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Abstract

Transition metals from manganese to zinc function as catalytic and structural cofactors for an
amazing diversity of proteins and enzymes, and thus are essential for all forms of life. During
infection, inflammatory host proteins limit the accessibility of multiple transition metals to
invading pathogens in a process termed nutritional immunity. In order to respond to host-mediated
metal starvation, bacteria employ both protein and RNA-based mechanisms to sense prevailing
transition metal concentrations, that collectively regulate systems-level strategies to maintain
cellular metallostasis. In this review, we discuss a number of recent advances in our understanding
of how bacteria orchestrate the adaptive response to host-mediated multi-metal restriction,
highlighting crosstalk among these regulatory systems.

Introduction

Transition metals perform myriad roles as catalytic and structural cofactors in ~30% of
proteins in a typical bacterial proteome, and thus are strongly integrated into nearly every
aspect of cellular metabolism. Proper metalation of the metalloproteome is therefore crucial
for enzymatic function and global metabolism, and is acutely impacted by transition metal
bioavailability both inside and outside of the bacterial cell. Metallostasis is the cellular
process that governs an adaptive response to both metal restriction and metal overload, a
process that is particularly important in the infected host [1,2*,3]. Metallostasis is a systems-
level process governed by the regulation of gene expression at both transcriptional and post-
transcriptional levels to allow for metal scavenging, efflux and intracellular sequestration,
ribosome remodeling and metabolic re-programming necessitated by perturbation of the
metalloproteome itself. The intracellular concentrations of bioavailable metal are predicted
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to follow a metal competitivity index when a suite of metal-sensing metalloregulatory
proteins are used as proxy for these concentrations [4**]. Bacterial cells thus appear to
buffer bioavailable metal such that the free energy of metalating a given metalloprotein with
Zn(I1), for example, will only allow Zn(I1) proteins to be metalated under normal cellular
conditions (Figure 1a) [4**]. As such, large fluctuations in free metal concentration or metal
activity are predicted to result in under-metalation and mis-metalation of the proteome under
conditions of severe metal restriction or toxicity, respectively (Figure 1b).

Upon bacterial infection, the vertebrate host actively disrupts metallostasis as a means to
inhibit bacterial or fungal growth. On the one hand, Cu and Zn(ll) poisoning in
phagolysosomes of macrophages, for example, are employed by the host to combat bacterial
infections [3,5]. On the other hand, host neutrophils recruited to sites of infection harbor
calprotectin, Ca(ll)-activated S100A8/S100A9 heterotetramer, that is secreted into the
extracellular milieu to scavenge transition metals as part of the process termed nutritional
immunity [6]. The multi-metal chelator protein CP has two types of transition metal binding
sites; a HisgAsp distorted tetrahedral site 1 that has been shown to coordinate Zn(1l), Cu(ll)
and Ni(Il) and an octahedral Hisg site 2 capable of forming metal complexes with Zn(ll),
Cu(1l), Ni(I1), Fe(1) and Mn(I1) (Figure 2) [2*,7].

While host-mediated metal restriction may well induce specific failures in metabolism due
to the loss of a single nutrient metal, even depletion of a single metal globally disrupts a
finely-tuned balance among all biologically relevant transition metals in the cell, sometimes
even changing the nature of the metal cofactor in a specific enzyme [8,9]. Under-metalation
of a subset of Fe(ll) metalloenzymes, for example, may result in unfilled Fe(ll) sites in the
proteome that can be occupied by more competitive metals, 7.e., Zn(ll). On the other hand,
Zn(I1) toxicity is expected to result in Zn(Il) mis-metalation of sites occupied by less
competitive metals, 7.e., Mn(Il) and Fe(l1) [10,11]. As a result, perturbation of the
bioavailable levels of a single metal has the capacity to disrupt many aspects of cellular
metallostasis. Here we highlight recent work that reveals how host-induced transition metal
starvation of bacterial pathogens extends far beyond metal uptake regulation to a global
impact on cellular metabolism.

Multi-Metal Restriction by Calprotectin

The initial observation of bacterial Zn(I1) restriction by the HisgAsp site 1 of CP led the
community to consider CP a Zn(I1)-specific chelator, and subsequent work described the
functional role of the Hisg site 2 as involved in Mn(I1) chelation (Figure 2) [2*]. More
recently, Cu starvation has been observed in the fungal pathogen C. albicans treated with CP,
where Zn(11), Mn(11), and Cu(ll) are all sequestered by CP [7]. A documented role of CP-
mediated Fe(ll) sequestration was initially controversial since Fe starvation of the pathogen
had long been attributed to ferric iron restriction by host iron-binding proteins lactoferrin,
transferrin, and lipocalin 2 (as Fe(lll)-enterobactin complexes) [12,13] at sites of infection.
Indeed, Fe(l11) is expected to predominate in the oxidizing conditions of the extracellular
space (Figure 2). However, the observation of CP-mediated Fe sequestration in a growth
medium containing a reducing agent, B-mercaptoethanol, suggested that CP-mediated Fe(l)
withholding could well be important in an anaerobic or microaerophilic environment of a
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biofilm, for example, where Fe(ll) becomes bioavailable [14]. Comprehensive follow-up
studies revealed that CP itself is capable of impacting the redox equilibrium of Fe in the
absence of a chemical reductant [15], and that natural reductants are in fact present at sites
of infection, providing physiological support for Fe(ll) withholding. For example, redox
cycling phenazines, which are capable of reducing ferric iron to ferrous iron [16], are
secreted by P, aeruginosa and appear to enhance the ability of CP to function in Fe(ll)
sequestration [17**]. Moreover, recent work that revisits prior observations of CP-mediated
Zn(11) starvation in Acinetobactor baumannii confirms a role of CP in sequestration of Fe(ll)
[18**]. This work is consistent with findings of significant chelatable or labile Fe(ll) in
mice, including around sites of Acinetobacter baumannii infection [19].

Remarkably, in Borrelia burgdorferi, the causative agent of Lyme disease, CP inhibits
growth in a metal-independent fashion, in a process that requires physical association of CP
with the bacterium [20]. These findings collectively shift the paradigm of the major anti-
microbial protein CP from a Zn(ll) and/or Mn(l1)-specific chelator to a molecule that is
ideally suited to starve an invading pathogen of virtually any metallonutrient at a site of
infection. The mechanism by which CP inhibits growth of an organism will be dependent
not only the metal bioavailability in a specific niche [18**], but also the metal quota and
more importantly, the metalloenzymes that must be metalated for the organism to survive
myriad other host antimicrobial defenses beyond transition metal restriction [21], an
excellent example of which is Mn(l1)-driven superoxide dismutase activity in S. aureus[22].

The Response to Multi-Metal Starvation

Intracellular

Bacteria sense fluctuations in intracellular transition metal concentrations via metal uptake
and efflux regulation using both transcriptional and post-transcriptional SRNA- and RNA
riboswitch-based mechanisms [1,23]. In the absence of extreme metal toxicity or restriction,
a basal level expression of metal transporters allows the cell to respond to minor fluctuations
in bioavailable metal [24], with the uptake repressors typically controlling the expression of
a larger number of genes than efflux regulators [25]. In particular, the iron uptake repressor
Fur and to a lesser extent, the zinc uptake repressor Zur, impact the integrity of a larger
fraction of the proteome given the large Zn(ll) and Fe quotas for many human pathogens,
Streptococcus pneumoniae being a prominent exception [10,26]. Thus, the need arises for
what might be considered a hierarchical or “graded” expression of these larger
transcriptional regulons. Indeed, both Fur and Zur have been shown to direct a graded
transcriptional response to increasing degrees of metal starvation in two organisms (Figure
3) [27-29]. This is linked to metal occupancy of an accessory metal sensing site beyond the
primary sensing site [28], which in turn results in variable degrees of transcriptional
repression of individual genes and allows for distinct waves of Fur/Zur dissociation as the
cellular metal activity falls [27,29,30].

Ribosomal Stores

The Zur-regulated response to incrementally increasing degrees of Zn(ll) restriction starts
with the mobilization of intracellular metal stores from the ribosome via expression of
Zn(ll)-independent paralogs that replace Zn(l1)-dependent ribosomal proteins of both the
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small and large subunits; this avoids the initial need to produce metal acquisition systems
which is energetically costly (Figure 3a) [31]. Although this phenomenon has been known
for nearly two decades [31], the extent to which Zn(ll) is released and/or new low-zinc
ribosomes assembled has only recently been estimated as 20% of total cell-associated Zn(l1)
(=190 uM) as becoming bioavailable (Figure 1b) [32**]. The impact of these ribosomal
protein substitutions on translational efficiency and ribosome assembly remain largely
unexplored, but some bacteria may well arrest translation entirely in what are known as
“hibernating” ribosomes [33*]. The extent to which ribosomal remodeling is coincident with
global changes in the cellular spectrum of transfer RNA (tRNA) modifications, known to
impact decoding accuracy and rates, is also not known; however, queuosine and thiouridine
biosynthesis are clearly impacted by Zn(I1) and cellular sulfur availability/Fe-S cluster
status, respectively, in bacterial cells [18,34,35].

Metal Allocation and Extracellular Metal Acquisition

As metal ion availability decreases further, the cell scavenges extracellular metal by
overexpressing high affinity Zn(Il) importers, while also responding to a sizable flux of
Zn(11) released from ribosomes (Figure 3a). If this Zn(I1) were truly “free”, this might signal
cellular zinc toxicity; thus, some mechanism that directs this newly mobilized metal to
Zn(ll)-requiring proteins becomes necessary. In B. subtilis, this second wave of Zur
regulation results in the expression of a COG0523-family Zn(Il) metallochaperone, ZagA,
which along with A. baumannii ZigA, are excellent candidates to fulfill this role in metal
allocation. These enzymes are metal-activated GTPases that bind Zn(l1) with high affinity
(Kzy~1011 M~1), and it has been proposed that this Zn(l1) is delivered to key proteome
targets as a result of transient protein-protein interactions [32**,36,37]. This Zn(Il)
chaperoning effectively prioritizes metabolism since it likely results in metalation of a subset
of zinc metalloenzymes in the cell, thus sustaining folate biosynthesis in B. subtilis and
flavin biosynthesis in A. baumannii [32**,37]. Alternatively, ZigA and related proteins may
physically interact with the ribosome itself, given an evolutionary relationship to M.
tuberculosis mycobacterial-specific protein Y (MPY) recruitment factor, MRF, which occurs
under conditions of zinc restriction (Figure 3c) [33*].

In Streptomyces coelicolor, the putative zincophore coelibactin is expressed in the second
wave of the Zn(ll) starvation response (Figure 3c) and is thought to be used for Zn(l1) uptake
[27]. The recent discovery of opine [ A-(carboxyalkyl) amino acid] metallophores capable of
capturing a wide range of divalent metals, including Zn(I1) [38], Co(Il), Ni(ll) and Fe(II)
suggests that possibility that broad-spectrum metallophore systems, e.g., like yersiniabactin
[39], might represent a general strategy deployed to capture whatever metal is bioavailable
in the surrounding milieu to meet nutritional needs, with Zn(ll) or Fe starvation a general
signal to do so. S. aureus, Y. pestisand P, aeruginosa encode machinery to biosynthesize,
export, and uptake these simple nicotianamine-like molecules, staphylopine, yersinopine and
pseudopaline, respectively [38,40], which in the case of S. aureus, is strongly induced by CP
[41]. Moreover, these metallophores outcompete CP for Zn(l1) at the host-pathogen interface
[42*].
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Metabolic Remodeling/Metal Sparing

Finally, if nutritional needs remain unmet, a third wave of the adaptive response results in
what is essentially a remodeling of cellular metabolism [18**,27,29,30]. This has
historically been understood as a metal sparing response which we define as a process that
lowers cellular demand for a particular metal, by prioritizing metabolism in a number of
ways (Figure 3c). One strategy is to express a paralog of an obligatory single metal-
dependent enzyme with one that is characterized by a relaxed metal specificity profile, or
lacks catalytic metal altogether. This has been observed in enzymes of folate biosynthesis
[for Zn(11)] and in glycolysis [for Mn(I1)] [43,44]. Additional Zur-regulated genes that
encode what appear to be paralogs of metalloenzymes are expected to provide a means to
prioritize one metabolic process(es) over others under conditions of Zn(Il) restriction in an
organism-specific manner [45,46]. These include folate, pyrimidine, and possibly queuosine
biosynthesis [46].

Remodeling of the bacterial cell wall occurs under conditions of Zn(ll) starvation through
Zur-regulated expression of N-acetylmuramoyl-L-alanine amidases A. baumannii Zr1A,
Vibrio cholerae ShyB, and £ aeruginosa AmiA [45,47*,48]. These peptidoglycan-
remodeling hydrolases are Zn(l1)-dependent metallopeptidases, and increased expression of
a Zn(lI)-dependent enzyme under conditions of Zn(l1) restriction is counterintuitive. It is
unknown if this is an early-, mid- or late-stage response to zinc limitation (Figure 3c), and it
remains unclear if these peptidases make the cell wall more resistant to Zn(ll) limitation or
simply perform a housekeeping role while their constitutively expressed counterparts are no
longer active.

An important late-stage Fe-deprivation response is regulation of gene expression by a Fur-
regulated SRNA, originally described for £. co/i RhyB [49] and more recently characterized
in B. subtilisas FsrA and in P, aeruginosaas PrrF1/PrrF2 [50,51**]. These sSRNAs regulate
translation as antisense RNAs to down-regulate the expression of nonessential Fe-containing
enzymes and Fe-storage proteins under extreme Fe limitation, while also enhancing
translation of selected genes involved in siderophore biosynthesis (Figure 3b) [49,52]. PrrF
regulation in £ aeruginosa extends far beyond Fe homeostasis and impacts many other
metabolic and cellular processes as a result of the extensive Fe-metalloproteome, including
quorum sensing, twitching motility, branched-chain amino acid biosynthesis [53], sulfur
metabolism, and phenazine biosynthesis [51]. In this way, Fe restriction remodels
metabolism to prioritize processes that maintain cellular growth under these conditions.

Crosstalk Among Metallostasis Systems

Although the divalent metal competitivity index [54] is collectively managed by metal-
specific protein- and RNA riboswitch-based regulators (Figure 1a), metalloregulatory
proteins can be mis-metalated by non-cognate metals, particularly under conditions of acute
metal toxicity. In some cases [55], but not all [56], coordination of a non-cognate metal can
drive the same /n vitro allosteric response as the cognate metal, thus potentially undermining
the integrity of cellular metallostasis (Figure 1). For example, in Salmonella enterica sevovar
Typhimurium, acute Zn(Il) toxicity transcriptionally induces a Co(ll) toxicity response by
the Co/Ni sensor, RcnR, while conversely, acute Co(ll) toxicity triggers a Zn(ll) toxicity
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response regulated by the Zn(I1) efflux activator ZntR while also leading to repression of the
Zur-regulon (Figure 4a) [11]. This type of Zn-Co crosstalk may be important for survival
under acute phase metal stress, since it leverages the likelihood that metal effluxers regulated
in this case by RcnR and ZntR, catalyze transport of non-cognate metals with rates that are
similar to cognate metals, but with lower cellular sensitivities. Mis-metalation of Fur by
Mn(11) under conditions of Mn(11) toxicity, on the other hand, is detrimental to cell viability,
and is avoided by proper tuning of the coordinated responses of the Mn(l1)-sensing repressor
and Fur to distinct ranges of cellular metal activity (Figure 1a) [57].

Metallostasis crosstalk may have additionally evolved as a result of the need for
physiological adaptation to multiple metal stresses, particularly those encountered by
bacterial pathogens. For example, microenvironments that restrict Zn(Il) availability may
well restrict Fe, and vice versa, mediated by one or more host proteins, including CP (Figure
2). Recent work reveals that the genes encoding for the biosynthesis, efflux and uptake of
the broad-spectrum metallophore staphylopine in S. aureus are cooperatively regulated by
both Fur and Zur [42,58], while those for pseudopaline in 2 aeruginosa have thus far only
been shown to be regulated by Zur [40]. While both metallophores are capable of reversing
Zn(I)-deplete growth defects [38,40,42*], it has not yet been demonstrated that they can
combat Fe(ll) starvation, consistent with the lower affinity of Fe(ll) (log Kre~12) vs. Zn(ll)
(log Kz4*15) for staphylopine [38]. In S. aureus, the staphylopine biosynthetic enzyme,
staphylopine dehydrogenase (CntM), is allosterically regulated by metal concentrations /in
vitro, thus providing another level of regulatory control, but one that is exquisitely sensitive
to the concentration and nature of the metal (Figure 4b) [59].

CP-induced co-restriction of Fe and Zn(ll) in A. baumannii provides an example of
integration or crosstalk in the adaptive response to global metal limitation [18**]. Fe
starvation leads to the cellular depletion of Fe-S cluster proteins including the important
cellular reductant ferredoxin [51]. Under these conditions, flavin-harboring flavodoxins may
functionally replace ferredoxins, consistent with their relative redox potentials [60], through
a Fur-mediated mechanism (Figure 4c) [61,62]. The important point here is that ZigA,
required for robust de novo flavin biosynthesis in A. baumannii, is regulated by Zur, and not
by Fur [18]. This may reflect a cellular need to metalate a key Zn(Il) metalloenzyme of the
de novo riboflavin biosynthetic pathway [18], and may well be a consequence of the
uniquely large metabolic footprints of Fe and Zn as ubiquitous cofactors in cellular
metabolism in a typical Fe-centric bacterium [26].

Other examples of regulatory interconnectivity beyond the response to Fe and Zn co-
restriction, have recently been described. For example, the Fur-regulated SRNA PrrF1/2
induced by Fe starvation represses translation of parts of the Zur regulon in £ aeruginosa
(Figure 4d) [51**]. Similarly, the S. aureus SRNA RsaC is co-transcribed with the gene
encoding the Mn(I1) uptake transporter MntABC in response to Mn(I1) limitation; mature
RsaC targets mRNAs that encode Mn(l1)-cofactored superoxide dismutase, favoring
synthesis of the cambialistic SOD that utilizes either Mn or Fe [8], but also proteins involved
in Fe/Zn(11) transport and Fe and Zn(I1) homeostasis [63]. Thus, RsaC may further integrate
the adaptive response beyond multi-metal nutritional immunity in S. aureus, to host-
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mediated oxidative and nitrosative stressors projected to temporally present at the same
cellular niche.

Concluding remarks

Bacterial metallostasis is orchestrated by the interconnected actions of a suite of regulatory
proteins and metal-sensing riboswitches that collectively function as arbiters of the
bioavailability of metals in cells (Figure 1), and thus exert significant control over the
metalation status of the proteome [4**]. Host efforts to perturb metallostasis as a means to
limit infection, in turn, significantly impact metabolic flow in the infected host, given in
particular, the generally large footprints of Zn(Il)- and Fe-dependent metabolic machinery
[18**,51**]. Multi-metal restriction by host proteins, of which CP is just one [2*,17**], is
an emerging theme at the host-pathogen interface, which occurs in the presence of other host
stressors; as a result, a systems-level adaptive response, involving multiple layers of
regulation and cross-talk, is required in some cases to re-wire metabolism so that essential
processes run [18**,51**]. The challenge moving forward is to identify these processes,
which are likely unique at specific sites of infection for a specific pathogen within a
community of organisms. Multi-“omics” approaches [18**,54] and imaging strategies [64]
needed to elucidate metal speciation in bacterial cells and infected tissues [65], promise new
insights into this central host-defense process.
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Highlights

. Maintaining cellular metal bioavailability is a tightly regulated process

. Host-mediated metal sequestration via calprotectin may result in multi-metal
restriction

. The bacterial response to metal starvation involves intricate regulatory
networks

. Metal starvation elicits significant crosstalk among metallostasis systems

. Overcoming metal ion imbalance involves metabolic remodeling
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Figure 1.

Metallostasis. (a) Bioavailable metal (Me) concentrations can be estimated from metal
sensor affinities for their cognate metals and are tuned to the inverse of the Irving-Williams
series of divalent ion-chelate stability constants. Increases in bioavailable metal (dashed red
box) results in cellular toxicity, and leads to mis-metalation of coordination sites bound by
less competitive metals [4**]. Decreases in bioavailable metal (dashed b/ue box) results in
cellular starvation which may lead to under-metalation and potentially mis-metalation of the
metalloproteome by more competitive metals. Total Mn concentration varies in an
approximate range of Mn:Fe ratio of 0.1~1 from “Fe-centric” (/ight brown line) to “Mn-
centric” bacteria (dark brown line) [26]. (b) Pairs of uptake and efflux metalloregulators
sense cellular metal concentration which maintain bioavailable metal in the metal activity
range defined by the graybox [11].
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Figure 2.
Nutritional Immunity. The human host secretes calprotectin (CP) from neutrophils (yellow)

and epithelial cells (pink) in an effort to starve the invading pathogen of Zn(11), Mn(ll),
Fe(l1), Cu(ll), and Ni(lIl) (for a comprehensive review, see [2*]). While calprotectin is
capable of chelating all metals shown, the exact withholding effect is both organism- and
tissue microenvironment-dependent, as reviewed in [2*]. See text for additional details.
Calprotectin is a dimer of SL00A8/S100A9 heterodimers, forming an active a3,
heterotetramer in the presence of higher Ca(ll) concentrations in the extracellular milieu.
Each ap heterodimer harbors one subunit-bridging site (HissAsp, Site 1) and one broadly
promiscuous, subunit-bridging divalent metal binding site (Hisg, Site 2) (PDB: 4GGF).
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Figure 3.

Gradient response to metal starvation. (a) Zur and (b) Fur derepress at three distinct or “step-
wise” waves of increasing degrees of Zn(lIl) and Fe depletion, respectively, labeled
moderate, severe and extreme. (c) The Zur step-wise derepression waves are mobilization
from the ribosome, extracellular uptake and intracellular allocation by putative Zn(Il)
metallochaperone, e.g., ZigA [18**] or ZagA [32**], and metabolic remodeling with the
expression of Zn(lI1)-independent proteins (/ef?) [27, 30]. The Fur step-wise derepression
waves are metal uptake, siderophore production/Fe(l11) capture and uptake, and Fe-sparing
through a sSRNA (right) [29]. As the graded response has only been observed in two
organisms thus far, further studies in other bacteria are required to explore the generality of
this regulatory response. Additional recently identified responses to Zn(ll) starvation are
mycobacterial-specific protein Y (MPY)-mediated assembly of inactive or “hibernating”
antibiotic-resistant 70S ribosomes in M. tuberculosis [33*] and enhanced resistance to Zn(ll)
restriction via ZrlA/ShyB-dependent remodeling of the cell wall [47*,48] (center).
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Figure 4.
Metallostasis crosstalk. (a) In S. enterica serovar Typhimurium, RcnR senses Co(ll) toxicity

and derepresses Co(ll) effluxers (cyan). Under conditions of Co(ll) toxicity, Zn(Il)
responsive regulators ZntR and Zur also sense non-cognate Co(ll) to allow for the
expression of Zn(I1) effluxers (gray) that are capable of effluxing non-cognate Co(ll) [11].
(b) The metallophore staphylopine is produced for transition metal uptake under conditions
of low Zn(Il) or low Fe via Zur and Fur dual regulation [58]. Once metallostasis is restored,
staphylopine dehydrogenase (CntM) is inhibited by high levels of Zn(I1) to avoid toxicity
[59]. (c) Fe starvation is expected to result in the loss of cellular reducing equivalents
provided by ferredoxin (Fd) [62]. Flavodoxins (FId) can functionally replace the inactivated
Fds in a Fur-dependent manner, as there are Fur regulated Fld-encoding genes in B. subtilis
and C. acetobutylicum [61,66]. When A. baumannii suffers Zn(I1) restriction by CP, a high
cellular concentration of a candidate Zn(Il) metallochaperone ZigA sustains riboflavin
biosynthesis, proposed to occur via metalation of the Zn(l1)-dependent GTP cyclohydrolase
Il RibA, such that Zn(ll) depletion effectively rescues a response to Fe restriction [18**]. (d)
Zn(11) starvation results in the transcription of the Zur regulon. Fe starvation leads to the
transcription of Fur-regulated PrrF sSRNA in £ aeruginosa, which in turn inhibits the
translation of some proteins encoded by the Zur regulon [51**].
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