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ABSTRACT The metal cations of the first transition period fill up their 3d orbitals from
3d°® for Mn(ll) to 3d™ for Zn(ll). Enzymes use these cations as cofactors and exploit
their individual chemical features for important catalytic reactions. A prerequisite for this
process is metalation of the respective enzyme with the correct cation to form metal
complexes, despite the presence of other competing transition metal cations. The first
step to avoid mis-metalation requires maintenance of cytoplasmic cation homeostasis,
which adjusts not only the concentration of an individual cation but also that of the
overall metal-ion pools. This is achieved via a flow equilibrium of metal cation uptake by
importers with broad substrate specificity combined with export of unwanted cations by
efflux systems. A third group of cation importers with high substrate affinity contributes
under metal starvation conditions. Experimental evidence for the existence of such a
flow equilibrium comes from studies using the metal-resistant beta-proteobacterium
Cupriavidus metallidurans. Central to the calibration of the pool of an individual metal
cation are the regulators that control expression of the genes for the import and export
pumps. A theoretical model that deduces how metal-cation discrimination may be
performed by the respective regulator and the pathway from uptake of an external
cation to correct metalation provides new insight into these processes.
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HARD, SOFT, AND BORDERLINE TRANSITION METAL CATIONS: WHY SOME
ARE USED AND OTHERS ARE NOT

L iving cells can only use resources that are available. In terms of transition metals,
these are represented by the first row of the transition elements, from Mn to Zn, and
the anions of V, Mo, W, Ag, Cd, Au, and Hg (1), but not all of these metals have a beneficial
effect and are used. Transition metal cations are Lewis acids, able to interact with Lewis
bases, anions, or compounds with a free electron pair. Divalent metal cations in aqueous
solutions stay in the vicinity of a Lewis base as contact ion pairs or solvent-shared ion
pairs, according to the Debye-Hiickel law (2, 3) . Alternatively, they form metal complexes
with the Lewis bases as ligands, in most cases with O, N, or S atoms in the first shell.
Ligands could be part of an amino acid residue or a cofactor, such as a heme compound.
Fe(ll), Mn(ll), and Cu(ll) complexes are redox-active under physiological conditions. Ni(ll)
and Co(ll) ions may change their oxidation state only within a complex, while Zn(ll)
complexes are redox inactive (Table 1).

The benefit of using transition metal complexes is countered by their toxicity, which
originates from mis-metalation of metal-binding sites, uncontrolled redox processes
with reactive oxygen species, or binding to thiol residues with subsequent disturbance
of either the cellular redox homeostasis or protein conformations (5-19). The metals
of the second and third transition periods are cations, whose large-volume electron
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TABLE 1 Features of transition metal cations®

Journal of Bacteriology

Metal Electrons Cpl.? lonic radius (A) Bond energy (kJ/mol) Ratio Charact.
(4d) 3d Monovalent, divalent O lonic O (%) S lonic S (%) S/0

Mn(ll) 5 oc 0.80 -36.8 63 -43.9 22 1.19 Hard
Fe(ll) 6 oc 0.76 —-42.8 51 -534 12 1.25 Interm.
Co(ll) 7 oc 0.74 —45.2 51 -61.8 12 1.37 Interm.
Ni(ll) 8 dsq 0.72 —45.8 51 -59.5 12 1.30 Interm.
Cu(ln 9 tet (0.96) 0.69 -54.5 47 -104.7 9 1.92 Int/soft
Ag(l) (10) tet (1.26) -22.3 47 -145.8 9 6.53 Soft
Zn(ll) 10 tet 0.74 -47.4 59 -62.6 19 1.32 Interm.
cd(l (10) tet 0.97 -39.7 55 -81.2 15 2.04 Soft

“9Features important for the discrimination of the divalent metal cations of the first row of the transition elements from Mn(ll) to Zn(ll) are shown, additionally Ag(l) as a proxy
for Cu(l) plus Cd(ll) of the second period. Cations that can change their redox state are in bold letters, whereas those which are redox inert under physiological conditions are
in italics. Co(ll) and Ni(ll) can do this only within metal complexes. The number of d-electrons in the 3d- or 4d-shell, respectively, increases from 5 (a half-filled 3d orbital) to

10 (completely filled orbitals), which subsequently determines possible metal complexes.

*These conplexes (Cpl.) are octahedral (oc), distorted octahedral or square planar (dsq) or tetrahedral (tet). For cobalt, an octahedral geometry is stable for the oxidation
state Co(lll) (italics, gray field). The ionic radii from Mn(ll) to Zn(ll) are similar, but Cu(l), Ag(l) and Cd(ll) are much larger. Since AG = —RT In(K), the bond energy with oxygen
and sulfur atoms in hydroxide and sulfide complexes could be calculated from the stability constants of these compounds (4), respectively, and is shown in kJ/mol, plus the
percentage of the ionic character of the bond as calculated from the electronegativity according to Linus Pauling. The ratio of the bond energies S/O in combination with
the ionic radius indicates the soft (bold letters), hard (italics) or intermediate (interm.) character (Charact.) of the respective ions. Cu(ll) (gray field) usually appears as Cu(l)
within the reducing environment of the bacterial cytoplasm and is here soft while Cu(ll) is intermediate (int/soft). More details are published (1).

orbitals and comparably high electronegativity (20-22) result in them binding strongly
to sulfur atoms of thiol groups. This leads to a high toxicity of these “soft” cations, which
severely limits their usefulness. Exceptions are the oxyanions of Mo and W that are firmly
sequestered by cofactors (23-25).

This leaves as useful bioelements the cations of the first transition group from Mn(ll)
to Zn(ll), which, nevertheless, also have toxic features. These metal cations fill their 3d
orbitals from 3d® to 3d'°. This filling confers different chemical features to these cations,
affecting both their usefulness and toxicity (Table 1). Their bond energy to first shell
ligand atoms increases from Mn(ll) to Cu(ll), while the ionic character of the bond and
the number of ligands that can be accommodated decrease. This is represented in the
Irving-Williams series Mn(ll) < Fe(ll) < Co(ll) < Ni(ll) < Cu(ll) > Zn(ll), which describes
the stability of their metal complexes (26). As noted in that study, Zn(ll) falls outside
the series from Cu(ll) to Mn(ll) and is almost on a level with Ni(ll) (Table 1). The under-
lying chemical principles of transition metal homeostasis are more deeply explained
elsewhere (1, 2) and in other recent reviews with different foci (27-29).

During the evolution of life, only resources with a benefit higher than their associ-
ated cost have been continuously used. The usefulness of metal complex-mediated
biochemical reactions to the bacterial cell must minimize any potentially damaging
effect mediated by transition metal cations. This is accomplished most effectively by
restricting their cytoplasmic availability to a level that is just sufficient to allow correct
metalation of proteins or other compounds.

THE REQUIREMENT FOR METAL UPTAKE SYSTEMS WITH BROAD SUBSTRATE
SPECIFICITY

Because the presence of a charged ion within the hydrophobic core of a biological
membrane is energetically highly unfavorable, uptake systems are needed to mediate
transport of transition metal cations across the inner membrane into the bacterial
cytoplasm. Alternatively, metal cation may be imported as part of a complex, for instance
with phosphate, histidine complexes, siderophores, or other metallophores (30-37). With
respect to the uptake of metal cations, enzymes and transport systems alike have
a problem in common. After binding of the respective substrate into an enzyme-sub-
strate complex (ES), the reaction path of the respective enzymatic or transport reaction
has to cross the energetic barrier of the transition complex to form the enzyme-prod-
uct complex or perform the transport reaction, respectively. An increase in substrate
specificity, affinity, or degree of discrimination would mean a lower energetic state of the
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ES, with a consequent increase in the energetic ‘distance’ to the transition complex and
a lower reaction rate (38). This means that enzymes or transport systems cannot have at
the same time a high substrate affinity or degree of discrimination and a high reaction
rate. Because the ionic radii of the useful transition metal cations are all around 0.75 A
(Table 1) (4), a high degree of discrimination by formation of metal complexes would be
needed for high-specificity uptake of a metal cation, which would strongly decrease the
import rate. On the other hand, a bacterial cell needs more than 10” Mg(ll) ions plus up
to 10° cations of the other transition metals per duplication (39), so that their import rate
must nevertheless be sufficiently high.

The solution to this problem seems to be a rapid and rather unspecific import of
metal cations in combination with removal of surplus ions plus highly specific import at
very low environmental concentrations. This is performed by a triumvirate of different
categories of transport systems. A general import system (GIS) with broad substrate
specificity, a process allowing high transport rates, transports Mg(ll) along with divalent
metal cations with similar ionic diameters, such as Co(ll) and Zn(ll). Among these proteins
are secondary proton motive force-driven CorA-type importers of the MIT protein family
(TC#1.A.35, transporter classification system [40-43]) or primary, ATP-driven MgtA-type
P-type ATPases (TC#3.A.3 [44]). Removal is done by metal efflux systems that get rid
of unwanted or excess ions. These exporters, however, also suffer from the transport
affinity versus rate problem and cannot afford too high a substrate specificity because
their overall reaction rate has to keep up with that of the general import systems. The
solution is delegation of discrimination to the transcriptional regulators that control
expression of the genes and operons of the respective systems. The metal-resistant
beta-proteobacterium Cupriavidus metallidurans, for instance, possesses three Pjg-type
(45) efflux ATPases—ZntA, CadA, and PbrA for Zn(ll), Cd(ll), and Pb(ll), respectively—
which nevertheless transport Zn(ll) and Cd(ll) with similar kinetic parameters (46). Each
gene is regulated by its own MerR-type regulator (47-51). In this way, the regulators
have sufficient time to discriminate their substrate, thereby assigning the associated
efflux pump to its metal-specific export function. Consequently, correct metalation of
regulatory proteins is at the core of multiple transition metal homeostasis.

The third member of the triumvirate is the ABC-type importer family (TC#3.A.1),
such as ZnuABC for zinc uptake in Escherichia coli and many other bacteria (52), which
supply metal ions to the cell especially under starvation conditions. These import
systems delegate the substrate discrimination to periplasmic binding proteins (53),
which, moreover, also increase the number of substrate binding sites. After binding,
the substrate is delivered to the importer protein complex and transported into the
cytoplasm, which is driven by ATP hydrolysis. This results in the cost of one ATP per
transported ion. In comparison, the cost for a CorA-mediated import of two positive
charges by the charge gradient of the proton motive force would be equal to 0.6 ATP
(54) in a bacterium possessing a F1Fg-ATPase with 10 c subunits. Consequently, ZnuABC
is only upregulated under conditions of zinc starvation, with Zur being the responsible
regulator of gene expression in many bacteria (52, 55, 56).

The expression of efflux systems and high-affinity import systems is inversely
regulated to minimize a futile cycle of energy-dependent uptake and efflux reactions
(Fig. 1). The beta-proteobacterium C. metallidurans requires 200 nM Zn(ll) to provide
sufficient zinc to the cytoplasm (57). At higher concentrations, ZntR upregulates
expression of zntA for the efflux pump, while at lower concentrations, Zur upregulates
expression of zupT for the main zinc uptake system (47). Nevertheless, ZupT and ZntA
are both present regardless of whether there are high or low zinc concentrations in the
growth medium (58, 59). This led to the hypothesis of a flow equilibrium formed by the
continuous action of uptake and efflux reaction, which is central to the maintenance of
the cytoplasmic zinc concentration in this bacterium and the overall composition of the
transition metal complement.
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FIG 1 Summary of the zinc homeostasis in C. metallidurans CH34 under conditions of changing zinc availability. This is a revised version of a previously
published figure (60). On the top and left hand, import of transition metal cations Zn(ll) (blue), Co(ll) (red), and Cd(ll) (black) by outer-membrane (OM) porins
(Por), through the periplasm (Peri) and subsequently across the inner membrane (IM) into the cytoplasm by >8 general import systems (GIS) and ZupT is
depicted, leading to cytoplasmic (Cyto) zinc pools with increasing sizes from the left to the right [circles, zinc in 1,000 Zn(ll) per cell] as well as Cd and Co pools
(above the circles). In the cytoplasm, the ions interact with metal-binding components such as glutathione, polyphosphate, or zinc-binding sites in proteins,
which form the zinc repository. Efflux systems on the top middle export these metals again (arrows). Some of these are encoded by the chromid or the genomic
island CMGI_1 on the bacterial chromosome. DmeF adjusts the Co pool, while ZntA, CdfX, and CadA adjust those of Zn and Cd. At high zinc concentrations,
the products of the plasmid pMOL30-encoded czc determinant are necessary for full metal resistance. These products provide additional efflux power for export
across the IM and subsequently by the CzcCBA transenvelope complex to the outside. Products of genes on plasmid pMOL28 are not shown. At the bottom, the
players in the cytoplasm are shown with dashed arrows indicating interaction and, additionally, the most important genes and the associated replicons. More
details concerning the figure are in the text.

THE FLOW EQUILIBRIUM AND ITS COMPONENTS

A flow equilibrium is reached when an uptake and an efflux system transport a substrate
with the same velocity (with no net release or consumption of intracellular metal stores).
This leads to the formula

G = Km—ef/(Vmax—ef/Vmax—up : (Km—up/co + 1) - 1)

with ¢j and ¢, being the cytoplasmic and outside concentrations of the substrate,
respectively, and Ki,, and Vi,ax being the kinetic parameters of the uptake and efflux
systems (61). In this simple case, ¢; could be kept constant by adaptation of the Vi ax-ef/
Vimax-up ratio to the ¢, values. Since Vinay is the product of the sum of transport systems
and their turnover numbers, this could be done by upregulation or downregulation of
the synthesis of transport systems. This simple model indicates the best adaptation to
changing ¢, values when ¢, is in a similar range as Km.yp, for instance, between 0.1- and
10.0-folds of the Kiy_yp. To increase this range, C. metallidurans contains many uptake and
efflux systems with overlapping kinetic parameters (Fig. 1). Additionally, there might be
flux control to quench oscillations of the flow equilibrium. Many metal transport systems
contain metal-binding sites in the cytoplasm. Their occupation may downregulate the
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uptake rate of importers and upregulate that of exporters and may also serve here as
“sponges” that concentrate the substrate metal at the exporter site (1, 2, 62-69).

It should be noted that ¢;is not a chemical concentration as in water and should really
be expressed as a chemical activity, potential or free energy. Following the Debye-Huickel
law, the transition metal cations should be distributed to the anionic metal-binding
sites within the cytoplasmic components by a Boltzmann distribution. This results in
an apparent concentration at the metal binding site, derived from the free energy of
binding a metal from an available, exchangeable, or “labile” metal pool inside the cell (29,
70-73).

Not all metals of the quota (the total number of atoms per cell, which includes every
metal atom inside the cytoplasm, periplasm, cell wall, as well as cations tightly bound to
proteins, or indeed the labile ones [28, 74]) are available for this exchange reaction. As
shown with the periplasmic Mn(ll)-binding protein MncA from a cyanobacterium, metals
may be kinetically trapped during folding (70, 75-77) so that they do not exchange
during a time period of metabolic significance (28). Cations present in the cytoplasm
and kinetically available or those with a low probability of an exchange according to
the Boltzmann distribution are available for a metalation event. The ¢; is consequently
defined by the availability of a cation for the particular efflux system that has its apparent
in vivo Km-ef in the range of this ¢; value, because efflux systems with a lower Kqef
should be already exporting with their Viax-ef, and those with a higher K-t should not
contribute with significant export rates.

THE FLOW EQUILIBRIUM AS STUDIED IN C. METALLIDURANS

The type strain C. metallidurans CH34 was isolated from a zinc decantation tank in
Belgium (78). Its 6 Mb genome is organized as a chromosome, a chromid, and two
large plasmids (79, 80). All four replicons carry genes involved in metal homeostasis
and resistance, mostly on genomic islands or the two large plasmids, pMOL28 and
pMOL30 (81-85). Central products of the plasmid-encoded czc and cnr determinants
are transenvelope efflux complexes composed of (i) a trimeric resistance, nodulation,
cell division (RND) (86-90) protein in the cytoplasmic membrane and extending into
the periplasm; (ii) an outer membrane factor (OMF) (91-93) that forms one beta-barrel
pore per trimer in the outer membrane and also extends into the periplasm; and (iii)
a hexameric membrane fusion or adapter protein that connects the RND and OMF
proteins (86, 94-100). Although the RND protein may export metal cations in vitro from
artificial systems that are proxies of the cytoplasm (90, 93), there is no evidence for
such a process in vivo. These transenvelope efflux systems export their substrates from
the periplasm to the outside (46, 101-103). Export from the periplasm to the outside
has been shown directly for another group of RND-driven efflux systems for organic
substances (104).

Pulse-chase experiments using radioactive ®°Zn and isotope-enriched stable ¢Zn
provided evidence that uptake and efflux reactions were indeed occurring in parallel
in C. metallidurans (105), forming a flow equilibrium of Zn(ll) in these cells. To avoid
interference with the plasmid-encoded RND-driven transenvelope efflux systems, these
experiments were done with the plasmid-free strain AE104 and several mutants of
this parent strain. An efflux during the chase was also observed when other metal
cations were used instead of zing, in the order Zn(ll) > Co(ll) > Ni(ll) > Mn(ll) > Mg(ll)
or 100 uM EDTA instead of a chasing metal, which hinders ®Zn uptake by sequestra-
tion of the cation (105). Decreasing the zinc concentration to starvation conditions
during cultivation of the cells used for the pulse-chase experiments did not change the
outcome. But an additional decrease of the Mg(ll) concentration in the growth medium
from 1 mM to 100 uM increased the zinc uptake rate during the pulse and even led to
a slow efflux in the un-chased control. Moreover, the Mg(ll) used for the chase resulted
in a stronger zinc efflux in magnesium-starved cells than in the control cells (105).
This provided evidence that indeed uptake systems with a broad substrate range were
operating in C. metallidurans, for instance, magnesium uptake systems.
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A variety of metal uptake systems with such a broad substrate specificity (GIS, Fig. 1)
are involved in the uptake of Zn(ll) by C. metallidurans (39, 106-108). These include (i) the
four proteins CorAj, CorA,, CorAz, and ZntB (42, 43, 65, 109) of the MIT protein family (TC
1.A.35) that are mainly Mg(ll) importers; (ii) the PitA phosphate-metal-proton symporter
(PiT family, TC 2.A.20) (36, 37); (iii) the HoxN Ni(ll) importer (NiCoT family, TC 2.A.52) (110,
111); and (iv) two P-type Mg/Ca importers, MgtA and MgtB (TC 3.A.3) (42, 112). All of
these uptake systems contribute to the import of zinc in this bacterium (39, 106-108,
113).

C. metallidurans does not have a ZnuABC importer (39). Instead of znuABC, Zur in C.
metallidurans regulates expression of the zupT gene for an importer of the ZIP protein
family (TC 2.A.5) (39, 114-119). Deletion of zupT influences the zinc pool in C. metallidur-
ans. Synthesis of the zinc-dependent RpoC subunit of the RNA polymerase is disturbed,
leading to accumulation of RpoC proteins in inclusion bodies (113). Moreover, produc-
tion of the CzcCBA transenvelope efflux system is prevented, for instance, by curing
of the czc-carrying plasmid pMOL30 as published (113). ZupT should be an important
zinc importer in C. metallidurans (Fig. 1). Indeed, compared to the parent AE104, zinc
uptake during the pulse was on a lower level in the AzupT mutant, especially in cells
grown under zinc- and magnesium-starvation conditions (105). Mutant strain A7 with
additional deletions of corA;, , 3, zntB, pitA, and hoxN imported zinc with even lower
rates. Surprisingly, an additional deletion of mgtA and mgtB for the two P-type ATPases
(A7 AmgtA AmgtB) resulted in the A9 mutant strain, which again imported Zn(ll) with
a higher rate than the A7 or AzupT strains but only when the cells were cultivated
with ambient metal supply. This indicated the presence of an unknown zinc importer
“X" that functions more efficiently in cells grown under ambient metal supply than in
metal-starved cells (105).

Cytoplasmic metal-binding components should affect the availability of metal cations
for the regulators of gene expression of the transport systems and possibly the flux
control mechanisms. Removal of glutathione (AgshA) or of polyphosphate (Appk) indeed
decreased metal uptake, especially in metal-starved cells. Polyphosphate, a “hard” Lewis
base, had a stronger effect in cells starved for the hard Lewis acid Mg(ll) than the
soft thiol compound glutathione. Neither compound affected the efflux reaction (105).
This indicated that there is an important contribution of cytoplasmic metal buffers to
the cellular metal homeostasis, e.g., glutathione and polyphosphate, in addition to the
general zinc repository or metal-binding proteins (2, 120).

The presence of efflux systems should also influence the flow equilibrium because
they counteract the activity of the uptake systems. In the plasmid-free C. metallidurans
strain AE104, at least eight efflux systems can be involved in transport of the ion across
the inner membrane, the three CDF proteins (TC 2.A.4) (121), DmeF mainly for Co(ll),
FieF for Fe(ll), and CdfX for Zn(ll) plus three Cu(l)-exporting Pig1-type ATPases and two
P\g2-type ATPases for Zn(ll) and Cd(ll) (45, 46, 60, 103, 122-124). Deletion of the genes
encoding the two zinc-cadmium-exporting P|g,-type ATPases, zntA and cadA, in the Ae2
mutant decreased the import rate of zinc and the subsequent efflux rate during the
chase. Although DmeF and FieF do not contribute much to zinc and cadmium resistance
(46), the zinc uptake and efflux rates were more strongly decreased in the Ae4 (Ae2
Admef AfieF) than in the Ae2 mutant (105).

Residual efflux activity in the Ae4 mutant strain led to the identification of CdfX as
another efflux system, which is involved in zinc export and homeostasis (60). Expression
of the cdfX gene is under zinc control via ZntR (Fig. 1), which also controls expression
of zntA. ZntA is the main efflux system of cytoplasmic Zn(ll) and Cd(ll). When the Cd(ll)
concentration becomes too high for an efficient cadmium removal by ZntA, the cadA
gene for cadmium-exporting CadA is expressed under cadmium control by CadR. When,
on the other hand, the zinc content in a cytoplasmic Cd/Zn mixture becomes too high for
an efficient zinc removal by ZntA, CdfX is produced to solve this problem. In this way, zinc
and other ions are efficiently removed from the cytoplasm (Fig. 1), and the cytoplasmic
steady state is kept in a flow equilibrium (105, 125).
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The pulse-chase experiments with radioactive ®Zn(ll) and stable enriched ¢Zn(ll)
(105) indicated that indeed a flow equilibrium of Zn(ll) ions seems to exist in C. metalli-
durans, which was formed by the continuous parallel action of general import systems,
which are mainly for Mg(ll) ions, plus ZupT, zinc efflux systems, and a metal-buffering
effect by glutathione and polyphosphate. Since both transport processes are energy
dependent, a futile cycle seemed to be formed, but the respective energy is used to
adjust the cytoplasmic metal cation complement to minimize mis-metalation along the
Irving-Williams series (125). The composition and availability of the cytoplasmic metal
cations are thus in a steady state that is formed by a flow equilibrium of these import and
export processes.

TRANSITION METALS AS ESSENTIAL-BUT-TOXIC AND COMPETING CATIONS

Once inside the bacterial cell, Mg(ll) and transition metal cations pass between Lewis
bases following the Debye-Hiickel law until a metal-specific protein needs to be
metalated. Mn(ll) with 3d® can be stable in many oxidation states, which allows its
most important function as the central component of the water-splitting complex in
photosystem Il of cyanobacteria (126) or of Mn-dependent superoxide dismutase (127).
Mn(ll) is not used by C. metallidurans, which has no uptake system of the NRAMP protein
family and no Mn-dependent superoxide dismutase, probably to prevent Cd(ll) uptake
because NRAMP systems are notorious Cd(ll) importers (39, 128-132). In E. coli, Mn(ll) is
used to substitute Mn(ll) for Fe(ll) under oxidative stress (133, 134) so that the Mn content
of E. coli under non-stress conditions is also very low.

Fe is the most important minor bioelement in most bacteria. With 3d® as Fe(ll) and
3d® in Fe(lll), iron is central to redox reactions that transfer a single electron. C. metallidur-
ans contains half a million Fe atoms per cell (39), used for cytochromes, mononuclear
iron centers, and iron-sulfur proteins such as aconitase. Under oxic conditions, the
prominent Fe(lll) forms insoluble hydroxide complexes at a neutral pH value so that
bacteria produce siderophores to sequester Fe(lll) and provide it to the cell (135). When
growing in the lab, C. metallidurans uses iron citrate provided in the mineral salt medium,
while it additionally produces the siderophore, alcaligin E (31, 136, 137). Inside cells,
iron is rapidly reduced to Fe(ll), which can result in the Fenton reaction producing
reactive oxygen species that damage biological macromolecules, even when the iron is
in iron-sulfur centers (12, 138, 139). Bacterioferritins and Dps oxidize Fe(ll) to Fe(lll) stored
inside these proteins (140, 141) so that the quota of half a million Fe atoms per cell
probably does not reflect the cytoplasmic availability of iron. Moreover, cytoplasmic Fe(ll)
can also be removed by efflux systems (122, 123, 142, 143).

C. metallidurans contains only 4,000-5,000 Co (3d’) cations per cell when cultivated
under Zn-replete conditions (39, 57), and Co(ll) has also a low availability in most
environments, such as sea water (4). At higher concentrations, it may interfere with
the iron metabolism, causing damage during de novo synthesis of iron-sulfur centers or
mis-metalation of protoporphyrin IX (8-11). Cobalt is mainly used bound to cobalamin
compounds in mutases, which rearrange C-C and C-H bonds (144). To solve the problem
of the generally low availability of cobalt in the environment, combined with a high
risk of causing an imbalance in iron homeostasis should the cytoplasmic cobalt content
increase excessively, cobalamin is used as a kind of “cobalto-phore” and exchanged
between cobalamin-producing and cobalamin-utilizing bacteria. While Fe(ll), Fe(lll), and
Co(lll) can form stable octahedral complexes, Ni(ll) with 3d® is not able to do so and
forms square planar complexes in many instances (145-148). Ni(ll) may interfere with
Fe(ll) and Zn(ll) homeostasis (14, 15), and while its cytoplasmic quota is kept low, it is
used in aerobic bacteria only for a few enzymes such as urease, hydrogenase, and a
nickel-dependent superoxide dismutase (149-152).

Cu appears as Cu(ll) (3d°) in oxic environments but is immediately reduced to Cu(l)
(3d") in the cytoplasm or upon contact with respiratory chain components already in
the periplasm (153, 154). It is used in a variety of enzymes that interact directly with
molecular oxygen, such as in cytochrome ¢ oxidase. As the only soft transition metal
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cation of the first transition period, its toxicity in the cytoplasm is based upon binding
to sulfur atoms in iron-sulfur clusters (17), also during their assembly (19, 155), and to
thiols of proteins causing impaired folding (156). Under oxic conditions in the periplasm,
but not the cytoplasm (134), Cu(l) causes oxidative damage and inhibits assembly of
c-type cytochromes (157) so that availability of Cu(l) has to be kept extremely low in
both compartments (158, 159). This is mediated by many interacting reactions (103,
160-162): (i) binding to chaperones in the cytoplasm (163-165), (ii) efflux into the
periplasm by Pjgi-type ATPases (166-168), (iii) efflux to the outside of the cell by the
CusCBA transenvelope complex (169-171), and (iv) oxidation to the less toxic Cu(ll) in the
periplasm (172-176).

Zn(ll) with a completely filled 3d'" orbital cannot be reduced or oxidized under
physiological conditions and is only able to accommodate four ligands in tetrahedral
complexes. Bound Zn(ll) can be used as structural zinc to stabilize a protein's conforma-
tion or, with one ligand position open, for Lewis acid-mediated catalytic reactions (177).
C. metallidurans keeps its zinc quota at about 80,000 Zn per cell, which is second in
ranking to the number of Fe atoms (39, 57). In contrast, C. metallidurans possesses about
120,000 copies of potential zinc-binding proteins (120), so that even under supply of
sufficient zinc, zinc-binding sites remain available forimmediate occupation.

An important zinc-dependent protein is a FolE_IA GTP-cyclohydrolase that initiates
folate synthesis. Since formyl-tetrahydrofolate is also essential for GTP biosynthesis, a
cyclus diabolus exists between GTP and folate. Bacillus subtilis contains two FolE-type
enzymes, a zinc-dependent FolE_IA and a metal-promiscuous FolE_IB (178), while C.
metallidurans has three FolE-type enzymes. FolE_IA is strictly zinc dependent and is
needed in the presence of Cd(ll), metal chelators, and hydrogen peroxide. FolE_IB1 and
FolE_IB2 depend on Fe(ll), Mn(ll), and Co(ll), with FolE_IB1 used under zinc-starvation
conditions and FolE_IB2 used under low zinc and cobalt but high magnesium availability
(179). As C. metallidurans does not possess a manganese uptake system and contains
only a few hundred Mn atoms per cell (39, 179), the main cofactors for the two FolE_IBs
are Fe(ll) or Co(ll). In contrast to FolE_IB1 and FolE_IB2, the metal cofactor could not be
released from FolE_IA to form a zinc-free apoenzyme by treatment with metal-complex-
ing compounds. This indicates that the Zn(ll) is kinetically trapped in FolE_IA, excluding a
“hop-on-hop-off” metalation as in the case of the FolE_IBs (179).

Another important zinc-dependent protein is the beta-prime subunit RpoC of the
bacterial RNA polymerase with Zn(ll) bound firmly by four cysteine residues (180-182).
Correct metalation of RpoC is determined by the omega subunit RpoZ, which allows
introduction of Zn(ll) into the apo protein only when RpoC is correctly folded (183). This
indicates that in RpoC, FolE_IA, and possibly in other proteins, Zn(ll) is kinetically trapped
and is likely to be inserted immediately after translation. When a portion of the 120,000
proteins with zinc-binding sites in C. metallidurans trap the metal kinetically, another
portion of these proteins presumably has a zinc repository function. Examples could
include zinc-binding sites in the ribosome and other subunits of the RNA polymerase
(180, 181, 184-186) or the COG0523 protein CobW2, which serves as a zinc-storage
protein in C. metallidurans (57, 187).

MIS-METALATION AND THE CONTROL OF THE TRANSITION METAL CATION
POOLS

The flow equilibrium adjusts the cell-bound quota of metals in C. metallidurans to
14,000,000 Mg > 537,000 Fe > 91,000 Zn > 61,000 Cu > 11,000 Ni > 4,000 Co > 993 Mn
(39). Only a portion of these ions is available for metalation or mis-metalation reactions
and is a substrate for the respective efflux system. This portion also governs metal
homeostasis, either by interacting with regulators such as ZntR that increase the number
of efflux systems and subsequently their overall Vi, ax-ef activities, or by regulators that
upregulate the number of import systems, e.g., Zur. In this way, toxicity resulting from an
uncalibrated metal cation pool is prevented.
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Consequently, regulatory processes that adjust the number and activity of transport
proteins are responsible for the maintenance of the cytoplasmic transition metal cation
pools. These include the metal-binding sites of the transport proteins that may be
involved in flux control (63, 67, 188, 189) or riboswitches (190), but most important are
the regulators of gene expression (55, 74, 159, 191-198). They have to perform the dual
task of metal discrimination and determination of their availability (28). Regulators have
a primary metal-binding site required for discrimination; sometimes they have additional
allosteric sites or sites important for their structural integrity (199). The first shell atoms
of the primary site are central for the correct discrimination of a transition metal cation.
For example, Mn(ll) and Fe(ll) sensors use O and N but not S; Mn(ll) predominantly uses
O, which agrees with Mn(ll) being a hard Lewis acid; and Fe(ll) uses O and N equally. For
the divalent cations Co(ll), Ni(ll), and Zn(ll), N is the most important first shell ligand, but S
atoms are also used. Finally, Cu(l) mainly interacts with S (199).

The number of possible ligands and the geometry of the complexes, octahedral,
distorted octahedral, or tetrahedral, are additionally used to discriminate between these
metals. This selective feature directly depends on the number of their 3d electrons (146,
147, 199). Shielding effects occur with an increasing number of ligands, especially for
Zn(ll) and Mn(ll), which cause a negative electron affinity (1, 2, 199). Finally, allosteric
effects and completeness of the assembly of the binding site may be used to increase
selectivity of metal binding (199). These mechanisms organize metal-specific upregula-
tion of the uptake systems, particularly when starvation conditions are imposed, or
alternatively, they induce synthesis of efflux systems when the metal-dependent toxic
burden increases (47, 55, 197).

However, regulators can also be mis-metalated when the composition of the overall
cytoplasmic metal cation complement is disturbed, for instance, by binding of Co(ll) to
the iron uptake regulator Fur (70, 200). This mis-metalation can be simulated in E. coli
using the “metalation calculator” (201). The data predicted here have been experimen-
tally verified using the Mn(ll)-binding protein MncA, which kinetically traps the metal
bound during folding (70). These data demonstrate very clearly that correct homeostatic
control of the cytoplasmic transition metal complement is a prerequisite to prevent
mis-metalation of proteins (29) or regulators (73) that close the feedback regulatory loop
between flow equilibrium, metal-pool adjustment, and metalation (125).

Moreover, these findings using metalation calculators (70) imply that inter-metal
competition from exchangeable metal pools to proteins approximates thermodynamic
equilibrium, at least when the respective flow equilibria are at steady state. This is
because predictions of the metalation calculators are based on a thermodynamic
equilibrium model and assume rapid associative metal exchange at this step. Other
aspects of metal homeostasis that precede or follow this exchange step, includ-
ing metal-transport, metal-trafficking, and protein folding, can be non-equilibrium
and dominated by kinetics. Importantly, the flow equilibrium model and metalation
calculators (https://metalation-calculatorawh.durham.ac.uk/) describe different steps
and are compatible.

C. METALLIDURANS: MODEL SYSTEM OR EXCEPTION?

A model (Fig. 1) summarizing the data primarily for zinc homeostasis in C. metallidurans
has been published (60). The flow equilibrium (105) is formed by GIS action (Fig. 1),
ZupT plus ZntA with zupT being under Zur control and zntA under the control of ZntR
(47). Related proteins are present in many bacteria, but most of these bacteria have an
additional ZnuABC import system (52, 117, 202) so that a flow equilibrium probably also
exists for these microorganisms.

Three proteins belonging to the COG0523 family of proteins—CobW1, CobW2, and
CobW3—are also involved in zinc homeostasis in C. metallidurans (105, 118, 187). Related
proteins deliver Ni(ll) to hydrogenases and the urease. Initially found in the vicinity of
cobalamin biosynthesis operons, the genes for these COG0523 proteins are often under
Zur control, which is also the case in C. metallidurans. Zur control indicates a function
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under zinc starvation conditions (203). These proteins are present in many organisms
from bacteria to vertebrates and plants (178, 201, 204-207). They may deliver Zn(ll)
to zinc-dependent proteins with the energy of GTP hydrolysis used to dissociate the
protein-protein interaction.

While CobW?1 in C. metallidurans resembles ZagA (178) with one zinc-binding site
close to the site controlling GTP hydrolysis, CobW2 contains a sequence of numerous
and adjacent metal-binding sites in the middle of the protein. The protein occurs in
two different conformations and increases the number of cell-bound zinc ions. CobW2
may be a zinc-storage compound that releases Zn(ll) upon a conformational change.
CobWs3 also contains a sequence of adjacent metal-binding sites but located at the
carboxy-terminus. CobW3 has lost its GTPase function and may instead control the
activity of metal transport systems (118, 187). Both proteins affect the flow equilibrium of
zinc in pulse-chase experiments (105).

The substitution of some of the cell-bound zinc by cobalt under zinc-starvation
conditions (57), for instance, to activate FolE_IB-type enzymes (179) (Fig. 1) has been
previously shown for Salmonella (208). The process requires in C. metallidurans an
interaction of ZupT with CobW2 and CobW3 and export of Co(ll) by DmeF when the
cytoplasmic cobalt concentration becomes too high (57). This means that these CobW
proteins are involved not only in zinc but also in cobalt homeostasis (201), with CobW2
and CobW3 being at the crossroads of both processes in C. metallidurans (57) (Fig. 1).
Since CobW-like COG0523 proteins occur in many organisms (178, 201, 204-207), such a
Zn-Co cross-link may also be a widespread phenomenon.

At micromolar concentrations of Zn(ll) and Cd(ll) (Fig. 1), ZntA is able to export both
cations from the cytoplasm (46, 209) and is supported by CadA or CdfX when the
availability of cytoplasmic Cd(Il) or Zn(ll) increases, respectively (60). The czc determinant
on plasmid pMOL30 is responsible for even higher zinc concentrations and exports Zn(ll)
across the inner membrane to the periplasm by the CDF protein CzcD and the Pgs-type
ATPase CzcP for subsequent export across the outer membrane by CzcCBA (Fig. 1) (46,
96, 106, 210).

The czc determinant in C. metallidurans is unique in its complexity with the com-
ponents of the transenvelope efflux systems, periplasmic proteins, CzcD, CzcP, and a
two-component regulatory system; however, related determinants are also widespread
in other bacteria (88). The identified mechanisms of transition metal homeostasis should,
therefore, also be present in other bacteria but perhaps in a simpler form. Concerning
zinc homeostasis (Fig. 1), the left-hand half of the scheme (sufficient zinc and zinc
starvation) can serve as a general model for many bacteria. Moving to the right hand into
the domain of high-level zinc resistance, the situation becomes more and more specific
for C. metallidurans.

ACKNOWLEDGMENTS

My thanks to Gary Sawers for his critical comments on this review and all the other ones
in the last 20 years, and to Jan R. Andreesen before that time. | also acknowledge the
contribution of my former postdocs, Cornelia Grof3e, Gregor Grass, Martin Herzberg, and
Lucy Butof, of 25 PhD students, starting with Chris Rensing, and provided the last two
have finished, about 50 Master and Diploma, numerous Bachelor students, and last but
not least, my technician, Grit Schleuder, who kept the lab and the strain collection in
order the last 30 years. | have learned a lot about writing papers and grant acquisition
from Simon Silver, Barbel Friedrich, and the late Hans H. Schlegel. Part of this work was
funded by DFG grants Ni262/19 and Ni262/20. Thanks to DFG for reading 20 of my
grant proposals, accepting some of them, plus funding scientific networks such as the
legendary Gene Center Berlin and the graduate school “Stress” in Halle. Last, thanks to
all the anonymous reviewers of all these papers and grant proposals for their productive
and critical remarks.

November 2025 Volume 207 Issue 11

Journal of Bacteriology

10.1128/jb.00228-25 10

Downloaded from https://journals.asm.org/journal/jb on 05 December 2025 by 141.48.67.87.


https://doi.org/10.1128/jb.00228-25

Minireview

AUTHOR AFFILIATION

Journal of Bacteriology

'Institute for Biology/Microbiology, Martin-Luther-University Halle-Wittenberg, Halle
(Saale), Germany

AUTHOR ORCIDs

Dietrich H. Nies (® http://orcid.org/0000-0002-4516-8267

FUNDING

Funder Grant(s) Author(s)
Deutsche Forschungsgemeinschaft Ni262/19 Dietrich H. Nies
Deutsche Forschungsgemeinschaft Ni262/20 Dietrich H. Nies

AUTHOR CONTRIBUTIONS

Dietrich H. Nies, Conceptualization, Funding acquisition, Writing — original draft, Writing
- review and editing

REFERENCES

1.

November 2025 Volume 207

Nies DH. 2022. Chemical constraints for transition metal cation
allocation, p 21-52. In Hurst CJ (ed), Microbial metabolism of metals
and metalloids. Vol. 10. Springer, Heidelberg.

Nies DH. 2022. How is a zinc ion correctly allocated to a zinc-dependent
protein?, p 579-659. In Hurst CJ (ed), Microbial metabolism of metals
and metalloids. Springer, Heidelberg.

Debye P, Hiickel E. 1923. Zur Theorie der Elektrolyte. |. Gefrierpunktser-
niedrigung und verwandte Erscheinungen. Physikal Zeitschr 24:185-
206.

Weast RC. 1984. CRC handbook of chemistry and physics. 64th ed. CRC
Press, Inc, Boca Raton, Florida, USA.

Helbig K, Grosse C, Nies DH. 2008. Cadmium toxicity in glutathione
mutants of Escherichia coli. J Bacteriol 190:5439-5454. https://doi.org/1
0.1128/JB.00272-08

Leonard S, M. Gannett P, Rojanasakul Y, Schwegler-Berry D, Castranova
V, Vallyathan V, Shi X. 1998. Cobalt-mediated generation of reactive
oxygen species and its possible mechanism. J Inorg Biochem 70:239-
244, https://doi.org/10.1016/S0162-0134(98)10022-3

Liu J, Reid RJ, Smith FA. 2000. The mechanism of cobalt toxicity in mung
beans. Physiol Plant 110:104-110. https://doi.org/10.1034/j.1399-3054.
2000.110114.x

Ranquet C, Ollagnier-de-Choudens S, Loiseau L, Barras F, Fontecave M.
2007. Cobalt stress in Escherichia coli. ) Biol Chem 282:30442-30451. htt
ps://doi.org/10.1074/jbc.M702519200

Thorgersen MP, Downs DM. 2007. Cobalt targets multiple metabolic
processes in Salmonella enterica. J Bacteriol 189:7774-7781. https://doi.
org/10.1128/JB.00962-07

Fantino J, Py B, Fontecave M, Barras F. 2010. A genetic analysis of the
response of Escherichia coli to cobalt stress. Environ Microbiol 12:2846-
2857. https://doi.org/10.1111/j.1462-2920.2010.02265.x

Majtan T, Frerman FE, Kraus JP. 2011. Effect of cobalt on Escherichia coli
metabolism and metalloporphyrin formation. Biometals 24:335-347. ht
tps://doi.org/10.1007/s10534-010-9400-7

Liochev S, Fridovich I. 2002. The Haber-Weiss cycle -- 70 years later: an
alternative view. Redox Rep 7:55-57; https://doi.org/10.1179/13510000
2125000190

Haber F, Weiss J. 1932. Uber die Katalyse des Hydroperoxydes.
Naturwissenschaften 20:948-950. https://doi.org/10.1007/BF01504715

Macomber L, Elsey SP, Hausinger RP. 2011. Fructose-1,6-bisphosphate
aldolase (class Il) is the primary site of nickel toxicity in Escherichia coli.
Mol Microbiol 82:1291-1300. https://doi.org/10.1111/j.1365-2958.2011.
07891.x

Macomber L, Hausinger RP. 2011. Mechanisms of nickel toxicity in
microorganisms. Metallomics 3:1153-1162. https://doi.org/10.1039/c1
mt00063b

Begg SL, Eijkelkamp BA, Luo Z, Couflago RM, Morey JR, Maher MJ, Ong
CY, McEwan AG, Kobe B, O’'Mara ML, Paton JC, McDevitt CA. 2015.

Issue 11

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Dysregulation of transition metal ion homeostasis is the molecular
basis for cadmium toxicity in Streptococcus pneumoniae. Nat Commun
6:6418. https://doi.org/10.1038/ncomms7418

Macomber L, Imlay JA. 2009. The iron-sulfur clusters of dehydratases
are primary intracellular targets of copper toxicity. Proc Natl Acad Sci
USA 106:8344-8349. https://doi.org/10.1073/pnas.0812808106

Letelier ME, Sdnchez-Jofré S, Peredo-Silva L, Cortés-Troncoso J, Aracena-
Parks P. 2010. Mechanisms underlying iron and copper ions toxicity in
biological systems: pro-oxidant activity and protein-binding effects.
Chem Biol Interact 188:220-227. https://doi.org/10.1016/j.cbi.2010.06.0
13

Tan G, Yang J, Li T, Zhao J, Sun S, Li X, Lin C, Li J, Zhou H, Lyu J, Ding H.
2017. Anaerobic copper toxicity and iron-sulfur cluster biogenesis in
Escherichia coli. Appl Environ Microbiol 83:€00867-17. https://doi.org/1
0.1128/AEM.00867-17

Housecroft CE, Constable EC. 2006. Chemistry. 3rd ed. Pearson
Education Limited, Essex, England.

Cornejo FA, Muioz-Villagran C, Luraschi RA, Sandoval-Diaz MP, Cancino
CA, Pugin B, Morales EH, Piotrowski JS, Sandoval JM, Vasquez CC,
Arenas FA. 2023. Soft-metal(loid)s induce protein aggregation in
Escherichia coli. Front Microbiol 14:1281058. https://doi.org/10.3389/fm
icb.2023.1281058

Pearson RG. 1963. Hard and soft acids and bases. J Amer Chem Soc
85:3533. https://doi.org/10.1021/ja00905a001

Andreesen JR, Makdessi K. 2008. Tungsten, the surprisingly positively
acting heavy metal element for prokaryotes. Ann N Y Acad Sci
1125:215-229. https://doi.org/10.1196/annals.1419.003

Schwarz G. 2005. Molybdenum cofactor biosynthesis and deficiency.
Cell Mol Life Sci 62:2792-2810. https://doi.org/10.1007/s00018-005-526
9y

Schwarz G, Hagedoorn P-L, Fischer K. 2007. Molybdate and tungstate:
uptake, homeostasis, cofactors, and enzymes. In Nies DH, Silver S (ed),
Molecular microbiology of heavy metals. Vol. 6. Springer, Berlin.

Irving H, Williams RJP. 1948. Order of stability of metal complexes.
Nature 162:746-747. https://doi.org/10.1038/162746a0

Helmann JD. 2025. Microbial metal physiology: ions to ecosystems. Nat
Rev Microbiol. https://doi.org/10.1038/s41579-025-01213-7

Helmann JD. 2025. Metals in motion: understanding labile metal pools
in bacteria. Biochemistry 64:329-345. https://doi.org/10.1021/acs.bioch
em.4c00726

Osman D, Robinson NJ. 2023. Protein metalation in a nutshell. FEBS Lett
597:141-150. https://doi.org/10.1002/1873-3468.14500

de Lorenzo V, Bindereif A, Paw BH, Neilands JB. 1986. Aerobactin
biosynthesis and transport genes of plasmid ColV-K30 in Escherichia coli
K-12. J Bacteriol 165:570-578. https://doi.org/10.1128/jb.165.2.570-578.
1986

10.1128/jb.00228-2511

Downloaded from https://journals.asm.org/journal/jb on 05 December 2025 by 141.48.67.87.


http://orcid.org/0000-0002-4516-8267
http://dx.doi.org/10.13039/501100001659
http://dx.doi.org/10.13039/501100001659
https://doi.org/10.1128/JB.00272-08
https://doi.org/10.1016/S0162-0134(98)10022-3
https://doi.org/10.1034/j.1399-3054.2000.110114.x
https://doi.org/10.1074/jbc.M702519200
https://doi.org/10.1128/JB.00962-07
https://doi.org/10.1111/j.1462-2920.2010.02265.x
https://doi.org/10.1007/s10534-010-9400-7
https://doi.org/10.1179/135100002125000190
https://doi.org/10.1007/BF01504715
https://doi.org/10.1111/j.1365-2958.2011.07891.x
https://doi.org/10.1039/c1mt00063b
https://doi.org/10.1038/ncomms7418
https://doi.org/10.1073/pnas.0812808106
https://doi.org/10.1016/j.cbi.2010.06.013
https://doi.org/10.1128/AEM.00867-17
https://doi.org/10.3389/fmicb.2023.1281058
https://doi.org/10.1021/ja00905a001
https://doi.org/10.1196/annals.1419.003
https://doi.org/10.1007/s00018-005-5269-y
https://doi.org/10.1038/162746a0
https://doi.org/10.1038/s41579-025-01213-7
https://doi.org/10.1021/acs.biochem.4c00726
https://doi.org/10.1002/1873-3468.14500
https://doi.org/10.1128/jb.165.2.570-578.1986
https://doi.org/10.1128/jb.00228-25

Minireview

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

November 2025 Volume 207

Gilis A, Khan MA, Cornelis P, Meyer JM, Mergeay M, van der Lelie D.
1996. Siderophore-mediated iron uptake in Alcaligenes eutrophus CH34
and identification of aleB encoding the ferric iron-alcaligin E receptor. J
Bacteriol 178:5499-5507. https://doi.org/10.1128/jb.178.18.5499-5507.
1996

Braun V, Braun M. 2002. Active transport of iron and siderophore
antibiotics. Curr Opin Microbiol 5:194-201. https://doi.org/10.1016/513
69-5274(02)00298-9

Zabiszak M, Frymark J, Nowak M, Grajewski J, Stachowiak K, Kaczmarek
MT, Jastrzab R. 2021. Influence of d-electron divalent metal ions in
complex formation with L-tartaric and L-malic acids. Molecules 26:5290.
https://doi.org/10.3390/molecules26175290

Choi DW, Zea CJ, Do YS, Semrau JD, Antholine WE, Hargrove MS, Pohl
NL, Boyd ES, Geesey GG, Hartsel SC, Shafe PH, McEllistrem MT, Kisting
CJ, Campbell D, Rao V, de la Mora AM, Dispirito AA. 2006. Spectral,
kinetic, and thermodynamic properties of Cu(l) and Cu(ll) binding by
methanobactin from Methylosinus trichosporium OB3b. Biochemistry
45:1442-1453. https://doi.org/10.1021/bi051815t

Lebrette H, Borezée-Durant E, Martin L, Richaud P, Boeri Erba E, Cavazza
C. 2015. Novel insights into nickel import in Staphylococcus aureus: the
positive role of free histidine and structural characterization of a new
thiazolidine-type nickel chelator. Metallomics 7:613-621. https://doi.or
9/10.1039/c4mt00295d

Harris RM, Webb DC, Howitt SM, Cox GB. 2001. Characterization of PitA
and PitB from Escherichia coli. J Bacteriol 183:5008-5014. https://doi.org
/10.1128/JB.183.17.5008-5014.2001

Jackson RJ, Binet MRB, Lee LJ, Ma R, Graham Al, McLeod CW, Poole RK.
2008. Expression of the PitA phosphate/metal transporter of Escherichia
coli is responsive to zinc and inorganic phosphate levels. FEMS
Microbiol Lett 289:219-224. https://doi.org/10.1111/j.1574-6968.2008.0
1386.x

Evans MG, Polanyi M. 1935. Some applications of the transition state
method to the calculation of reaction velocities, especially in solution.
Trans Faraday Soc 31:875. https://doi.org/10.1039/tf9353100875

Kirsten A, Herzberg M, Voigt A, Seravalli J, Grass G, Scherer J, Nies DH.
2011. Contributions of five secondary metal uptake systems to metal
homeostasis of Cupriavidus metallidurans CH34. ) Bacteriol 193:4652-
4663. https://doi.org/10.1128/JB.05293-11

Saier MHJ, Tran CV, Barabote RD. 2006. TCDB: the Transporter
Classification Database for membrane transport protein analyses and
information. Nucleic Acids Res 34:D181-D186. https://doi.org/10.1093/
nar/gkjoo1

Busch W, Saier MHJ. 2002. The transporter classification (TC) system,
2002. Crit Rev Biochem Mol Biol 37:287-337. https://doi.org/10.1080/10
409230290771528

Snavely MD, Florer JB, Miller CG, Maguire ME. 1989. Magnesium
transport in Salmonella typhimurium: *Mg?* transport by the CorA,
MgtA, and MgtB systems. J Bacteriol 171:4761-4766. https://doi.org/10.
1128/jb.171.9.4761-4766.1989

Papp-Wallace KM, Nartea M, Kehres DG, Porwollik S, McClelland M,
Libby SJ, Fang FC, Maguire ME. 2008. The CorA Mg?* channel is required
for the virulence of Salmonella enterica serovar typhimurium. J Bacteriol
190:6517-6523. https://doi.org/10.1128/JB.00772-08

Fagan MJ, Saier MH Jr. 1994. P-type ATPases of eukaryotes and bacteria:
sequence analyses and construction of phylogenetic trees. J Mol Evol
38:57-99. https://doi.org/10.1007/BF00175496

Arguello JM, Eren E, Gonzélez-Guerrero M. 2007. The structure and
function of heavy metal transport Pqg-ATPases. Biometals 20:233-248.
https://doi.org/10.1007/s10534-006-9055-6

Scherer J, Nies DH. 2009. CzcP is a novel efflux system contributing to
transition metal resistance in Cupriavidus metallidurans CH34. Mol
Microbiol 73:601-621. https://doi.org/10.1111/j.1365-2958.2009.06792.
X

Schulz V, Schmidt-Vogler C, Strohmeyer P, Weber S, Kleemann D, Nies
DH, Herzberg M. 2021. Behind the shield of Czc: ZntR controls
expression of the gene for the zinc-exporting P-type ATPase ZntA in
Cupriavidus metallidurans. J Bacteriol 203:e00052-21. https://doi.org/10.
1128/JB.00052-21

Julian DJ, Kershaw CJ, Brown NL, Hobman JL. 2009. Transcriptional
activation of MerR family promoters in Cupriavidus metallidurans CH34.
Antonie Van Leeuwenhoek 96:149-159. https://doi.org/10.1007/510482
-008-9293-4

Huang S, Liu X, Wang D, Chen W, Hu Q, Wei T, Zhou W, Gan J, Chen H.
2016. Structural basis for the selective Pb(ll) recognition of

Issue 11

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Journal of Bacteriology

metalloregulatory protein PbrR691. Inorg Chem 55:12516-12519. https:
//doi.org/10.1021/acs.inorgchem.6b02397

Taghavi S, Lesaulnier C, Monchy S, Wattiez R, Mergeay M, van der Lelie
D. 2009. Lead(ll) resistance in Cupriavidus metallidurans CH34: interplay
between plasmid and chromosomally-located functions. Antonie Van
Leeuwenhoek 96:171-182. https://doi.org/10.1007/510482-008-9289-0
Borremans B, Hobman JL, Provoost A, Brown NL, van Der Lelie D. 2001.
Cloning and functional analysis of the pbr lead resistance determinant
of Ralstonia metallidurans CH34. J Bacteriol 183:5651-5658. https://doi.
org/10.1128/JB.183.19.5651-5658.2001

Patzer SI, Hantke K. 1998. The ZnuABC high-affinity zinc uptake system
and its regulator Zur in Escherichia coli. Mol Microbiol 28:1199-1210. htt
ps://doi.org/10.1046/j.1365-2958.1998.00883.x

Li H, Jogl G. 2007. Crystal structure of the zinc-binding transport
protein ZnuA from Escherichia coli reveals an unexpected variation in
metal coordination. J Mol Biol 368:1358-1366. https://doi.org/10.1016/j
jmb.2007.02.107

Froschauer EM, Kolisek M, Dieterich F, Schweigel M, Schweyen RJ. 2004.
Fluorescence measurements of free [Mg*] by use of mag-fura 2 in
Salmonella enterica. FEMS Microbiol Lett 237:49-55. https://doi.org/10.1
016/j.femsle.2004.06.013

Outten CE, Tobin DA, Penner-Hahn JE, O’Halloran TV. 2001. Characteri-
zation of the metal receptor sites in Escherichia coli Zur, an ultrasensi-
tive zinc(ll) metalloregulatory protein. Biochemistry 40:10417-10423. ht
tps://doi.org/10.1021/bi0155448

Gaballa A, Helmann JD. 1998. Identification of a zinc-specific
metalloregulatory protein, Zur, controlling zinc transport operons in
Bacillus subtilis. J Bacteriol 180:5815-5821. https://doi.org/10.1128/JB.1
80.22.5815-5821.1998

Galea D, Herzberg M, Nies DH. 2024. The metal-binding GTPases
CobW?2 and CobW3 are at the crossroads of zinc and cobalt homeosta-
sis in Cupriavidus metallidurans. J Bacteriol 206:€0022624. https://doi.or
g/10.1128/jb.00226-24

GroBe C, Grau J, Herzberg M, Nies DH. 2024. Antisense transcription is
associated with expression of metal resistance determinants in
Cupriavidus metallidurans CH34. Metallomics 16:mfae057. https://doi.or
g/10.1093/mtomcs/mfae057

Galea D, Herzberg M, Dobritzsch D, Fuszard M, Nies DH. 2024. Linking
the transcriptome to physiology: response of the proteome of
Cupriavidus metallidurans to changing metal availability. Metallomics
16:mfae058. https://doi.org/10.1093/mtomcs/mfae058

Schulz V, Galea D, Schleuder G, Strohmeyer P, Gro3e C, Herzberg M,
Nies DH. 2024. The efflux system CdfX exports zinc that cannot be
transported by ZntA in Cupriavidus metallidurans. J Bacteriol
206:€0029924. https://doi.org/10.1128/jb.00299-24

Legatzki A, Franke S, Lucke S, Hoffmann T, Anton A, Neumann D, Nies
DH. 2003. First step towards a quantitative model describing Czc-
mediated heavy metal resistance in Ralstonia metallidurans. Biodegra-
dation 14:153-168. https://doi.org/10.1023/a:1024043306888

Nies DH. 2007. Biochemistry. How cells control zinc homeostasis.
Science 317:1695-1696. https://doi.org/10.1126/science.1149048
Guskov A, Nordin N, Reynaud A, Engman H, Lundbéck A-K, Jong AJO,
Cornvik T, Phua T, Eshaghi S. 2012. Structural insights into the
mechanisms of Mg?* uptake, transport, and gating by CorA. Proc Natl
Acad Sci USA 109:18459-18464. https://doi.org/10.1073/pnas.1210076
109

Kean J, Cleverley RM, O'Ryan L, Ford RC, Prince SM, Derrick JP. 2008.
Characterization of a CorA Mg?* transport channel from Methanococcus
jannaschii using a Thermofluor-based stability assay. Mol Membr Biol
25:653-663. https://doi.org/10.1080/09687680802541169

Lunin VV, Dobrovetsky E, Khutoreskaya G, Zhang R, Joachimiak A, Doyle
DA, Bochkarev A, Maguire ME, Edwards AM, Koth CM. 2006. Crystal
structure of the CorA Mg?** transporter. Nature 440:833-837. https://doi.
org/10.1038/nature04642

Drees SL, Beyer DF, Lenders-Lomscher C, Libben M. 2015. Distinct
functions of serial metal-binding domains in the Escherichia coli Py g
-ATPase CopA. Mol Microbiol 97:423-438. https://doi.org/10.1111/mmi.
13038

Lu M, Chai J, Fu D. 2009. Structural basis for autoregulation of the zinc
transporter YiiP. Nat Struct Mol Biol 16:1063-1067. https://doi.org/10.10
38/nsmb.1662

Wu CC, Rice WJ, Stokes DL. 2008. Structure of a copper pump suggests
a regulatory role for its metal-binding domain. Structure 16:976-985. ht
tps://doi.org/10.1016/j.5tr.2008.02.025

10.1128/jb.00228-2512

Downloaded from https://journals.asm.org/journal/jb on 05 December 2025 by 141.48.67.87.


https://doi.org/10.1128/jb.178.18.5499-5507.1996
https://doi.org/10.1016/s1369-5274(02)00298-9
https://doi.org/10.3390/molecules26175290
https://doi.org/10.1021/bi051815t
https://doi.org/10.1039/c4mt00295d
https://doi.org/10.1128/JB.183.17.5008-5014.2001
https://doi.org/10.1111/j.1574-6968.2008.01386.x
https://doi.org/10.1039/tf9353100875
https://doi.org/10.1128/JB.05293-11
https://doi.org/10.1093/nar/gkj001
https://doi.org/10.1080/10409230290771528
https://doi.org/10.1128/jb.171.9.4761-4766.1989
https://doi.org/10.1128/JB.00772-08
https://doi.org/10.1007/BF00175496
https://doi.org/10.1007/s10534-006-9055-6
https://doi.org/10.1111/j.1365-2958.2009.06792.x
https://doi.org/10.1128/JB.00052-21
https://doi.org/10.1007/s10482-008-9293-4
https://doi.org/10.1021/acs.inorgchem.6b02397
https://doi.org/10.1007/s10482-008-9289-0
https://doi.org/10.1128/JB.183.19.5651-5658.2001
https://doi.org/10.1046/j.1365-2958.1998.00883.x
https://doi.org/10.1016/j.jmb.2007.02.107
https://doi.org/10.1016/j.femsle.2004.06.013
https://doi.org/10.1021/bi0155448
https://doi.org/10.1128/JB.180.22.5815-5821.1998
https://doi.org/10.1128/jb.00226-24
https://doi.org/10.1093/mtomcs/mfae057
https://doi.org/10.1093/mtomcs/mfae058
https://doi.org/10.1128/jb.00299-24
https://doi.org/10.1023/a:1024043306888
https://doi.org/10.1126/science.1149048
https://doi.org/10.1073/pnas.1210076109
https://doi.org/10.1080/09687680802541169
https://doi.org/10.1038/nature04642
https://doi.org/10.1111/mmi.13038
https://doi.org/10.1038/nsmb.1662
https://doi.org/10.1016/j.str.2008.02.025
https://doi.org/10.1128/jb.00228-25

Minireview

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

November 2025 Volume 207

Banci L, Bertini I, Cantini F, Della-Malva N, Migliardi M, Rosato A. 2007.
The different intermolecular interactions of the soluble copper-binding
domains of the menkes protein, ATP7A. J Biol Chem 282:23140-23146.
https://doi.org/10.1074/jbc.M700695200

Clough SE, Young TR, Tarrant E, Scott AJP, Chivers PT, Glasfeld A,
Robinson NJ. 2025. A metal-trap tests and refines blueprints to
engineer cellular protein metalation with different elements. Nat
Commun 16:810. https://doi.org/10.1038/541467-025-56199-w
Grossoehme NE, Giedroc DP. 2009. Energetics of allosteric negative
coupling in the zinc sensor CzrA. J Amer Chem Soc 131:17860-17870. h
ttps://doi.org/10.1021/ja906131b

Foster AW, Pernil R, Patterson CJ, Scott AJP, Palsson LO, Pal R, Cummins
I, Chivers PT, Pohl E, Robinson NJ. 2017. A tight tunable range for Ni(ll)
sensing and buffering in cells. Nat Chem Biol 13:409-414. https://doi.or
9/10.1038/nchembio.2310

Osman D, Martini MA, Foster AW, Chen JJ, Scott AJP, Morton RJ, Steed
JW, Lurie-Luke E, Huggins TG, Lawrence AD, Deery E, Warren MJ,
Chivers PT, Robinson NJ. 2019. Bacterial sensors define intracellular free
energies for correct enzyme metalation. Nat Chem Biol 15:241-249. htt
ps://doi.org/10.1038/s41589-018-0211-4

Outten CE, O'Halloran TV. 2001. Femtomolar sensitivity of metalloregu-
latory proteins controlling zinc homeostasis. Science 292:2488-2492. ht
tps://doi.org/10.1126/science.1060331

Tottey S, Harvie DR, Robinson NJ. 2007. Understanding how cells
allocate metals, p 3-36. In Nies DH, Silver S (ed), Molecular microbiol-
ogy of heavy metals. Springer-Verlag, Berlin.

Tottey S, Waldron KJ, Firbank SJ, Reale B, Bessant C, Sato K, Cheek TR,
Gray J, Banfield MJ, Dennison C, Robinson NJ. 2008. Protein-folding
location can regulate manganese-binding versus copper- or zinc-
binding. Nature 455:1138-1142. https://doi.org/10.1038/nature07340
Waldron KJ, Firbank SJ, Dainty SJ, Pérez-Rama M, Tottey S, Robinson NJ.
2010. Structure and metal loading of a soluble periplasm cuproprotein.
J Biol Chem 285:32504-32511. https://doi.org/10.1074/jbc.M110.15308
0

Mergeay M, Houba C, Gerits J. 1978. Extrachromosomal inheritance
controlling resistance to cadmium, cobalt, copper and zinc ions:
evidence from curing in a Pseudomonas [proceedings]. Arch Int Physiol
Biochim 86:440-442.

Mazhar SH, Herzberg M, Ben Fekih |, Zhang CK, Bello SK, Li YP, Su JM, Xu
JQ, Feng RW, Zhou SG, Rensing C. 2020. Comparative insights into the
complete genome sequence of highly metal resistant Cupriavidus
metallidurans strain BS1 isolated from a gold-copper mine. Front
Microbiol 11:47. https://doi.org/10.3389/fmicb.2020.00047

Janssen PJ, Van Houdt R, Moors H, Monsieurs P, Morin N, Michaux A,
Benotmane MA, Leys N, Vallaeys T, Lapidus A, Monchy S, Médigue C,
Taghavi S, McCorkle S, Dunn J, van der Lelie D, Mergeay M. 2010. The
complete genome sequence of Cupriavidus metallidurans strain CH34, a
master survivalist in harsh and anthropogenic environments. PLoS One
5:210433. https://doi.org/10.1371/journal.pone.0010433

Van Houdt R, Monchy S, Leys N, Mergeay M. 2009. New mobile genetic
elements in Cupriavidus metallidurans CH34, their possible roles and
occurrence in other bacteria. Antonie Van Leeuwenhoek 96:205-226. ht
tps://doi.org/10.1007/510482-009-9345-4

Van Houdt R, Monsieurs P, Mijnendonckx K, Provoost A, Janssen A,
Mergeay M, Leys N. 2012. Variation in genomic islands contribute to
genome plasticity in Cupriavidus metallidurans. BMC Genomics 13:111.
https://doi.org/10.1186/1471-2164-13-111

Taghavi S, Mergeay M, van der Lelie D. 1997. Genetic and physical maps
of the Alcaligenes eutrophus CH34 megaplasmid pMOL28 and its
derivative pMOL50 obtained after temperature-induced mutagenesis
and mortality. Plasmid 37:22-34. https://doi.org/10.1006/plas.1996.127
4

Monchy S, Benotmane MA, Janssen P, Vallaeys T, Taghavi S, van der
Lelie D, Mergeay M. 2007. Plasmids pMOL28 and pMOL30 of
Cupriavidus metallidurans are specialized in the maximal viable
response to heavy metals. J Bacteriol 189:7417-7425. https://doi.org/10
.1128/JB.00375-07

Mergeay M, Nies D, Schlegel HG, Gerits J, Charles P, Van Gijsegem F.
1985. Alcaligenes eutrophus CH34 is a facultative chemolithotroph with
plasmid-bound resistance to heavy metals. J Bacteriol 162:328-334. htt
ps://doi.org/10.1128/jb.162.1.328-334.1985

Saier MH, Tam R, Reizer A, Reizer J. 1994. Two novel families of bacterial
membrane proteins concerned with nodulation, cell division and

Issue 11

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Journal of Bacteriology

transport. Mol Microbiol 11:841-847. https://doi.org/10.1111/j.1365-29
58.1994.tb00362.x

Tseng T-T, Gratwick KS, Kollman J, Park D, Nies DH, Goffeau A, Saier
MHJ. 1999. The RND permease superfamily: an ancient, ubiquitous and
diverse family that includes human disease and development proteins.
J Mol Microbiol Biotechnol 1:107-125.

Nies DH. 2013. RND-efflux pumps for metal cations, p 79-122.In Yu EW,
Zhang Q, Brown MH (ed), Microbial efflux pumps: current research.
Caister Academic Press, Norfolk, UK.

Kim E-H, Nies DH, McEvoy MM, Rensing C. 2011. Switch or funnel: how
RND-type transport systems control periplasmic metal homeostasis. J
Bacteriol 193:2381-2387. https://doi.org/10.1128/JB.01323-10

Long F, Su CC, Zimmermann MT, Boyken SE, Rajashankar KR, Jernigan
RL, Yu EW. 2010. Crystal structures of the CusA efflux pump suggest
methionine-mediated metal transport. Nature 467:484-488. https://doi
.0rg/10.1038/nature09395

Paulsen IT, Park JH, Choi PS, Saier MHJ. 1997. A family of gram-negative
bacterial outer membrane factors that function in the export of
proteins, carbohydrates, drugs and heavy metals from gram-negative
bacteria. FEMS Microbiol Lett 156:1-8. https://doi.org/10.1111/j.1574-6
968.1997.tb12697.x

Koronakis V, Sharff A, Koronakis E, Luisi B, Hughes C. 2000. Crystal
structure of the bacterial membrane protein TolC central to multidrug
efflux and protein export. Nature 405:914-919. https://doi.org/10.1038/
35016007

Goldberg M, Pribyl T, Juhnke S, Nies DH. 1999. Energetics and topology
of CzcA, a cation/proton antiporter of the resistance-nodulation-cell
division protein family. J Biol Chem 274:26065-26070. https://doi.org/1
0.1074/jbc.274.37.26065

Zgurskaya HI, Nikaido H. 1999. Bypassing the periplasm: reconstitution
of the AcrAB multidrug efflux pump of Escherichia coli. Proc Natl Acad
Sci USA 96:7190-7195. https://doi.org/10.1073/pnas.96.13.7190

Su CC, Long F, Zimmermann MT, Rajashankar KR, Jernigan RL, Yu EW.
2011. Crystal structure of the CusBA heavy-metal efflux complex of
Escherichia coli. Nature 470:558-562. https://doi.org/10.1038/nature097
43

Nies DH, Nies A, Chu L, Silver S. 1989. Expression and nucleotide
sequence of a plasmid-determined divalent cation efflux system from
Alcaligenes eutrophus. Proc Natl Acad Sci USA 86:7351-7355. https://doi
.0rg/10.1073/pnas.86.19.7351

Nies DH. 1995. The cobalt, zinc, and cadmium efflux system CzcABC
from Alcaligenes eutrophus functions as a cation-proton antiporter in
Escherichia coli. J Bacteriol 177:2707-2712. https://doi.org/10.1128/jb.1
77.10.2707-2712.1995

Rensing C, Pribyl T, Nies DH. 1997. New functions for the three subunits
of the CzcCBA cation-proton antiporter. J Bacteriol 179:6871-6879. http
s://doi.org/10.1128/jb.179.22.6871-6879.1997

Pos KM, Diederichs K. 2002. Purification, crystallization and preliminary
diffraction studies of AcrB, an inner-membrane multi-drug efflux
protein. Acta Crystallogr D Biol Crystallogr 58:1865-1867. https://doi.or
9/10.1107/50907444902013963

Seeger MA, Schiefner A, Eicher T, Verrey F, Diederichs K, Pos KM. 2006.
Structural asymmetry of AcrB trimer suggests a peristaltic pump
mechanism. Science 313:1295-1298. https://doi.org/10.1126/science.1
131542

Outten FW, Huffman DL, Hale JA, O'Halloran TV. 2001. The independent
cue and cus systems confer copper tolerance during aerobic and
anaerobic growth in Escherichia coli. J Biol Chem 276:30670-30677. htt
ps://doi.org/10.1074/jbc.M104122200

Ucisik MN, Chakravorty DK, Merz KM. 2015. Models for the metal
transfer complex of the N-terminal region of CusB and CusF.
Biochemistry 54:4226-4235. https://doi.org/10.1021/acs.biochem.5b00
195

Hirth N, Gerlach M-S, Wiesemann N, Herzberg M, Gro3e C, Nies DH.
2023. Full copper resistance in Cupriavidus metallidurans requires the
interplay of many resistance systems. Appl Environ Microbiol
89:20056723. https://doi.org/10.1128/aem.00567-23

Li Y, Wilhelm MJ, Wu T, Hu X-H, Ruiz ON, Dai H-L. 2024. Quantifying
bacterial efflux within subcellular domains of Pseudomonas aeruginosa.
Appl Environ Microbiol 90:e0144724. https://doi.org/10.1128/aem.0144
7-24

Nies DH, Schleuder G, Galea D, Herzberg M. 2024. A flow equilibrium of
zinc in cells of Cupriavidus metallidurans. ) Bacteriol 206:e00080-24. htt
ps://doi.org/10.1128/jb.00080-24

10.1128/jb.00228-2513

Downloaded from https://journals.asm.org/journal/jb on 05 December 2025 by 141.48.67.87.


https://doi.org/10.1074/jbc.M700695200
https://doi.org/10.1038/s41467-025-56199-w
https://doi.org/10.1021/ja906131b
https://doi.org/10.1038/nchembio.2310
https://doi.org/10.1038/s41589-018-0211-4
https://doi.org/10.1126/science.1060331
https://doi.org/10.1038/nature07340
https://doi.org/10.1074/jbc.M110.153080
https://doi.org/10.3389/fmicb.2020.00047
https://doi.org/10.1371/journal.pone.0010433
https://doi.org/10.1007/s10482-009-9345-4
https://doi.org/10.1186/1471-2164-13-111
https://doi.org/10.1006/plas.1996.1274
https://doi.org/10.1128/JB.00375-07
https://doi.org/10.1128/jb.162.1.328-334.1985
https://doi.org/10.1111/j.1365-2958.1994.tb00362.x
https://doi.org/10.1128/JB.01323-10
https://doi.org/10.1038/nature09395
https://doi.org/10.1111/j.1574-6968.1997.tb12697.x
https://doi.org/10.1038/35016007
https://doi.org/10.1074/jbc.274.37.26065
https://doi.org/10.1073/pnas.96.13.7190
https://doi.org/10.1038/nature09743
https://doi.org/10.1073/pnas.86.19.7351
https://doi.org/10.1128/jb.177.10.2707-2712.1995
https://doi.org/10.1128/jb.179.22.6871-6879.1997
https://doi.org/10.1107/S0907444902013963
https://doi.org/10.1126/science.1131542
https://doi.org/10.1074/jbc.M104122200
https://doi.org/10.1021/acs.biochem.5b00195
https://doi.org/10.1128/aem.00567-23
https://doi.org/10.1128/aem.01447-24
https://doi.org/10.1128/jb.00080-24
https://doi.org/10.1128/jb.00228-25

Minireview

106.

107.

108.

100.

110.

111,

112

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

November 2025 Volume 207

Nies DH. 2016. The biological chemistry of the transition metal
“transportome” of Cupriavidus metallidurans. Metallomics 8:481-507. ht
tps://doi.org/10.1039/C5MT00320B

Herzberg M, Bauer L, Kirsten A, Nies DH. 2016. Interplay between seven
secondary metal uptake systems is required for full metal resistance of
Cupriavidus metallidurans. Metallomics 8:313-326. https://doi.org/10.10
39/c5mt00295h

GroBe C, Herzberg M, Schittau M, Wiesemann N, Hause G, Nies DH.
2016. Characterization of the A7 mutant of Cupriavidus metallidurans
with deletions of seven secondary metal uptake systems. mSystems
1:200004-16. https://doi.org/10.1128/mSystems.00004-16

Wan Q, Ahmad MF, Fairman J, Gorzelle B, de la Fuente M, Dealwis C,
Maguire ME. 2011. X-ray crystallography and isothermal titration
calorimetry studies of the Salmonella zinc transporter ZntB. Structure
19:700-710. https://doi.org/10.1016/j.str.2011.02.011

Degen O, Eitinger T. 2002. Substrate specificity of nickel/cobalt
permeases: insights from mutants altered in transmembrane domains |
and II. J Bacteriol 184:3569-3577. https://doi.org/10.1128/JB.184.13.356
9-3577.2002

Wolfram L, Friedrich B, Eitinger T. 1995. The Alcaligenes eutrophus
protein HoxN mediates nickel transport in Escherichia coli. J Bacteriol
177:1840-1843. https://doi.org/10.1128/jb.177.7.1840-1843.1995
Moncrief MBC, Maguire ME. 1999. Magnesium transport in prokaryotes.
J Biol Inorg Chem 4:523-527. https://doi.org/10.1007/s007750050374
Herzberg M, Bauer L, Nies DH. 2014. Deletion of the zupT gene for a zinc
importer influences zinc pools in Cupriavidus metallidurans CH34.
Metallomics 6:421. https://doi.org/10.1039/c3mt00267e

Zhang T, Liu J, Fellner M, Zhang C, Sui D, Hu J. 2017. Crystal structures
of a ZIP zinc transporter reveal a binuclear metal center in the transport
pathway. Sci Adv 3:e1700344. https://doi.org/10.1126/sciadv.1700344
Ehsani S, Huo H, Salehzadeh A, Pocanschi CL, Watts JC, Wille H,
Westaway D, Rogaeva E, St George-Hyslop PH, Schmitt-Ulms G. 2011.
Family reunion-—-the ZIP/prion gene family. Prog Neurobiol 93:405-420.
https://doi.org/10.1016/j.pneurobio.2010.12.001

Eide DJ. 2004. The SLC39 family of metal ion transporters. Pflugers Arch
447:796-800. https://doi.org/10.1007/500424-003-1074-3

Grass G, Wong MD, Rosen BP, Smith RL, Rensing C. 2002. ZupT is a Zn(ll)
uptake system in Escherichia coli. J Bacteriol 184:864-866. https://doi.or
9/10.1128/JB.184.3.864-866.2002

Butof L, Schmidt-Vogler C, Herzberg M, Grof3e C, Nies DH. 2017. The
components of the unique Zur regulon of Cupriavidus metallidurans
mediate cytoplasmic zinc handling. J Bacteriol 199:e00372-17. https://d
0i.org/10.1128/JB.00372-17

Schmidt C, Schwarzenberger C, Gro8e C, Nies DH. 2014. FurC regulates
expression of zupT for the central zinc importer ZupT of Cupriavidus
metallidurans. J Bacteriol 196:3461-3471. https://doi.org/10.1128/JB.01
713-14

Herzberg M, Dobritzsch D, Helm S, Baginsky S, Nies DH. 2014. The zinc
repository of Cupriavidus metallidurans. Metallomics 6:2157-2165. https
://doi.org/10.1039/c4mt0017 1k

Paulsen IT, Saier MH Jr. 1997. A novel family of ubiquitous heavy metal
ion transport proteins. J Membr Biol 156:99-103. https://doi.org/10.100
7/5002329900192

Munkelt D, Grass G, Nies DH. 2004. The chromosomally encoded cation
diffusion facilitator proteins DmeF and FieF from Wautersia metallidur-
ans CH34 are transporters of broad metal specificity. J Bacteriol
186:8036-8043. https://doi.org/10.1128/JB.186.23.8036-8043.2004
Grass G, Otto M, Fricke B, Haney CJ, Rensing C, Nies DH, Munkelt D.
2005. FieF (YiiP) from Escherichia coli mediates decreased cellular
accumulation of iron and relieves iron stress. Arch Microbiol 183:9-18. h
ttps://doi.org/10.1007/s00203-004-0739-4

Wiesemann N, Biitof L, Herzberg M, Hause G, Berthold L, Etschmann B,
Brugger J, Martinez-Criado G, Dobritzsch D, Baginsky S, Reith F, Nies
DH. 2017. Synergistic toxicity of copper and gold compounds in
Cupriavidus metallidurans. Appl Environ Microbiol 83:e01679-17. https:/
/doi.org/10.1128/AEM.01679-17

Kwiatos N, Waldron KJ. 2024. In a state of flux: new insight into the
transport processes that maintain bacterial metal homeostasis. J
Bacteriol 206:0014624. https://doi.org/10.1128/jb.00146-24

Pushkar Y, Yano J, Sauer K, Boussac A, Yachandra VK. 2008. Structural
changes in the MngCa cluster and the mechanism of photosynthetic
water splitting. Proc Natl Acad Sci USA 105:1879-1884. https://doi.org/
10.1073/pnas.0707092105

Issue 11

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

Journal of Bacteriology

Renault JP, Verchere-Béaur C, Morgenstern-Badarau |, Piccioli M. 1997.
Paramagnetic NMR spectroscopy of native and cobalt substituted
manganese superoxide dismutase from Escherichia coli. FEBS Lett
401:15-19. https://doi.org/10.1016/50014-5793(96)31420-2

Kehres DG, Zaharik ML, Finlay BB, Maguire ME. 2000. The NRAMP
proteins of Salmonella typhimurium and Escherichia coli are selective
manganese transporters involved in the response to reactive oxygen.
Mol Microbiol 36:1085-1100. https://doi.org/10.1046/j.1365-2958.2000.
01922.x

Makui H, Roig E, Cole ST, Helmann JD, Gros P, Cellier MF. 2000.
Identification of the Escherichia coli K-12 Nramp orthologue (MntH) as a
selective divalent metal ion transporter. Mol Microbiol 35:1065-1078. h
ttps://doi.org/10.1046/j.1365-2958.2000.01774.x

Roux M, Covés J. 2002. The iron-containing superoxide dismutase of
Ralstonia metallidurans CH34. FEMS Microbiol Lett 210:129-133. https://
doi.org/10.1111/j.1574-6968.2002.tb11171.x

Garrick MD, Singleton ST, Vargas F, Kuo H-C, Zhao L, Knopfel M,
Davidson T, Costa M, Paradkar P, Roth JA, Garrick LM. 2006. DMT1:
which metals does it transport? Biol Res 39:79-85. https://doi.org/10.40
67/50716-97602006000100009

Ishikawa S, Ishimaru Y, Igura M, Kuramata M, Abe T, Senoura T, Hase Y,
Arao T, Nishizawa NK, Nakanishi H. 2012. lon-beam irradiation, gene
identification, and marker-assisted breeding in the development of
low-cadmium rice. Proc Natl Acad Sci USA 109:19166-19171. https://do
i.org/10.1073/pnas.1211132109

Imlay JA. 2014. The mismetallation of enzymes during oxidative stress. J
Biol Chem 289:28121-28128. https://doi.org/10.1074/jbc.R114.588814
Macomber L, Rensing C, Imlay JA. 2007. Intracellular copper does not
catalyze the formation of oxidative DNA damage in Escherichia coli. J
Bacteriol 189:1616-1626. https://doi.org/10.1128/JB.01357-06

Schwyn B, Neilands JB. 1987. Universal chemical assay for the detection
and determination of siderophores. Anal Biochem 160:47-56. https://d
0i.0org/10.1016/0003-2697(87)90612-9

Minzinger M, Taraz K, Budzikiewicz H. 1999. Staphyloferrin B, a citrate
siderophore of Ralstonia eutropha. Z Naturforsch (C) 54:867-875. https:/
/doi.org/10.1515/znc-1999-1103

Gilis A, Corbisier P, Baeyens W, Taghavi S, Mergeay M, van der Lelie D.
1998. Effect of the siderophore alcaligin E on the bioavailability of Cd to
Alcaligenes eutrophus CH34. J Ind Microbiol Biotechnol 20:61-68. https:/
/doi.org/10.1038/s},jim.2900478

Anjem A, Imlay JA. 2012. Mononuclear iron enzymes are primary
targets of hydrogen peroxide stress. J Biol Chem 287:15544-15556. http
s://doi.org/10.1074/jbc.M111.330365

Jang SJ, Imlay JA. 2007. Micromolar intracellular hydrogen peroxide
disrupts metabolism by damaging iron-sulfur enzymes. J Biol Chem
282:929-937. https://doi.org/10.1074/jbc.M607646200

Nair S, Finkel SE. 2004. Dps protects cells against multiple stresses
during stationary phase. J Bacteriol 186:4192-4198. https://doi.org/10.1
128/JB.186.13.4192-4198.2004

Bou-Abdallah F, Woodhall MR, Velazquez-Campoy A, Andrews SC,
Chasteen ND. 2005. Thermodynamic analysis of ferrous ion binding to
Escherichia coli ferritin EcFtnA. Biochemistry 44:13837-13846. https://d
0i.0rg/10.1021/bi0514212

Guan G, Pinochet-Barros A, Gaballa A, Patel SJ, Arglello JM, Helmann
JD. 2015. PfeT, a P14 -type ATPase, effluxes ferrous iron and protects
Bacillus subtilis against iron intoxication. Mol Microbiol 98:787-803. http
s://doi.org/10.1111/mmi.13158

Bennett BD, Brutinel ED, Gralnick JA. 2015. A ferrous iron exporter
mediates iron resistance in Shewanella oneidensis MR-1. Appl Environ
Microbiol 81:7938-7944. https://doi.org/10.1128/AEM.02835-15
Takahashi-Iniguez T, Garcia-Hernandez E, Arreguin-Espinosa R, Flores
ME. 2012. Role of vitamin Bq3 on methylmalonyl-CoA mutase activity. J
Zhejiang Univ Sci B 13:423-437. https://doi.org/10.1631/jzus.B1100329
Nies DH, Coves J, Sawers G. 2017. Cross-talk between nickel and other
metals in microbial systems, p 306-338. In Koztowski H, Zamble D,
Rowinska-Zyrek M (ed), The biochemistry of nickel. The Royal Society of
Chemistry, London, Cambridge, United Kingdom.

Maillard AP, Kiinnemann S, GroBe C, Volbeda A, Schleuder G, Petit-
Hartlein |, de Rosny E, Nies DH, Covés J. 2015. Response of CnrX from
Cupriavidus metallidurans CH34 to nickel binding. Metallomics 7:622-
631. https://doi.org/10.1039/c4mt00293h

Trepreau J, Grosse C, Mouesca J-M, Sarret G, Girard E, Petit-Haertlein |,
Kuennemann S, Desbourdes C, de Rosny E, Maillard AP, Nies DH, Covés
J. 2014. Metal sensing and signal transduction by CnrX from

10.1128/jb.00228-25 14

Downloaded from https://journals.asm.org/journal/jb on 05 December 2025 by 141.48.67.87.


https://doi.org/10.1039/C5MT00320B
https://doi.org/10.1039/c5mt00295h
https://doi.org/10.1128/mSystems.00004-16
https://doi.org/10.1016/j.str.2011.02.011
https://doi.org/10.1128/JB.184.13.3569-3577.2002
https://doi.org/10.1128/jb.177.7.1840-1843.1995
https://doi.org/10.1007/s007750050374
https://doi.org/10.1039/c3mt00267e
https://doi.org/10.1126/sciadv.1700344
https://doi.org/10.1016/j.pneurobio.2010.12.001
https://doi.org/10.1007/s00424-003-1074-3
https://doi.org/10.1128/JB.184.3.864-866.2002
https://doi.org/10.1128/JB.00372-17
https://doi.org/10.1128/JB.01713-14
https://doi.org/10.1039/c4mt00171k
https://doi.org/10.1007/s002329900192
https://doi.org/10.1128/JB.186.23.8036-8043.2004
https://doi.org/10.1007/s00203-004-0739-4
https://doi.org/10.1128/AEM.01679-17
https://doi.org/10.1128/jb.00146-24
https://doi.org/10.1073/pnas.0707092105
https://doi.org/10.1016/s0014-5793(96)31420-2
https://doi.org/10.1046/j.1365-2958.2000.01922.x
https://doi.org/10.1046/j.1365-2958.2000.01774.x
https://doi.org/10.1111/j.1574-6968.2002.tb11171.x
https://doi.org/10.4067/s0716-97602006000100009
https://doi.org/10.1073/pnas.1211132109
https://doi.org/10.1074/jbc.R114.588814
https://doi.org/10.1128/JB.01357-06
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1515/znc-1999-1103
https://doi.org/10.1038/sj.jim.2900478
https://doi.org/10.1074/jbc.M111.330365
https://doi.org/10.1074/jbc.M607646200
https://doi.org/10.1128/JB.186.13.4192-4198.2004
https://doi.org/10.1021/bi0514212
https://doi.org/10.1111/mmi.13158
https://doi.org/10.1128/AEM.02835-15
https://doi.org/10.1631/jzus.B1100329
https://doi.org/10.1039/c4mt00293h
https://doi.org/10.1128/jb.00228-25

Minireview

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

November 2025 Volume 207

Cupriavidus metallidurans CH34: role of the only methionine assessed
by a functional, spectroscopic, and theoretical study. Metallomics
6:263-273. https://doi.org/10.1039/c3mt00248a

Cavazza C, Martin L, Laffly E, Lebrette H, Cherrier MV, Zeppieri L,
Richaud P, Carriére M, Fontecilla-Camps JC. 2011. Histidine 416 of the
periplasmic binding protein NikA is essential for nickel uptake in
Escherichia coli. FEBS Lett 585:711-715. https://doi.org/10.1016/j.febslet
.2011.01.038

Boer JL, Mulrooney SB, Hausinger RP. 2014. Nickel-dependent
metalloenzymes. Arch Biochem Biophys 544:142-152. https://doi.org/1
0.1016/j.abb.2013.09.002

Farrugia MA, Macomber L, Hausinger RP. 2013. Biosynthesis of the
urease metallocenter. J Biol Chem 288:13178-13185. https://doi.org/10.
1074/jbc.R112.446526

Khorasani-Motlagh M, Lacasse MJ, Zamble DB. 2017. High-affinity metal
binding by the Escherichia coli [NiFe]-hydrogenase accessory protein
HypB is selectively modulated by SlyD. Metallomics 9:482-493. https://
doi.org/10.1039/c7mt00037e

Lacasse MJ, Zamble DB. 2016. [NiFe]-hydrogenase maturation.
Biochemistry 55:1689-1701. https://doi.org/10.1021/acs.biochem.5b01
328

Volentini SI, Farias RN, Rodriguez-Montelongo L, Rapisarda VA. 2011.
Cu(ll)-reduction by Escherichia coli cells is dependent on respiratory
chain components. Biometals 24:827-835. https://doi.org/10.1007/s105
34-011-9436-3

Kachur AV, Koch CJ, Biaglow JE. 1998. Mechanism of copper-catalyzed
oxidation of glutathione. Free Radic Res 28:259-269. https://doi.org/10.
3109/10715769809069278

Tan GQ, Cheng ZS, Pang YL, Landry AP, Li JH, Lu JX, Ding HG. 2014.
Copper binding in IscA inhibits iron-sulphur cluster assembly in
Escherichia coli. Mol Microbiol 93:629-644. https://doi.org/10.1111/mmi
12676

Saporito-Magriind CM, Musacco-Sebio RN, Andrieux G, Kook L, Orrego
MT, Tuttolomondo MV, Desimone MF, Boerries M, Borner C, Repetto
MG. 2018. Copper-induced cell death and the protective role of
glutathione: the implication of impaired protein folding rather than
oxidative stress. Metallomics 10:1743-1754. https://doi.org/10.1039/C8
MT00182K

Durand A, Azzouzi A, Bourbon ML, Steunou AS, Liotenberg S, Maeshima
A, Astier C, Argentini M, Saito S, Ouchane S. 2015. ¢ -Type cytochrome
assembly is a key target of copper toxicity within the bacterial
periplasm. MBio 6:e01007-15. https://doi.org/10.1128/mBio.01007-15
Novoa-Aponte L, Xu C, Soncini FC, Arglello JM. 2020. The two-
component system CopRS maintains subfemtomolar levels of free
copper in the periplasm of Pseudomonas aeruginosa using a phospha-
tase-based mechanism. mSphere 5:15. https://doi.org/10.1128/mSpher
e.01193-20

Changela A, Chen K, Xue Y, Holschen J, Outten CE, O'Halloran TV,
Mondragon A. 2003. Molecular basis of metal-ion selectivity and
zeptomolar sensitivity by CueR. Science 301:1383-1387. https://doi.org
/10.1126/science.1085950

Giachino A, Waldron KJ. 2020. Copper tolerance in bacteria requires the
activation of multiple accessory pathways. Mol Microbiol 114:377-390.
https://doi.org/10.1111/mmi.14522

Cha JS, Cooksey DA. 1991. Copper resistance in Pseudomonas syringae
mediated by periplasmic and outer membrane proteins. Proc Natl Acad
Sci USA 88:8915-8919. https://doi.org/10.1073/pnas.88.20.8915
Rensing C, Grass G. 2003. Escherichia coli mechanisms of copper
homeostasis in a changing environment. FEMS Microbiol Rev 27:197-
213. https://doi.org/10.1016/5S0168-6445(03)00049-4

Pang WL, Kaur A, Ratushny AV, Cvetkovic A, Kumar S, Pan M, Arkin AP,
Aitchison JD, Adams MWW, Baliga NS. 2013. Metallochaperones
regulate intracellular copper levels. PLoS Comput Biol 9:1002880. http
s://doi.org/10.1371/journal.pcbi.1002880

Robinson NJ, Winge DR. 2010. Copper metallochaperones. Annu Rev
Biochem 79:537-562. https://doi.org/10.1146/annurev-biochem-03040
9-143539

O’Halloran TV, Culotta VC. 2000. Metallochaperones, an intracellular
shuttle service for metal ions. J Biol Chem 275:25057-25060. https://doi
.org/10.1074/jbc.R000006200

Odermatt A, Suter H, Krapf R, Solioz M. 1992. An ATPase operon
involved in copper resistance by Enterococcus hirae. Ann N'Y Acad Sci
671:484-486. https://doi.org/10.1111/j.1749-6632.1992.tb43836.x

Issue 11

167.

168.

169.

170.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Journal of Bacteriology

Odermatt A, Suter H, Krapf R, Solioz M. 1993. Primary structure of two P-
type ATPases involved in copper homeostasis in Enterococcus hirae. J
Biol Chem 268:12775-12779. https://doi.org/10.1016/50021-9258(18)3
1455-8

Rensing C, Fan B, Sharma R, Mitra B, Rosen BP. 2000. CopA: an
Escherichia coli Cu(l)-translocating P-type ATPase. Proc Natl Acad Sci
USA 97:652-656. https://doi.org/10.1073/pnas.97.2.652

Munson GP, Lam DL, Outten FW, O’Halloran TV. 2000. Identification of a
copper-responsive two-component system on the chromosome of
Escherichia coli K-12. J Bacteriol 182:5864-5871. https://doi.org/10.1128
/JB.182.20.5864-5871.2000

Franke S, Grass G, Rensing C, Nies DH. 2003. Molecular analysis of the
copper-transporting efflux system CusCFBA of Escherichia coli. J
Bacteriol 185:3804-3812. https://doi.org/10.1128/JB.185.13.3804-3812.
2003

Franke S, Grass G, Nies DH. 2001. The product of the ybdE gene of the
Escherichia coli chromosome is involved in detoxification of silver ions.
Microbiology (Reading, Engl) 147:965-972. https://doi.org/10.1099/002
21287-147-4-965

Huffman DL, Huyett J, Outten FW, Doan PE, Finney LA, Hoffman BM,
O’Halloran TV. 2002. Spectroscopy of Cu(ll)-PcoC and the multicopper
oxidase function of PcoA, two essential components of Escherichia coli
pco copper resistance operon. Biochemistry 41:10046-10055. https://d
0i.0rg/10.1021/bi0259960

Lee SM, Grass G, Rensing C, Barrett SR, Yates CJD, Stoyanov JV, Brown
NL. 2002. The Pco proteins are involved in periplasmic copper handling
in Escherichia coli. Biochem Biophys Res Commun 295:616-620. https://
doi.org/10.1016/5S0006-291X(02)00726-X

Mellano MA, Cooksey DA. 1988. Nucleotide sequence and organization
of copper resistance genes from Pseudomonas syringae pv. tomato. J
Bacteriol 170:2879-2883. https://doi.org/10.1128/jb.170.6.2879-2883.1
988

Grass G, Rensing C. 2001. CueO is a multi-copper oxidase that confers
copper tolerance in Escherichia coli. Biochem Biophys Res Commun
286:902-908. https://doi.org/10.1006/bbrc.2001.5474

Roberts SA, Weichsel A, Grass G, Thakali K, Hazzard JT, Tollin G, Rensing
C, Montfort WR. 2002. Crystal structure and electron transfer kinetics of
CueO, a multicopper oxidase required for copper homeostasis in
Escherichia coli. Proc Natl Acad Sci USA 99:2766-2771. https://doi.org/1
0.1073/pnas.052710499

Krezel A, Maret W. 2016. The biological inorganic chemistry of zinc ions.
Arch Biochem Biophys 611:3-19. https://doi.org/10.1016/j.abb.2016.04.
010

Chandrangsu P, Huang X, Gaballa A, Helmann JD. 2019. Bacillus subtilis
FolE is sustained by the ZagA zinc metallochaperone and the alarmone
ZTP under conditions of zinc deficiency. Mol Microbiol 112:751-765. htt
ps://doi.org/10.1111/mmi.14314

Schulz V, Galea D, Herzberg M, Nies DH. 2024. Protecting the Achilles
heel: three FolE_I-type GTP-cyclohydrolases needed for full growth of
metal-resistant Cupriavidus metallidurans under a variety of conditions.
J Bacteriol 206:€0039523. https://doi.org/10.1128/jb.00395-23

Wu FYH, Huang WJ, Sinclair RB, Powers L. 1992. The structure of the zinc
sites of Escherichia coli DNA-dependent RNA polymerase. J Biol Chem
267:25560-25567. https://doi.org/10.1016/50021-9258(19)74077-0
Katayama A, Tsujii A, Wada A, Nishino T, Ishihama A. 2002. Systematic
search for zinc-binding proteins in Escherichia coli. Eur J Biochem
269:2403-2413. https://doi.org/10.1046/j.1432-1033.2002.02900.x
Markov D, Naryshkina T, Mustaev A, Severinov K. 1999. A zinc-binding
site in the largest subunit of DNA-dependent RNA polymerase is
involved in enzyme assembly. Genes Dev 13:2439-2448. https://doi.org
/10.1101/gad.13.18.2439

Sarkar P, Sardesai AA, Murakami KS, Chatterji D. 2013. Inactivation of
the bacterial RNA polymerase due to acquisition of secondary structure
by the w subunit. J Biol Chem 288:25076-25087. https://doi.org/10.107
4/jbc.M113.468520

Panina EM, Mironov AA, Gelfand MS. 2003. Comparative genomics of
bacterial zinc regulons: enhanced ion transport, pathogenesis, and
rearrangement of ribosomal proteins. Proc Natl Acad Sci USA 100:9912-
9917. https://doi.org/10.1073/pnas.1733691100

Akanuma G, Nanamiya H, Natori Y, Nomura N, Kawamura F. 2006.
Liberation of zinc-containing L31 (RpmE) from ribosomes by its
paralogous gene product, YtiA, in Bacillus subtilis. ) Bacteriol 188:2715-
2720. https://doi.org/10.1128/JB.188.7.2715-2720.2006

10.1128/jb.00228-2515

Downloaded from https://journals.asm.org/journal/jb on 05 December 2025 by 141.48.67.87.


https://doi.org/10.1039/c3mt00248a
https://doi.org/10.1016/j.febslet.2011.01.038
https://doi.org/10.1016/j.abb.2013.09.002
https://doi.org/10.1074/jbc.R112.446526
https://doi.org/10.1039/c7mt00037e
https://doi.org/10.1021/acs.biochem.5b01328
https://doi.org/10.1007/s10534-011-9436-3
https://doi.org/10.3109/10715769809069278
https://doi.org/10.1111/mmi.12676
https://doi.org/10.1039/C8MT00182K
https://doi.org/10.1128/mBio.01007-15
https://doi.org/10.1128/mSphere.01193-20
https://doi.org/10.1126/science.1085950
https://doi.org/10.1111/mmi.14522
https://doi.org/10.1073/pnas.88.20.8915
https://doi.org/10.1016/S0168-6445(03)00049-4
https://doi.org/10.1371/journal.pcbi.1002880
https://doi.org/10.1146/annurev-biochem-030409-143539
https://doi.org/10.1074/jbc.R000006200
https://doi.org/10.1111/j.1749-6632.1992.tb43836.x
https://doi.org/10.1016/S0021-9258(18)31455-8
https://doi.org/10.1073/pnas.97.2.652
https://doi.org/10.1128/JB.182.20.5864-5871.2000
https://doi.org/10.1128/JB.185.13.3804-3812.2003
https://doi.org/10.1099/00221287-147-4-965
https://doi.org/10.1021/bi0259960
https://doi.org/10.1016/S0006-291X(02)00726-X
https://doi.org/10.1128/jb.170.6.2879-2883.1988
https://doi.org/10.1006/bbrc.2001.5474
https://doi.org/10.1073/pnas.052710499
https://doi.org/10.1016/j.abb.2016.04.010
https://doi.org/10.1111/mmi.14314
https://doi.org/10.1128/jb.00395-23
https://doi.org/10.1016/S0021-9258(19)74077-0
https://doi.org/10.1046/j.1432-1033.2002.02900.x
https://doi.org/10.1101/gad.13.18.2439
https://doi.org/10.1074/jbc.M113.468520
https://doi.org/10.1073/pnas.1733691100
https://doi.org/10.1128/JB.188.7.2715-2720.2006
https://doi.org/10.1128/jb.00228-25

Minireview

186.

187.

188.

189.

190.

191.

192.

193.

194,

195.

196.

197.

198.

199.

November 2025 Volume 207

Hensley MP, Tierney DL, Crowder MW. 2011. Zn(ll) binding to
Escherichia coli 70S ribosomes. Biochemistry 50:9937-9939. https://doi.
0rg/10.1021/bi200619w

Butof L, Gro3e C, Lilie H, Herzberg M, Nies DH. 2019. Interplay between
the Zur regulon components and metal resistance in Cupriavidus
metallidurans. J Bacteriol 201:@00192-19. https://doi.org/10.1128/JB.001
92-19

Ishitani R, Sugita Y, Dohmae N, Furuya N, Hattori M, Nureki O. 2008.
Mg?**-sensing mechanism of Mg*" transporter MgtE probed by
molecular dynamics study. Proc Natl Acad Sci USA 105:15393-15398. ht
tps://doi.org/10.1073/pnas.0802991105

Eshaghi S, Niegowski D, Kohl A, Martinez Molina D, Lesley SA, Nordlund
P. 2006. Crystal structure of a divalent metal ion transporter CorA at 2.9
angstrom resolution. Science 313:354-357. https://doi.org/10.1126/scie
nce.1127121

Cromie MJ, Shi YX, Latifi T, Groisman EA. 2006. An RNA sensor for
intracellular Mg?*. Cell 125:71-84. https://doi.org/10.1016/j.cell.2006.01.
043

Hobman JL, Yamamoto K, Oshima T. 2007. Transcriptomic responses of
bacterial cells to sublethal metal ion stress, p 73-116. In Nies DH, Silver
S (ed), Molecular microbiology of heavy metals. Vol. 6. Springer-Verlag,
Berlin.

Reyes-Caballero H, Campanello GC, Giedroc DP. 2011. Metalloregula-
tory proteins: metal selectivity and allosteric switching. Biophys Chem
156:103-114. https://doi.org/10.1016/j.bpc.2011.03.010

Helmann JD. 2014. Specificity of metal sensing: iron and manganese
homeostasis in Bacillus subtilis. J Biol Chem 289:28112-28120. https://d
0i.0rg/10.1074/jbc.R114.587071

Helmann JD, Soonsanga S, Gabriel S. 2007. Metallalloregulators:
arbiters of metal sufficiency, p 37-71. In Nies DH, Silver S (ed),
Molecular microbiology of heavy metals. Vol. 6. Springer-Verlag, Berlin.
Helmann JD. 2002. Sensing nickel. NikRs with two pockets. Chem Biol
9:1055-1057. https://doi.org/10.1016/s1074-5521(02)00251-x

Outten FW, Outten CE, Hale J, O’Halloran TV. 2000. Transcriptional
activation of an Escherichia coli copper efflux regulon by the chromoso-
mal MerR homologue, cueR. J Biol Chem 275:31024-31029. https://doi.
org/10.1074/jbc.M006508200

Outten CE, Outten FW, O’Halloran TV. 1999. DNA distortion mechanism
for transcriptional activation by ZntR, a Zn(ll)-responsive MerR
homologue in Escherichia coli. J Biol Chem 274:37517-37524. https://do
i.org/10.1074/jbc.274.53.37517

Waldron KJ, Rutherford JC, Ford D, Robinson NJ. 2009. Metalloproteins
and metal sensing. Nature 460:823-830. https://doi.org/10.1038/nature
08300

Lenner N, Chariker L, Leibler S. 2025. Compatibility of intracellular
binding: evolutionary design principles for metal sensors. Proc Natl
Acad Sci USA 122:e2427151122. https://doi.org/10.1073/pnas.2427151
122

Issue 11

200.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Journal of Bacteriology

Mills SA, Marletta MA. 2005. Metal binding characteristics and role of
iron oxidation in the ferric uptake regulator from Escherichia coli.
Biochemistry 44:13553-13559. https://doi.org/10.1021/bi0507579
Young TR, Martini MA, Foster AW, Glasfeld A, Osman D, Morton RJ,
Deery E, Warren MJ, Robinson NJ. 2021. Calculating metalation in cells
reveals CobW acquires Coll for vitamin Bj; biosynthesis while related
proteins prefer Znll. Nat Commun 12:1195. https://doi.org/10.1038/s41
467-021-21479-8

Patzer SI, Hantke K. 2000. The zinc-responsive regulator Zur and its
control of the znu gene cluster encoding the ZnuABC zinc uptake
system in Escherichia coli. J Biol Chem 275:24321-24332. https://doi.org
/10.1074/jbc.M001775200

Blaby-Haas CE, Flood JA, Crécy-Lagard V de, Zamble DB. 2012. YeiR: a
metal-binding GTPase from Escherichia coli involved in metal
homeostasis. Metallomics 4:488-497. https://doi.org/10.1039/c2mt200
12k

Weiss A, Murdoch CC, Edmonds KA, Jordan MR, Monteith AJ, Perera YR,
Rodriguez Nassif AM, Petoletti AM, Beavers WN, Munneke MJ, Drury SL,
Krystofiak ES, Thalluri K, Wu H, Kruse ARS, DiMarchi RD, Caprioli RM,
Spraggins JM, Chazin WJ, Giedroc DP, Skaar EP. 2022. Zn-regulated
GTPase metalloprotein activator 1 modulates vertebrate zinc
homeostasis. Cell 185:2148-2163. https://doi.org/10.1016/j.cell.2022.04
.01

Pasquini M, Grosjean N, Hixson KK, Nicora CD, Yee EF, Lipton M, Blaby
IK, Haley JD, Blaby-Haas CE. 2022. Zng1 is a GTP-dependent zinc
transferase needed for activation of methionine aminopeptidase. Cell
Rep 39:110834. https://doi.org/10.1016/j.celrep.2022.110834

Edmonds KA, Jordan MR, Giedroc DP. 2021. COG0523 proteins: a
functionally diverse family of transition metal-regulated G3E P-loop
GTP hydrolases from bacteria to man. Metallomics 13:mfab046. https://
doi.org/10.1093/mtomcs/mfab046

Nairn BL, Lonergan ZR, Wang J, Braymer JJ, Zhang Y, Calcutt MW, Lisher
JP, Gilston BA, Chazin WJ, de Crécy-Lagard V, Giedroc DP, Skaar EP.
2016. The response of Acinetobacter baumannii to zinc starvation. Cell
Host Microbe 19:826-836. https://doi.org/10.1016/j.chom.2016.05.007
Ammendola S, Ciavardelli D, Consalvo A, Battistoni A. 2020. Cobalt can
fully recover the phenotypes related to zinc deficiency in Salmonella
typhimurium. Metallomics 12:2021-2031. https://doi.org/10.1039/d0mt
00145¢

Legatzki A, Grass G, Anton A, Rensing C, Nies DH. 2003. Interplay of the
Czc system and two P-type ATPases in conferring metal resistance to
Ralstonia metallidurans. J Bacteriol 185:4354-4361. https://doi.org/10.1
128/JB.185.15.4354-4361.2003

Nies D, Mergeay M, Friedrich B, Schlegel HG. 1987. Cloning of plasmid
genes encoding resistance to cadmium, zinc, and cobalt in Alcaligenes
eutrophus CH34. J Bacteriol 169:4865-4868. https://doi.org/10.1128/jb.
169.10.4865-4868.1987

10.1128/jb.00228-25 16

Downloaded from https://journals.asm.org/journal/jb on 05 December 2025 by 141.48.67.87.


https://doi.org/10.1021/bi200619w
https://doi.org/10.1128/JB.00192-19
https://doi.org/10.1073/pnas.0802991105
https://doi.org/10.1126/science.1127121
https://doi.org/10.1016/j.cell.2006.01.043
https://doi.org/10.1016/j.bpc.2011.03.010
https://doi.org/10.1074/jbc.R114.587071
https://doi.org/10.1016/s1074-5521(02)00251-x
https://doi.org/10.1074/jbc.M006508200
https://doi.org/10.1074/jbc.274.53.37517
https://doi.org/10.1038/nature08300
https://doi.org/10.1073/pnas.2427151122
https://doi.org/10.1021/bi0507579
https://doi.org/10.1038/s41467-021-21479-8
https://doi.org/10.1074/jbc.M001775200
https://doi.org/10.1039/c2mt20012k
https://doi.org/10.1016/j.cell.2022.04.011
https://doi.org/10.1016/j.celrep.2022.110834
https://doi.org/10.1093/mtomcs/mfab046
https://doi.org/10.1016/j.chom.2016.05.007
https://doi.org/10.1039/d0mt00145g
https://doi.org/10.1128/JB.185.15.4354-4361.2003
https://doi.org/10.1128/jb.169.10.4865-4868.1987
https://doi.org/10.1128/jb.00228-25

Minireview

AUTHOR BIO

Dietrich H. Nies studied microbiology at
the Georg-August-University Gottingen
und received his Ph.D. 1985 about
the hydrogen-oxidizing, metal-resistant
bacterium  Cupriavidus metallidurans
(those days Alcaligenes eutrophus) strain
CH34 under the guidance of Hans G.
Schlegel. Those studies were contin-
ued at the Free University of Berlin
together with Barbel Friedrich and at the

Department of Microbiology and Immunology at the University
of lllinois at Chicago in the lab of Simon Silver. In 1993, he moved
to Halle as full professor for molecular microbiology and was
formally retired in 2024. Since the time as Ph. D. student, he
was fascinated by the fact that strain CH34 grew in the presence
of high concentrations of toxic or essential-but-toxic transition
metal ions. Later on, his research shifted to the question how
these essential-but-toxic ions were allocated to the respective

metal-dependent protein.

November 2025 Volume 207 Issue 11

Journal of Bacteriology

10.1128/jb.00228-2517

Downloaded from https://journals.asm.org/journal/jb on 05 December 2025 by 141.48.67.87.


https://doi.org/10.1128/jb.00228-25

	A flow equilibrium model controlling cytoplasmic transition metal cation pools and preventing mis-metalation as exemplified for zinc homeostasis
	HARD, SOFT, AND BORDERLINE TRANSITION METAL CATIONS: WHY SOME ARE USED AND OTHERS ARE NOT
	THE REQUIREMENT FOR METAL UPTAKE SYSTEMS WITH BROAD SUBSTRATE SPECIFICITY
	THE FLOW EQUILIBRIUM AND ITS COMPONENTS
	THE FLOW EQUILIBRIUM AS STUDIED IN C. METALLIDURANS
	TRANSITION METALS AS ESSENTIAL-BUT-TOXIC AND COMPETING CATIONS
	MIS-METALATION AND THE CONTROL OF THE TRANSITION METAL CATION POOLS
	C. METALLIDURANS: MODEL SYSTEM OR EXCEPTION?


