments in Saccharomyces cerevisiae,
which reveal that 20 cell-abundant Zn" metalloenzymes, if
fully metalated, account for >90% of the zinc quota in the cell,
one of which is methionine aminopeptidase.*” It will be
interesting to discover the extent to which cells use this or other
approaches to prioritize utilization of Zn" under conditions of
metal nutrient limitation.

5.2. Copper Storage Proteins and Metal Allocation

5.2.1. Overview of Copper Toxicity. Cu is an essential
micronutrient required as a cofactor for various cuproenzymes
in nearly all forms of aerobic life. Copper homeostasis, like the
homeostasis of other transition metals, * is tightly controlled by
the combined action of transcriptional regulators that sense
copper levels (Section 3), efflux pumps, storage proteins and
metallochaperones, the latter of which allocate Cu to partner
proteins without dissociation into solvent.*””*”°~%"* It is worth
noting that the number of cuproenzymes that are resident in
cytoplasm tends to be quite small (or zero) in nearly all
organisms, with cell-abundant cuproproteins sequestered in
intracellular membrane vesicles, e.g., thylakoids, intracytoplas-
mic membrane structures,®”? e.g, for particulate methane
monooxygenase (pMMO),'"> or simply embedded in the
plasma membrane with active sites facing out. As such, Cu
present in the cytoplasm may be recognized as toxic. A major
mechanism of bacterial resistance to Cu toxicity is cytoplasmic
efflux of Cu' via one or more P,p- type ATPase exporters, e.g.,
CopA or CopB (Section 5.3.2). These transporters function
alongside a cytoplasmic Cu' netallochaperone that plays a role in
buffering cytoplasmic Cu' to very low concentrations (Figure 8)
and is ca;)able of delivering Cu' directly to an exporter for
efflux®”**"* and in some cases, to the Cu'-sensing transcriptional
repressor that orchestrates the adaptive response Cu toxicity
(Figure 34) 8767878

In Gram-negative bacteria, the fate of this periplasmic Cu'
differs depending on the organism, but includes oxidation by a
multicopper oxidase (MCO) to the less toxic Cu',*”"7%**
sequestration by periplasmic Cu'/Cu" binding proteins,***~**
and capture by CusF and efflux via the periplasm-spanning
CusABC system.***®” More recently, a novel membrane-
anchored and surface-exposed Cu binding lipoprotein, CopL,
from methicillin-resistant Staphylococcus aureus (MRSA), was
shown to provide hyper-resistance against Cu toxicity in
clinically relevant MRSA strains; this activity is independent of
the virulence-associated CopB eftlux pump, but whose function
is dependent on Cu' binding to a novel Cu'-binding
architecture.’”*****” This suggests that extracytoplasmic Cu
sequestration may be important mode of resistance to copper
toxicity. Within the cytoplasm, Cu' coordination and sequestra-
tion represents another mode of bacterial resistance to copper
toxicity, and in some cases, but not all, the genes that encode
these proteins are regulated by a Cu-sensing repressor. These
include a mycobacterial metallothionein, MymT,359’890 CutC
found in some Firmicutes,*”’ a CopZ,876 and more recently,
proteins termed copper storage proteins (Csp) discussed
here 892893

5.2.2. Copper Storage Protein Structure. Csps are a
family of closely related cysteine thiolate-rich four-helix bundle
proteins that form homotetramers that are capable of binding up
to 80 Cu' per tetramer.””* The inner surface of this tube-like
structure harbors ~13—20 cysteines, and often a cluster of
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histidine residues at the open end or “mouth” of each four-helix
bundle (Figure 52). Though first discovered as a soluble,

Figure 52. Crystallographic structures of one protomer of tetrameric
copper storage protein (Csp) from the organisms indicated. Left,
Streptomyces lividans Csp3 (6EK9);° center, Methylocystis sp. strain
Rockwell Csp3 (6ZIF); and right, Methylosinus trichosporium OB3b
Csp3 (SARN). Cu'ions (copper spheres) and Cu'-ligating residues are
shown in stick. The tri-tetrad inner core of 12 Cu' ions is common to all
Csps, with the base and mouth regions variable.

periplasmic binding protein (Cspl/Csp2) in methanotrophs
and proposed to function in the metalation of pMMO, the
cytoplasmic Csp3 is now considered the far more prevalent Csp,
and has now been identified in at least ten different bacterial
phyla.*”> Csp3-like proteins differ slightly in Cu'-binding
stoichiometries, but all contain a common core of three
tetrameric Cu-binding clusters (which collectively bind 12
Cu), with the additional coordination chemistry variable above
or below this cluster (Figure 52). Csp3s bind Cu' with high
equilibrium affinities (K¢, ~ 10’ M™") to multiple classes of
sites that vary slightly in affinity. Although the details differ for
different Csp3s, the kinetics of Cu' binding are generally quite
fast but only for an initial phase, with the kinetics of Cu' removal
by a high affinity Cu(I) chelator very slow, beyond the first
couple mol equivalents of Cu®.*”*#**°

5.2.3. Copper Storage Protein Function. Despite their
discovery some 10 years ago, the functional role(s) of Csp3 in
bacterial cells remain largely enigmatic. These Cu' binding
properties are potentially consistent with a role in Cu storage
under Cu-replete or Cu-toxic conditions,*”” or as part of an
“anticipatory” Cu-toxicity response, when cells are chronically
metal-starved, and thus particularly vulnerable to mismetalation
mediated by even modest Cu toxicity (see Section 5.3.2).""*
There is also some evidence to suggest that Csp3 can function as
a cushion for very high levels of Cu' in some specialized cases,
e.g., where the ability of cells to efflux Cu' is compromised (in a
AcopA strain).*”® However, csp3 expression, unlike the primary
Cu' toxicity regulon discussed above, is rarely regulated by Cu
stress.

There is recent evidence in support of the original proposa
that Csp3 functions as a copper chaperone to mediate Cu'
delivery to a client enzyme, in Bacillus subtilis.®”® Here, it was
demonstrated the Cu'-loaded Csp3 is capable of metalating a
Cu-requiring endospore-resident multicopper oxidase CotA, a
laccase, which is one just two known Cu-requiring enzymes in B.
subtilis. Importantly, B. subtilis Csp3 does not protect cells from
Cu intoxication and thus must play some other role. Both CotA
and Csp3 are upregulated during late stages of spore
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formation” and appear to protect spores against hydrogen
peroxide and UV light via production of a melanin-like molecule.
Csp3 stimulates the extent of CotA metalation, albeit over very
long time points (hours), as evidenced by activity assays, and a
soluble Cu' chaperone CopZ does not function in this assay,
consistent but not confirmatory of a specific protein—protein
interaction.””” The extent to which Csp3s broadly function in
metalloenzyme maturation is unknown.

5.3. Metal lon Transport and Supramolecular Assemblies

We next describe recent biologically focused discoveries in
transition metal transport in bacterial cells that highlight the
involvement of accessory proteins that function as part of
supramolecular efflux assemblies to facilitate metal transport
across a membrane. These transporters and cognate accessory
proteins may function as membrane-associated metallochaper-
ones, in the regulation of transport, or in the metalation of
metalloenzymes. The major metal transporter discussed here are
a poorly understood subclass of the P-type (phosphorylation-
type) ATPase efflux pumps,”’ notably those derived from the
Pp.¢ subclass of transporters. We place these discoveries in the
context of a discussion of new structural advances in our
understanding of the metal selectivity and transport mechanisms
of P-type ATPases.

5.3.1. P-Type ATPases. P-type ATPases are conserved
across all kingdoms of life and collectively mediate the
movement of metals, protons and lipids across biological
membranes from the cytoplasm to the extracellular space or an
extracytoplasmic compartment or organelle.””' All P-type
ATPases possess three domains, a transmembrane domain
(TM) composed of six to eight membrane-spanning a-helices
that comprise the transport channel, an ATP-binding domain
composed of nucleotide (N) binding and phosphorylation (P)
subdomains, and an actuator domain (A) that allosterically
signals a change in the phosphorylation status in the P domain to
the TM domain to allow for transport. Metal transport is well-
modeled by the alternating states Post-Albers cycle’”” which
involves two distinct conformational states, an inward-facing E1
state and an outward-facing E2 state. The E1 state has high
affinity for the cognate metal(s) and binds and hydrolyzes ATP;
formation of the phosphoenzyme intermediate on an Asp
residue in the P subdomain is coincident with formation of the
low-metal binding affinity E2 (E2P) state, which then releases P;
(E2) and ultimately relaxes to the El state (Figure S53).
Transient phosphorylation drives significant conformational
changes in the membrane-spanning domain of transporter
required for transport against a concentration gradient.”’>”**
These changes in transporter domain ultimately expose the
metal egress pathway on the opposite side of the membrane,
thus allowing for vectorial or unidirectional transfer across the
membrane. Some P-type ATPases including the P p-type
subfamily, contain ancillary domains, often metal binding
domains (MBDs), or other regulatory domains that can
modulate or gate transport activity (Figure 54, top).

5.3.1.1. P,,-Type Cd" and Ca"/Mn" Transporters. Metal-
transporting P-type ATPases typically form intramembrane
metal sites derived from the TM4 and TMG6 helices in the core
TM domain, with the identity of these metal-binding residues
strongly impacting the metal specificity (or promiscuity) of the
transporter.”” This is true for both the paradigm sarco(endo)-
plasmic reticulum calcium ATPase (SERCA) pumps and related
transporters from the P,, subclass that function in the ER and
cis-Golgi in vertebrates, as well as the “heavy metal” transporting
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Figure 53. Metal transport is well-modeled by the alternating states
Post-Albers cycle902 which involves two distinct conformational states,
an inward-facing E1 state and an outward-facing E2 state. The E1 state
has high affinity for the cognate metal(s) and binds and hydrolyzes
ATP; formation of the phosphoenzyme intermediate on an Asp residue
in the phosphorylation subdomain is coincident with formation of the
low-metal binding affinity E2 (E2P) state, which then releases P; (E2)
and ultimately transitions to the E1 state.

P p-type transporters described below (vide infra) (Figure 54).
Of particular interest regarding metal specificity of P,, ATPases
is a suite of cryo-EM structures of the secretory-pathway Ca'-
ATPases (SPCA1), long known to transport Mn! as well,”*
which function both to metalate key metalloenzymes in this
compartment and beyond, including those associated with O-
linked glycosylation, while also mediating Mn" detoxification in
neuronal tissues by actively pumping cytosolic Mn" into the
secretory pathway (Figure 55).”"

These cryo-EM structures provide high resolution snapshots
of all intermediates in a complete transport cycle and nicely
illustrate the large amplitude conformational transitions of one
domain relative to another that occur as a function of metal
binding and phosphorylation status of the P-domain (Figure
55).7%7 Pertinent to the discussion here, these structures provide
unprecedented insights into the relaxed metal specificity of
SPCAL relative to SERCA enzymes, which are strictly Ca"
transporters (Figure 54, bottom) (see Section 3.3.3).”%° In
SPCA1, Mn" was found to bind to the same metal binding site IT
as Ca", but more tightly in forming a lower coordination number
square pyramidal complex that results in residues on TM6, in
particular D742, moving closer to those ligands derived from
TM4, which donates three main-chain carbonyl oxygens to the

Figure 54. P-type ATPase transporter structures derived from the P, and P, subfamilies. Schematic representations (top) are color-coded as shown in
the ribbon diagram of each strucure (middle). ADP-AIF,”-bound human (h) SERCAla (PDB SXA8), AMPPCP-bound hSPCA1 (8IWR), ligand-free
AfCopA (7ROH), AlF, -bound SsZntA (4UMW), BeF, -bound sCoaT (7QCO0). The Post-Albers conformational state is indicated in each case, as
well as ligands resolved in each structure. Bottom, coordination chemistry of each transporter as determined by X-ray crystallography (rSERCA; 1SU4)
or cryo-EM (hSPCA1; 8TWR, Ca" bound; 7YAJ, Mn" bound) or via X-ray absorption spectroscopy and mutagenesis studies (others). The minimal
sequence motif characteristic of each subfamily is shown below the metal coordination domain model for the three P, transporters, positioned on
TM#4 or TM6 helices, as indicated.””® The structures of P,y 3, P55, Pipg and Py transporters are not yet known.
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Figure 55. A suite of cryo-EM structures of the secretory-pathway Ca'-
ATPases (hSPCA1) which pump Ca" and Mn" into the trans-Golgi
lumen.”®” The domains of the transporter are colored as in Figure 55.
Ca' ions, green; ATP, ADP and P, purple stick. New insights into the
mechanism of Ca™ release obtained from inspection of the Ca™-bound
E2P conformation, prior to hydrolysis of the covalent phosphate ester
(E2.P,) and P, dissociation (E2), were derived from this work.

metal.”®® In the E2-P; modeled complex that contains no metal,
those residues that coordinate the Ca' or Mn" move far apart,
allowing for metal release into the trans-Golgi lumen in
eukaryotic cells. In addition, SPCALI lacks the second metal
site found in SERCA (metal site I), which may help enforce Mn"*
transport activity by SPCAL relative to SERCA (Figure 54,
bottom).

5.3.1.2. Pyg-Type Transporters. It is generally accepted that
P,z-ATPases conform to seven distinct structural subclasses,
denoted Pig;-Pip; all of which transport “heavy” metals
(Figure 56).°°"”'° Many P,j transporters differ significantly
from the P,, transporters discussed above in that they have
evolved MBDs appended to either the N-terminus or C-
terminus on the core transporter structure (Figure 54, right).
These MBDs often, but not always, provide hints as to the metal
selectivity of the pump itself, and in the case of the P;5 ;-Pip 5
transporters that transport Cu' and Zn', are in direct
communication with the cytoplasmic environment.”"' Their
metal affinities are tuned to the bioavailable “pool” of each metal.
Cu'-transporting P, ATPases nearly always harbor an N-
terminal domain (or multiple repeated isostructural domains)
that adopt a ferredoxin-like or cupredoxin fold, that accepts
metal from an isostructural copper metallochaperone (Figure
34), likely via a metal ligand exchange intermediate.****%%7>71>
These domains are not required for transport activity, and may
well be regulatory;911 indeed, recent structural studies suggests
that that the Cu' chaperone has direct access to the high-affinity
metal binding site in the membrane, where an intermediate Met
residue mediates metal dissociation.”"

Like the P,, transporters discussed above, the metal
specificity of a Pg-ATPase is also impacted by conserved
signature sequences present in transmembrane segments 4, §,
and 6 (TM4, TMS, and TM6; numbered such that the first two
helices in the P transporters not found in P,, transporters are
labeled TM,, and TM;”") (Figure 54, top; Figure 56). The short
TM4 sequence CPC is characteristic of both Pz, and P3.,
transporters, widely accepted to transport Cu' and Zn"/Cd"/

Figure S56. Primary structure determinants of Pp-type ATPase
transporters that impact their transition metal specificity profiles. A)
Primary structure motifs in the TM4, TMS and TM6 that impact metal
specificity of P1B subclass ATPases. B) Ribbon structure of Af CopA in
the E1eCu' state (7ROH). Inset, metal binding site region with the metal
ligands and the Tyr-Asn sequence from TMS5 shown in stick.”'® C)
Ribbon structure of S. sonnei ZntA in the E2P state (4UMV), with the
structure of the EcZntA metal binding domain also shown (1IMWZ).
Inset, metal binding site region with the four known metal ligands
shown in stick.”"®

Pb", respectively, but each differs on the basis of residues in
TMG6 (Figure 56). In P,y ; transporters, a Met in the TM6 is part
of a MxxSS sequence coordination bond to the TM Cu' site in
the E1 state to complete a trigonal planar CPC. . .M chelate
(Figure 54, bottom).”'* In Py, transporters, a bidentate Asp
completes a distorted tetrahedral complexin the E1 state, except
for the Pb" enzyme, which excludes one the O ligands of Asp
replacing it with its “stereochemically active” lone pair (Figure
54, bottom).”'>71¢

A number of high-resolution P,p-type ATPase structures have
now been solved to date in various conformations within the
Post-Albers catalytic cycle (Figure 54, middle). These include
the P,y ; Cu'-specific CopA from Archaeoglobus fulgidus in the
Cu'-free E1 state (Figure 54, middle), Cu'-specific CopA from
Legionella pneumophilia in the Cu'-free E2eP; and E2 states,
ZntA, a P, ,-subclass Zn" transporter from Shigella sonnei, in
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the metal-free E2P and E2-P; states (Figure 54, mid-
dle) 213217918 Bach structure was used to inform the
coordination chemistry confirmed by X-ray absorption spec-
troscopy and other methods (Figure 54, bottom). More recently,
the structure of a canonical P, ,-type enzyme has been solved,
Sulfitobacter sp. NAS14—1 sCoaT, in the metal-free E1 state, as
representative of the simplest member of the entire P-type
ATPase superfamily”>””'" and which lacks ancillary MBDs
altogether (Figure 54, top).”” Py ,-subclass ATPases were
originally proposed to be Co'-specific transporters,”’” but may
well be characterized by a relaxed metal specificity profile;”**”*"
in at least three cases, they have been shown to be Fe'-efflux
transporters in bacterial cells.””””**~"** Here, Fe' transport is
coupled to the H,0, stress response and the expression is
regulated by PerR or Fur (Section 3). These are extremely
interesting transporters from a therapeutic perspective, since
although they were functionally characterized first in the model
organisms B. subtilis (PfeT), P,5_, ATPases are present in many
bacterial pathogens, including Mycobacterium tuberculosis
(CtpD),921 Group A Streptococcus (PmtA),”**~* and Listeria
monocytogenes (FrvA).gzo

5.3.2. Ferrous Iron Transport into Bacterial Ferro-
somes. Given its abundance in the metalloproteome and the
extremely low solubility of Fe'" in aerobic environments, iron is
considered a precious metal nutrient for nearly all cells. As a
result, most cells go to extraordinary lengths to scavenge and if
possible, store, this metal nutrient, to protect from subsequent
Fe starvation. Ferrous iron, Fell, is the oxidation state that is
bioavailable in the cytoplasm and dominates extracellularly in
oxygen-deplete anaerobic and acidic environments of the
stomach, for example. Unlike Fe'", Fe"" is highly soluble and
exchange labile, and recent work reveals that Fe'' is bioavailable
in these specific niches and recognized to play an important role
in nutritional immunity against invading pathogens.”*%~"**

5.3.2.1. Overview. It has long been known that one way to
obtain a “pool” of bioavailable Fe' required for protein
metalation in bacterial cells is to store it in intracellular
compartments, notably heme-based bacterioferritins, ferritins,
or in mini-ferritins, derived from the superfamily of DNA-
binding proteins from starved cells (Dps), all of which are
protein-coated biomineralized compartments of Fe'' and Fe'"’.
However, iron storage in these compartments is dependent
upon the availability of oxygen, and therefore cannot function
efficiently in an anoxic environment. The only other known
strategy available to protect bacteria from iron intoxication is to
efflux the metal from the cytoplasm, via ferrous ion transporters.
Their structures and transport mechanisms have been reviewed
recently,”*””*° and we focus on one here.

5.3.2.2. Ferrosomes and P,z ¢ ATPase Transporters. There is
considerable excitement around the Pip¢ subclass of trans-
porters, given the fact that up until recently they were poorly
characterized as to both metal transport specificity and function
in cells (Figure S6A). A preliminary genomics analysis suggested
that these transporters might transport Fe', given an occasional
genomic colocalization with feoB, known to encode the primary
bacterial ferrous ion uptake transporter FeoAB.”'*”*" Remark-
ably, this prediction turns out to be true, although only in part.
Seminal work from the Komeili group published in 2010
revealed that lipid-encased electron dense particles exist in the
anaerobic bacterium Desulfovibrio magneticus, long studied as a
model organism for the formation of “bullet-shaped” magneto-
somes, which biomineralize Fe as magnetite (Fe;0,) in a
membrane-encased “organelle” organized into long chains that

use geomagnetic fields for direction sensing.%z’933 In that work,
the presence of another electron-dense particle rich in Fe and
phosphate and surrounded by a lipid membrane was noted, and
whose biogenesis was clearly distinct from that of magneto-
somes.”

In more recent studies, these authors further characterized
these amorphous granules as specifically enriched in Fe and
phosphate in what are now known as ferrosome organelles
(ferrosomes), and identified a three-gene cluster arranged into a
putative operon responsible for their formation as encoding
ferrosome-associated (Fez) proteins (Figure 57A,B).”* Core

Figure 57. P-type ATPase transporter genomic localization and
transporter function. A) Genomic organization of the fez operon
regions in selected organisms. Fur boxes and two transcri%pt_ion start
sites (TSS) are indicated on the C. difficile genome.67‘ 674934 B)
Ferrosome function in C. difficile. Ferrosomes assemble at or near the
plasma membrane. Fel is driven into the interior of the ferrosome by
the P, ¢-class transporter, FezB. The function of FezA (DUF1610) is
unknown but may assist in deforming the plasma membrane to facilitate
ferrosome biogenesis, or play some other role in activating Fe'
transport. C) Three distinct P,-type transporters in M. tuberculosis
that function as part of metal efflux platforms and incorporate a PacLn
(DUF1490) homologue.935

components of this operon are FezA, a predicted a-helical
transmembrane membrane protein (DUF6110) and FezB, a
P p.s-ATPase transporter, as well as a third small protein
denoted FezC or FezX, depending on the organism, of unknown
function. P,p¢-ATPases harbor a characteristic SPC motif in
TM4 and a TxxNHN motif in TM6, which may well impact
metal specificity (Figure S6A). Purification of ferrosomes from
bacterial cells reveal that both FezA and FezB are greatly
enriched in these electron-dense granules, with no detectable
FezX.°”* Thus, although biochemical experiments are not yet
available, FezB is clearly an Fe' transporter, but is tasked with
moving metal across an intracellular membrane, a remarkable
finding given that bacteria are not broadly assumed to harbor
intracellular membrane-encased organelles.

Ferrosomes have now been imaged by energy-dispersive X-
ray spectroscopy (EDS) and characterized in the Gram-positive,
spore-forming, intestinal anaerobe and human pathogen,
Clostridioides difficile. They have been shown to play an integral
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role in iron homeostasis in this organism and defense against
nutritional immunity mediated by CP stress during an
infection.®”> In C. difficile, ferrosomes function in iron storage,
and the expression of fezX and fezAB is regulated by Fur and
inducible by the metal chelator dipyridyl, often used to starve
cells for Fe. These genes are constitutively expressed in a Afur
strain and appear to protect C. difficile from Fe toxicity during an
acute switch from a Fe-de%plete to an Fe-replete growth
conditions (Figure 57B).57 High-resolution tomographic
imaging of C. difficile engineered to constitutively express
fezAB suggests that although these compartments are clearly
cytoplasmic, ferrosome clusters are frequently found adjacent to
the cell membrane, for reasons that are not yet clear (Figure
57B). Heterologous expression of fezXAB, but not fezAB alone,
in B. subtilis, reveals that despite the fact that FezX cannot be
detected in these organelles isolated from C. difficile, it is
required for their assembly, at least in this heterologous host
organism.””*> CP induces the transcription of fezXAB in cell
culture and in infected animals and it appears that FezB and the
inhibitory impact of CP in nutritional immunity and function
most acutely during colonization of the gastrointestinal tract
during infections.

These comprehensive studies establish a new paradigm for
membrane-encased organelles or compartments in bacteria, but
also raise many important questions that bear on P, s-type
ATPase function, assembly and mechanism like other work
described below (Section 5.3.4),°*° The biological function of
the DUF6110 protein FezA is completely unknown. Does it
function as a novel ferrosome-membrane-associated metal-
lochaperone or scavenger of cytoplasmic Fe funneled to FezB,
as a regulator of FezB transport activity, a membrane bilayer
remodeling protein, or a canonical protein chaperone that
enables assembly of active and folded FezB in the membrane?
FezX (29 amino acids), on the other hand, is perhaps
reminiscent of small proteins (<S50 residues) that regulate
bacterial Mn! homeostasis,”>® whose functions are only
beginning to gain some clarity.””” How does FezX, not found
in all fez operons, impact this process in C. difficile? Detailed
biochemical reconstitution and cell biological studies will be
required to address these exciting questions, answers to which to
greatly enhance our understanding of P -ATPase transporters.

5.3.3. Membrane Efflux Platforms. A prevailing view in
the P-type ATPase field is that these transporters tend to
function independently, with the exception of soluble
cytoplasmic metallochaperones most strongly associated with
the Py -type Cu' chaperones, which deliver metal to the
transport site.””””'**** The work on bacterial FezA-FezB
described above suggests that this need not be in the case. In
fact, it is interesting to consider the singular example of a
membrane-anchored metallochaperone, CupA, and its cognate
P p.,-ATPase CopA in the Gram-positive respiratory pathogen
Streptococccus pneumoniae in this context.””’ CupA was shown to
be required for the cellular copper resistance, and a heterologous
CopZ-like chaperone which adopts a distinct fold could not
substitute for CupA in cells; further, membrane anchoring was
required for resistance against copper toxicity.912 It is not yet
known if and how S. pneumoniae CupA and CopA physically
interact, or form a stable complex in the membrane, but this is of
course the expectation.g40

5.3.3.1. DUF1490 Proteins Impact P,z ATPase Function.
Mpycobacterium tuberculosis encodes seven P p-type ATPases
encoded by ctpA-D, ctpG, ctp] and ctpV that mediate
comprehensive resistance to transition metal toxicity in the

hostile intracellular environment of the phagolysosome.”"!

These include at least three Cu'-specific transporters (CtpA,
CtpB and CtpV), with CtpV, regulated by the Cu'-sensing
repressor CsoR (Section 3), required for full virulence of the
organism.”*>*"*?** Interestingly, the genes encoding CtpC,
CtpG and CtpV are each immediately downstream of a gene
encoding a DUF1490 protein (Figure 57C), found in a genomic
arrangement that is reminiscent of fezAB in D. magneticus and C.
difficile; in fact, DUF1490 and DUF6110 (fezA) proteins are
distantly related to one another in that both are predicted to be
a-helical membrane proteins with a C-terminal tail.”**
Boudehen et al. have extensively functionally characterized the
DUF1490 immediately in front of CtpC, a P 4-like ATPase
transporter that harbors a canonical P ;- and P;3, CPC motif
in the TM4 associated with Cu' an Zn" transporters (Figure 54,
bottom), but contains a canonical Py ¢-class TxxNHN motif in
TM6 (Figure S6A), consistent with a global SSN analysis that
places these CPC enzymes in their own cluster of closely related
sequences.”’’ The expression of pacLl-ctpC is induced
specifically by zinc toxicity in both liquid cultures and infected
macrophages, with the identity of the zinc-sensing efflux
repressor not yet known.”>>”** These authors establish that
this DUF1490, renamed PacLl, for P-ATPase-associated
chaperone-like protein 1, binds Zn" via a C-terminal
“DLHDHDH” metal binding motif, and may function as a
metallochaperone for CtpC at high cellular Zn" toxicity.”*
Furthermore, PacL1 is also required under conditions of modest
Zn" toxicity in a way that is independent of its metal binding
function where it plays a role as a scaffold to stabilize CtpC in the
plasma membrane. A strain harboring a deletion of pacLI-ctpC is
sensitive to zinc toxicity while single pacLl- or ctpC-
complemented strains fail to rescue this growth phenotype;
this is consistent with a model in which PacL1 and CtpC are
both required to efficiently efflux Zn" from the cytoplasm.”*

Light microscopy-based imaging reveals that CtpC and PacL1
physically interact and form high molecular weight complexes in
the mycobacterial membrane that the authors dub “metal efflux
platforms”®** that enhance resistance to metal poisoning. Such
membrane microdomains like these, which impact enzyme
activity, may be more common in bacterial membranes than
previously believed.””””** Although more work needs to be
done, orthologs PacL2, encoded in front of CtpG and containing
a single D-E (Asp-Glu) sequence, and PacL3, in front of CtpV
and harboring a “DDGHDH” sequence in its C-terminal metal-
binding motif (Figure S7C) are partially redundant when
expressed at high intracellular levels. This is a function of their
conserved motifs in the protein chaperone-specific regions of
these proteins rich in Glu/Ala repeats are reminiscent of the
canonical protein chaperone GroEL1.”** These Glu/Ala motifs
mediate a physical interaction with CtpC in these membrane
microdomains.”*” Biochemical reconstitution experiments and
structural studies of a PacL1-CtpC complex will be required to
significantly extend these studies.

5.3.4. Extracellular Metalation of Manganese Metal-
loenzymes. A final frontier in metalloprotein metalation is the
metalation of exoenzymes, which include those enzymes
secreted into the extracellular milieu as well as those that are
integral membrane proteins whose active sites face outward,
relative to the cytoplasm. There are a number of reports of P,p-
type ATPases that exhibit metal efflux rates that are too slow to
be effective in resisting the effects of cellular metal toxicity, and
thus must play some other role. One potential role is in
metalation of extracytoplasmic enzymes.”*”"*® This becomes
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particularly critical for weakly binding metals, including Mn"
and Fe', which may be outcompeted by extracellular Zn" or
Cu", which generally bind much more tightly to proteins
(Section 2.2.2)."*” Seminal work by Robinson and co-workers
showed that the twin-arginine translocation (Tat)-dependent
secretion system, which exports folded metalloproteins, could be
used to ensure cognate metalation by a Mn"-metalloenzyme; ">
however, the Tat system only functions for soluble proteins and
not integral membrane proteins or those anchored in the plasma
membrane with their active sites facing out. This suggests the
strong possibility that metalation with Mn" might be dependent
on a specific efflux transporter.

5.3.4.1. TerC Proteins Function in Exoenzyme Metalation.
TerC proteins are a subgroup of the lysine transporter
superfamily, and were originally described as mediating cellular
resistance to tellurite oxide anion (TeO;>”) in extremophiles,947
via a mechanism connected to cell envelope stress,”** but more
recently linked to Mn" homeostasis in both B. subtilis and E.
coli”*™7°! These apparently conflicting accounts have now
been reconciled by recent findings that reveal that TerC proteins
function during protein export via the generalized secretory
pathway that is dependent on the SecYEG holotranslocon,
activated by the SecA ATPase, that collectively define a core
component of the secretosome (Figure 58).”>* B. subtilis

Figure 58. B. subtilis TerC proteins MeeF/MeeY physically associate
with the SecYEG translocon-secretosome where the mediate the
extracellular metalation of Mn"-requiring soluble exoenzymes (slate
square) and integral membrane proteins (represented by LtaS/LtaSa).
Strains that lack both meeY/meeF genes result in general reduction in
cellular protein secretion. Pac-man symbol (brown), Sec-associated
extracellular processing enzyme. LtaS, major lipoteichoic acid (LTA)
synthase; LtaSa, stress-induced LTA synthase.”>?

encodes three TerC homologues, two of which were renamed
MeeF (metalation of exoenzymes with Mn) (formerly YceF)
and MeeY (formerly YkoY), the latter of which is regulated by
the yybP-ykoY Mn-sensing riboswitch in both B. subtilis and E.
coli (named Alx) (Section 3.3.3). meeF appears to constitutively
expressed in B. subtilis but can be upregulated further under
conditions of acute cellular stress.

Remarkably, coimmunoprecipation experiments reveal a
direct interaction of both TerC proteins with common
components of the secretosome. This protein assembly must
mediate cotranslational folding of secretosome clients since B.
subtilis strains deficient in both MeeF and MeeY are strongly
defective for protein secretion, independent of the metalation of
a client (Figure 58). The AmeeF-AmeeY (FY) mutant strain can
be rescued by induction of the expression of FtsH, an ATP-
dependent metalloprotease that is known to clear “jammed”

SecYEG translocons (Figure 58, left). The FY strains also
secretes fewer extracellular proteases as well. Thus, TerC
proteins appear to be integral components of the bacterial
secretory apparatus, but also endow the secretosome with the
ability to metalate exoenzymes, notably, the Mn"-dependent
lipoteichoic acid synthase (LtaS), the major lipotechoic acid
synthase in B. subtilis (Figure S8, right). LtaS is an integral
membrane protein that features an outward facing Mn" active
site that functions in cell wall homeostasis. These findings in B.
subtilis appear general, since heterologous expression of TerCs
from L. monocytogenes and B. anthracis in B. subtilis complements
the FY mutant, restoring fitness and normal levels of protease
and Mn" secretion into the spent growth media.”>

The mechanism of cotranslocational metalation by TerC
proteins of LtaS and perhaps other clients during other stages of
growth is not known, but several possibilities exist.”>> One is that
of a classical metallochaperone role that requires a functional
interaction that drives ligand exchange and metal transfer
between a conserved metal site on the MeeF/MeeY donor™'
and the client LtaS (Figure 34). Another is that TerC proteins
increase the local concentration of Mn" so that it better
competes with more tightly binding metals, e.g., Zn", in a way
that does not require a direct physical interaction. Indeed, Zn"
inhibits Mn'"-dependent LtaS metalation in a way that is
exacerbated in the FY mutant, a finding consistent with other
reports of the mismetalation of Mn" enzymes by Zn" (Section
2.2.3). How Lta$S holds on to its metal is not known, but kinetic
trapping may well be involved. As this cotranslocational metal
insertion system appears broadly conserved in all kingdoms of
life,”>” there exists a strong motivation to identify of other TerC
clients and fundamental bioinorganic chemistry features of this
process.

6. CONCLUSIONS

Metalloproteins,”*” ranging from proteins that use a metal as an
enzymatic cofactor to those with structural metals that stabilize
the protein fold, play myriad distinct and often evolutionarily
conserved roles in all kingdoms of life." Since approximately
one-third of a typical bacterial proteome consists of metal-
loproteins, cells must ensure that the metalloproteome is
metalated with integrity” and is resistant to mismetalation or
under-metalation that might occur under conditions of
environmental metal toxicity or metal restriction, respectively.
Metallostasis (Section 2) encompasses all those processes that
maintain the integrity of the metalloproteome and its associated
metabolic and regulatory functions, the complexity of which is
orchestrated by the upstream “sentinels” of this process, the
metallosensors (Section 3). These model regulatory proteins
and RNAs exploit fundamental coordination chemistry to drive
allosteric switching'® in a wide range of molecular scaffolds>”” to
induce a specific biological output of physiological or
biotechnological value."”

Historically, our understanding of the metal (ligand)
specificity and regulatory mechanisms of these sensory
biomolecules has come from the study of “one molecule at a
time” through application of classical approaches in bioinorganic
chemistry, biophysical chemistry and structural biology (Section
3). While powerful, this approach becomes limiting in the search
for general features that impact metal selectivity in a superfamily
of proteins that do not necessarily share all specific features of
the model protein.”*"*>* The gap between detailed chemical
and physical studies and bacterial phylogeny continues to close
with the emergence and broad application of sophisticated
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comparative genomics tools, e.g., sequence similarity network
(SSN) and related tools, that allows our community to exploit
continuous advances in genome sequencing.z‘}’g’us’246 Machine
learning approaches now make it possible to leverage reasonable
quality structures of a significant number of evolutionarily
related, yet biologically uncharacterized proteins, to determine
the degree to which findings from a model system, on metal
selectivity, for example, can be extended to the group.”>*”>
Emerging advances in machine learning will continue to move
the field of structural biology from a labor-intensive to high-
throughput structure and dynamics prediction pipeline that will
ultimately inform comparative genomics efforts to understand
molecular evolution of specificity.”*® This paradigm shift, well
underway, will permit new applications of metalloregulatory
proteins as biotechnological “parts”, while also informing new
experimental strategies to develop new functionalities on these
molecular scaffolds.””” For example, high throughput selection
and counter-selection strategies have led to the development of
metal ijon-specific DNAzymes with unprecedented metal
specificity that continue to teach us how nucleic acids
distinguish among various transition metal ions, while also
creating reagents for applications as biosensing tools.”**

Myriad cell-adaptive mechanisms, some newly discov-
ered,®’3735952959 qllow bacterial cells to maintain a metal
quota that is capable of reacting to both chronic and acute metal
starvation or toxicity, whatever the source. The expression of
metalloprotein “paralogs”, which occurs often under conditions
of restriction of a specific metal,”**" or alternatively in distinct
organisms with distinct lifestyles and access to distinct profiles of
metal nutrients, is a form of metalloproteome remodeling, the
footprint of which is likely far more widespread than discussed
here (Section 4). Indeed, one enzyme superfamily only briefly
touched upon here encompasses the ribonucleotide reductases
(Section 4.3.6) required for the synthesis of DNA in all life
forms.””*% A number of clearly distinct metallo-forms exist and
have been characterized in detail in microbes, which remarkably,
includes a metal-free variant of the enzyme,®’**?"?* which in
human pathogens could retain function under conditions of
host-mediated metal restriction.”®>

We also discuss new mechanistic insights into “old friends”,
the nucleotide-dependent metallochaperones (Section
5)3080L819524 [eading to a far more sophisticated understanding
of enzyme metalation and transport, with many unanswered
questions left for future work.”**”®® These adaptive responses,
which occur in the context of an extraordinary ability of cells to
“buffer” transition metal ions, enhance the resiliency of the
metalloproteome while avoiding off-pathway metal toxicity.”*®
They are remarkable examples of the extent to which evolution
has gone to maintain the catalytic power of cellular metabolism
dependent on metalloenzymes, particularly those enzymes
involved in central carbon metabolism, one-carbon shuttling,
scavenging of reactive oxygen species, and diverse aspects of the
central dogma, when critical nutrient metals are in short supply.
The implementation and development of global computational
and experimental methods to map and explore the metalation
status of the proteome,>'¢*!#%9679%8 1, " metalloproteo-
mics,ég’969 as well as workflows to better define the metal
buffering components in cells,"'” promises novel insights into
metalloregulation of cell biology and mechanisms of metallo-
stasis from single cells to whole organisms in all kingdoms of life.
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