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The biological chemistry of the transition metal
“transportome” of Cupriavidus metallidurans

Dietrich H. Nies

This review tries to illuminate how the bacterium Cupriavidus metallidurans CH34 is able to allocate essential
transition metal cations to their target proteins although these metals have similar charge-to-surface ratios
and chemical features, exert toxic effects, compete with each other, and occur in the bacterial environment
over a huge range of concentrations and speciations. Central to this ability is the “transportome”, the totality
of all interacting metal import and export systems, which, as an emergent feature, transforms the
environmental metal content and speciation into the cellular metal mélange. In a kinetic flow equilibrium
resulting from controlled uptake and efflux reactions, the periplasmic and cytoplasmic metal content is
adjusted in a way that minimizes toxic effects. A central core function of the transportome is to shape the
metal ion composition using high-rate and low-specificity reactions to avoid time and/or energy-requiring
metal discrimination reactions. This core is augmented by metal-specific channels that may even deliver
metals all the way from outside of the cell to the cytoplasm. This review begins with a description of the
basic chemical features of transition metal cations and the biochemical consequences of these attributes, and
which transition metals are available to C. metallidurans. It then illustrates how the environment influences
the metal content and speciation, and how the transportome adjusts this metal content. It concludes with an
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DOI: 10.1039/c5mt00320b outlook on the fate of metals in the cytoplasm. By generalization, insights coming from C. metallidurans shed

light on multiple transition metal homoeostatic mechanisms in all kinds of bacteria including pathogenic
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Introduction: Cupriavidus
metallidurans CH34

C. metallidurans CH34 was isolated from a zinc decantation
tank as a metal-resistant, hydrogen-oxidizing ‘“Pseudomonas”
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species, where the “battle” for metals is an important part of the host—pathogen interaction.

and its name has changed several times in the last few decades:
Alcaligenes eutrophus, Ralstonia sp., Ralstonia metallidurans,
Wautersia metallidurans and finally C. metallidurans."® Its genome
contains 6717 protein-encoding genes located on a main chromo-
some, a second chromosome or ‘“chromid”, and two large
plasmids named pMOL28 and pMOL30 to honor the laboratory
in Belgium that isolated this strain.®* More than half of the
predicted proteins were quantified and identified in a bottom-up
proteomic approach.’

C. metallidurans is widespread in nature. Its niches are metal-
containing soils, e.g. zinc deserts, serpentine soils in New
Caledonia and auriferous soils in Australia.’®™"® The genes on
the two plasmids and on genomic islands were probably
horizontally acquired>'*™® and indicate that C. metallidurans
has obtained during its evolution the ability to (i) resist high
concentrations of transition metals,>*'"° (ii) oxidize molecular
hydrogen subsequently allowing chemolithoautotrophic growth,***
and (iii) degrade a variety of aromatic and unusual organic
compounds.”?"** Since weathering of metal-containing minerals
produces both molecular hydrogen and soluble transition metal
ions'>**?% C. metallidurans can be nicely pictured as living
in biofilms in between the hydrogen- and metal-generating
weathering minerals on the one side and molecular oxygen plus
an additional supply of organic compounds on the other side.
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This would also explain the presence of the outstanding and
highly sophisticated metal resistance determinants in the
genome of this bacterium, and why it is a “hydrogen-oxidizing,
metal-resistant” bacterium.>”

Taxonomically, C. metallidurans CH34 belongs to the phylum
Proteobacteria, class Betaproteobacteria, order Burkholderiales, and
to one of the five families within this order, the Burkholderiaceae.®”
Proteobacteria are Gram-negative bacteria enveloped by two bio-
logical membranes, the outer and the inner membrane, with a
periplasmic space in-between. This defines a second cellular
compartment in addition to the cytoplasmic space. All substrates
have to pass the outer membrane before transport across the inner
membrane can be undertaken.

While C. metallidurans CH34 is a harmless bacterium unable
to grow at 37 °C*® and to produce toxins, some bacterial strains
described under the same species name might have some
pathogenic potential®®° although further research is needed
to actually demonstrate that these strains are indeed able to
reproducibly infect and cause disease symptoms in healthy
individuals. Such results should prompt description of those
strains as a new bacterial species. The genus Cupriavidus
currently comprises 14 bacterial species, including the close
relatives C. necator H16 (synonym C. eutrophus H16, Ralstonia
eutropha H16)*" and C. pinatubonensis JMP134 (synonym
Ralstonia eutropha JMP134).>** Strain H16 is a well investigated
bacterium able to grow facultatively as a chemolithoautotroph. It
oxidizes molecular hydrogen with molecular oxygen and uses this
energy to assimilate carbon dioxide via the Calvin cycle.*" Strain
JMP134 was isolated as a xenobiotic-degrading bacterium able to
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degrade the agent orange component 2,4-dichlorphenoxyacetic
acid (2,4-D) with the help of plasmid pj4.****

The family Burkholderiaceae is composed of 12 genera with
the genus Burkholderia containing important pathogens such
as B. mallei, B. pseudomallei and the B. cepacia complex, as well
as the plant pathogen Ralstonia solanacearum. The close phylo-
genetic relationship of C. metallidurans to pathogens, the
important function of transition metals in pathogenicity and
the fact that the metal homoeostasis systems of other bacteria
are usually simpler versions of the C. metallidurans system
indicate that insights coming from C. metallidurans are useful
to understand the physiology of other free-living and patho-
genic bacteria.

Transition metals
Transition metals and heavy metals

Transition metals, which belong to groups 3 to 12 of the
periodic system of elements (Fig. 1), fill their 3d, 4d, 5d or 6d
orbitals during the first, second, third or fourth transition
period, which are part of the general periods 4, 5, 6, and 7,
respectively.>* All transition metals have an electron pair in the
outermost 4s, 5s, 6s or 7s orbital, empty p orbitals with the
same principal quantum number 4 to 7, and empty (Sc to Zn,
Y to Cd, La, Ac) or completely filled f-orbitals (all others). They
differ only in the number of d electrons. With the exception
of Sc, Ti and Y, the metallic forms of these elements have
densities >5 g em ™, so that most transition metals can be
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Fig. 1 Periodic system of elements. The periods are defined by the principal quantum number n of the valence electrons. Elements of groups 1 and 2 fill
up their respective s orbitals and elements of groups 13 to 18 their p-orbitals. The first period contains H and He, in the following periods groups 1 and 2
the alkali and alkaline earth metals. In-between are the transition metals, which fill up the d-orbitals, plus the lanthanides (rare earth elements) and
actinides, which fill up f-orbitals. No elements are known that fill up the 5g or 6g orbitals. Such a process should start with elements of period 8; however,
the element with the highest atomic number and the highest atomic mass discovered so far is the artificially synthesized and very unstable ununoctium
(118-Uuo) of group 18 and period 7. Its half-life is below 1 millisecond. The ten major bio-elements are on a yellow (non-metals) and orange field (metals),
and additional minor or trace elements on a green (transition metals) and blue (Se, Cr, Cd, B, Cl, Br, J) field. Cd and Cr are not known to be trace elements
in bacteria. Reproduced with permission from ref. 35. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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considered as “heavy metals”. Some metals, and even metalloids
of the p group (groups 13 to 18, Fig. 1) and all f group elements
(not shown in Fig. 1), are also “heavy”, so that the sets of
transition and heavy metals overlap but not completely (for a
detailed treatment of how the periodic system of elements results
from the Schrodinger equation and why the chemical elements
are arranged in the system shown in Fig. 1, please refer to the
freely available companion website of ref. 35 at http:/media.
wiley.com/product_ancillary/07/35273165/DOWNLOAD/Website_
Chapter1.pdf).

As all transition metals have two valence electrons in an
s orbital plus a different number of electrons in their d orbital,
they tend to form divalent cations in aqueous solution when
the valence electrons are lost, or cations of a higher order when
additional d electrons are gone. At oxidation states of +5 or
more, these cations react with water and form oxyanions, which
can even polymerize. The electron configuration of the three
noble elements Cu, Ag and Au is not d° s> but d'° (=filled) s',
because a half or completely occupied group of electrons with the
same principal and azimuthal quantum number represents a state
of low energy. Consequently, noble metals may also occur in the +1
oxidation state, in addition to +2 (Cu) and +3 (Au).**

Due to the fact that divalent transition metal cations have
similar empty s valence orbitals, their ionic radius is also in the
same range, in the first transition metal period from 690 pm
for Cu(u) via 720 pm for Ni(u), 740 pm for Co(u) or Zn(u) and
760 pm for Fe(u) to 800 pm for Mn(u).>*® Because of shielding
effects caused by the innermost electrons, this value increases
only slightly with the principal quantum number, e.g. from
740 pm for Zn(u) with 3d*° via 970 pm for Cd(u) with 4d™° to
1.1 nm for Hg(n) with 5d'°. Consequently, transition metals
adjacent to each other in the same transition period or group
have not only similar chemical features but also similar ionic
radii and similar values of Linus Paulings’ electronegativity.**
Due to increased shielding by the d electrons, this value
increases within the first transition period from 1.3 (Ac) to
1.9 (Cu) and to the highest value among all transition metals of
2.4 for Au. The difference in electronegativity between two
elements in a chemical bond is a measure of the percent ionic
and covalent character of this bond. Derived from this, the
Au-S or Au-C bonds are approximately 99.5% covalent and
even the Au-O bond has only 22% ionic character. All bonds of
transition metals with non-metals have a large percentage of a
covalent character, especially the noble metals in group 11 but
also their neighbors in groups 8, 9, 10 and 12 (Fig. 1). This is
the reason why transition metals of these groups are described
as ‘“soft” metals or “borderline” metals while alkali, alkaline
earth and transition metals with a low number of d electrons
are considered as ‘“hard” metals: “soft” metal cations form
strong, nearly covalent bonds with sulfur while “hard” metals
prefer ionic interactions with oxygen.’”

Oxidation state, redox potential, solubility and bio-availability
of transition metals

With the exception of hydrogen and a minor amount of helium
and lithium, all chemical elements in this universe are produced

This journal is © The Royal Society of Chemistry 2016
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by nuclear fusion reactions in stars and released by supernova
explosions when the respective star dies. The fusion runs from
H to He, subsequently to C, N, O, and further on via Si to elements
with higher atomic number up to Fe.*® The Fe nucleus is that with
the highest atomic number that is generated in an exergonic
nuclear fusion reaction; synthesis of all elements with higher
atomic number is endergonic.*® Consequently, the element distri-
bution in this part of the universe decreases hyper-exponentially
from hydrogen to elements with high atomic numbers, with a
comparable high amount of the atoms of Fe and its neighbors,
and a very low amount of Li, Be, and B, which are only transient
products of the second fusion step from He to C, N, O.

From these “ashes of a long-dead star”’ the earth was formed
and re-modeled by cataclysmic events such as the moon-
forming impact of another small planet on the proto-earth,
which transformed the element distribution of the universe
into that of the earth’s crust.* Since life as we understand it*'
depends on water, elements have to be released from the
minerals in the earth’s crust into water to be bio-available.
After the oceans had been formed on the earth,*” the average
metal content in sea water reached an equilibrium of input and
precipitation reactions, so that this average metal content may
be assumed as the average metal content of all global ecosystems.
Derived from this, the ratio of metal concentration in g per kg
seawater to metal concentration in g per kg earth’s crust may give
a measure of the overall mobility of an individual metal (Fig. 2).

Of the 40 transition metals (Fig. 1), the ten 6d elements plus
Tc of 4d elements do not contain stable isotopes, are not
naturally occurring and were only artificially produced. For
the remaining 29 transition metals plotting the mobility against

"k N o T T
. Ag Mo
1073 cd 3
Hg
®
w Zn
1074k i 1
° Cu Ni
g co
a8 1075k oy E
S Mn "
= |
106k Ta Hf Nb Cr E
.. L] = Fe
La P
107 > E
Ru Zr
Rh Re Sc
ool | MOsRRa | % IV.| V. |
1074 1072 100 102 104

mg/kg Earth crust

Fig. 2 Availability of transition metals. The figure plots the content of a
transition metal against the mobility, calculated as sea water content of
this metal divided by the content of the earth’s crust.>® This clearly defines
five sets of transition metals: (I) those with high mobility despite a low
content in the earth’s crust; (ll) with high availability; (Il) with extremely
limited availability; (IV) with a high content in the earth’s crust but low
availability; and (V) iron. Group Il contains all essential oxy-anions (purple),
essential-but-toxic cations (green) plus Y but except iron (blue) and group |
the toxic-only transition metals (red). With the exception of Cr, the metals
in groups Il and IV are of no relevance for C. metallidurans.
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the content of the earth’s crust defines five sets of transition
metals (Fig. 2): (I) four have high mobility despite a low content in
the earth’s crust; (II) nine have high bio-availability; (III) seven
are not bio-available metals; (IV) eight have a high content in
the earth’s crust but have low mobility; and (V) iron. With the
exception of Cr and Y, these groups neatly define the toxic-only
transition metal cations (group I), essential trace elements that
may be toxic nevertheless (group II), Fe as an exception (group V),
and transition metals without biological importance (groups III
and IV). All elements in group IV plus Y exist as trivalent,
tetravalent or pentavalent cations that form insoluble hydroxides
in water, which is the reason for their low bio-availability at
neutral pH values. Another exception concerns Cr, which exists as
an insoluble trivalent Cr(ur) cation but also as Cr(vi) in chromate
or bi-chromate depending on the pH value and both forms are
toxic to C. metallidurans (Table 1).

Table 1 Stable, soluble and toxic metals plus essential transition metals®
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The transition metals in groups I, II and IV, which are of
consequence for C. metallidurans and its metal transportome,
are also listed in Table 1. This table additionally gives the
oxidation states of these metals in water, plus the redox
potential under standard conditions. Water defines the borders
of redox reactions in living cells, because all compounds with a
redox potential more negative than that of molecular hydrogen
(Eo = 0 V per definition) should reduce protons and thus be
unstable. Likewise, all compounds with a redox potential
higher than that of water (E, = +1229 mV) should oxidize water
and be unstable t0o.>* Consequently, some transition metals
form cations that are redox inactive in biological systems (Zn),
except in complexes (Ni, Co, Mo, W) while the redox potential of
others may vary (Fe, Mn, V, Cr, Cu, Hg, Ag and Au).

Fe has a special position in group V. It exists as Fe(ur) under
oxic conditions, which precipitates as insoluble hydroxide.**

Metal | mg/kg Earth crust Mobility OxState, Redox MIC, Atoms/cell

Fe 56300 1.78E-07 | 2/3: 771 mV Not toxic, 537,000

Mn 950 2.11E-06 | 2, 4, ff; various 20 mM, 993

Vv 185 1.48E-05 | 5; 4/3: 337 mV 5 mM/pH(Ill), 5 mM (V), bdl
cr 100 5.00E-07 | 6/3: 1350 mV 200 pM (VI), 5 mM/pH(Ill), bdl
Ni 75 7.20E-05 | 2, obr 1 mM, 10,800

Zn 70 1.43E-04 | 2, obr 1 mM, 90,900

Cu 55 5.45E-05 | 1/2: 153 mV 1 mM, 60,700

Y 33 9.09E-06 | 3, obr 2 mM/pH, bdl

Co 25 1.08E-05 | 2, obr 1mM, 3,970

Mo 1:5 6.67E-03 | 6, obr Not toxic, 3,450

w 1.5 6.67E-05 | 6, obr Not toxic, bdl

Cd 0.2 5.50E-04 | 2, obr 500 pMm, 221

% These are the values plotted in Fig. 2 for the elements in groups I, II, and V plus Cr. The mobility is the quotient of the content of a metal in
standard sea water in g kg~ " divided by the content of the earth’s crust in g kg™ ".*® OxState gives the oxidation states of the metals listed with the
most frequently occurring states in bold type, and the half-cell redox potential E, for the indicated states;*® obr, outside of the biological range for
the cations in water; ff, and others. MIC is the minimal inhibitory concentration as determined for 5 days at 30 °C on Tris-buffered mineral salts
medium with gluconate as the carbon source (TMM).***** The number of metal atoms per cell was determined by ICP-MS in TMM-grown cells;*
bdl, below detection limit. “pH” indicates that the growth medium was strongly acidified by the added metal but the pH value could not be adjusted
because otherwise metal hydroxide complexes precipitated. Fields: toxic oxyanions yellow, essential-but-toxic cations light yellow, toxic-only
cadmium light orange, toxic cations orange.
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This would mean that iron should have low bio-availability and
not be widely used as a bio-element. The contrary is, however,
the case. Fe is the transition metal with the highest number of
atoms in the C. metallidurans cell (Table 1).** This has “historical”
reasons: before molecular oxygen became available on earth, that
is before the first great oxygenation event 2.4 billion years ago,*®
Fe existed as Fe(n) that was largely bio-available and used in early
life forms.*” After this event, cells were confronted with a massive
iron starvation condition due to Fe(m) hydroxide precipitation,
which was solved by the evolution of siderophore-dependent
Fe(m) import pathways.®*® In anoxic environments, Fe(u) is still
the predominant and readily available form of iron. This is the
reason for the observed discrepancy that Fe is indicated as of low
availability in Fig. 2 but as an important bio-element in Table 1.

Thus, the role that any transition metal is able to play in
C. metallidurans and other bacteria is simply the result of
differences in the creation of these elements in ancient stars,
formation of the planet earth, and their solubility. Only the
transition metals in groups I and II (Fig. 2) are interesting for
bacterial cells, with three exceptions: Cr belongs to group I
because it is able to form the highly soluble chromate oxyanion,
Y to group IV because it precipitates as a hydroxide complex
similar to other trivalent metal cations, and Fe has its special
role because of the outlined “historical” reasons.
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Metal complexes

The high electronegativity of transition metals and the resulting
covalent character of transition metal-non-metal bonds have
another important consequence: transition metal cations are
able to form complex compounds by accepting a free electron
pair from non-metal atoms such as C, O, and N as ligands. Using
the empty s and p orbitals, four ligands can be accommodated in
a tetrahedral complex by the central metal cation. Some transi-
tion metal cations may harbor six ligands in an octahedral
complex. The additional two metal orbitals that are needed to
accept two additional ligands are recruited from the five d
orbitals. Using two “binding” metal d orbitals for a bond with
a non-metallic ligand produces two “anti-binding” d-orbitals
because the total number of orbitals in a system has to remain
constant (Fig. 3). The remaining three d orbitals are not involved
in the formation of the metal complex, they are “non-binding”.**
Depending on the individual metal in the center, the complex can
be redox-active by accepting electrons during the course of a
biochemical reaction or by altering the oxidation state of the
central metal ion.*° This allows transition metal complexes to be
powerful biochemical catalysts and explains why transition
metals are essential trace elements.

The remaining d electrons of a central transition metal
cation in octahedral complex compounds reside in the three

~—— 200pm=2A

-1185 -447 W -280
Eo, (mV) HI71)

O

-257 +342

(+153)//1

-

-762

Htet Hedhdh e A e

electron configuration in an octahedral low-spin complex

Fig. 3 The essential transition metal cations of the first transition period. The essential divalent transition metal cations all have similar radii and can only
be discriminated if variations in the complex-forming and redox abilities are considered. The diameter is indicated by the size of the circles that represent
the metal. The half-cell redox potential Eq and electron configuration of a theoretical octahedral low-spin complex are indicated below these symbols.
An electron spin of +1/2 is indicated by an arrow pointing up, and in a —1/2 spin the arrow points down. The three lines in the lower part of the electron
configuration represent the non-binding d orbitals, and the two lines above represent the anti-binding d orbitals. During the formation of the six ligand
bonds in this example, six free electron pairs residing in six different ligand orbitals recruit six metal orbitals, namely the empty s valence orbital, the three
p orbitals with the same principal quantum number and the two binding orbitals. This forms six new complex orbitals as bonds between ligands and the
metal cation. Because the total number of orbitals in a system has to remain constant, a consequence of the first law of thermodynamics (energy
conservation), six anti-binding complex orbitals come into existence to compensate for the six complex bonds, one s*, three p* of very high energy (not
shown) plus the two anti-binding d orbitals. Reproduced with permission from ref. 51 (Copyright © 2012, American Society for Microbiology) and
outlined in detail in the companion website of ref. 35 at http://media.wiley.com/product_ancillary/07/35273165/DOWNLOAD/Website_Chapterl.pdf.
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non-binding or the two anti-binding orbitals that have a higher
energy than the non-binding orbitals. The number of these d
electrons increases along the first transition period from the
left to the right starting from 0 electrons in the case of Sc(u),
Ti(wv), V(v), Cr(vi), and Mn(vu), and ending with 10 electrons in
Cu(r) and Zn(u) (Fig. 3). Up to three d electrons in a metal
complex all reside in the non-binding orbitals, all with a +1/2
spin. Starting with electron number four, the electron may have
a —1/2 spin and pair with another electron in one of the non-
binding d orbitals or use an anti-binding orbital. In the first
case, the two remaining “lone” electrons can be measured by
electron spin resonance and the complex is in a low-spin triplet
state, and in the second case, there are four electrons with
a +1/2 spin and the complex is in a high-spin state.** The
electron present in the anti-binding d-orbital here weakens the
bond to one of the ligands, which remains only in a half-bond.
The individual central metal cation, the ligands and their
distance from the metal determine whether the complex is in
a low- or high-spin state, enabling proteins to change the state
of a bound metal cofactor when the conformation is changed
and subsequently the distance of the atoms of amino acyl
residues that function as ligands.

With electron number five in the important Mn(u) and Fe(i)
oxidation states, again a low-spin complex may be formed with
one electron remaining unpaired in the non-binding d-orbitals
{duplet low-spin state, see Fig. 3 for Mn(u)}. Alternatively,
all five electrons remain unpaired and occupy the three non-
binding and the two anti-binding orbitals in a high-spin state,
which weakens the bond to two of the six ligands. With
d-electron number 6 as in Fe(u) and Co(m), either the non-
binding orbitals are completely filled, which represents a state
of low energy, or again two electrons reside in the anti-binding
and four in the non-binding d-orbitals. The state of low energy
is the reason why Co(m) complexes as in cobalamin derivatives
are kinetically very stable. Electron number seven as in Co(u)
has no choice but to enter one of the anti-binding complexes
(Fig. 3) so that Co(u) cannot establish a stable octahedral
complex; one ligand is always bound only half. With Ni(u),
electron number eight also enters an anti-binding d-orbital,
either the second with a spin of +1/2 following Hund’s rule of
the largest multiplicity (Fig. 3) or, in an exited state, it may be
able to revert its spin and pair with the other electron in the
first anti-binding d-orbitals. Octahedral Ni(u) complexes contain
two ligands bound only half or the complex is a degenerated
octahedral complex, containing only five ligands. With nine d
electrons a stable octahedral complex is not possible, only a
tetrahedral complex or an enlarged tetrahedral complex with an
additional half-bound partner. Finally, ten d-electrons as in the
case of Zn(u) allow only tetrahedral complexes because the two
electron pairs of ligand number five and six cannot be accepted;
all d-orbitals are already occupied by metal electrons (Fig. 3).>*

“Essential-but-toxic” trace elements and “toxic-only” elements

The ability to form different complex compounds, which may
be redox active or not, is the reason for the important role of the
transition metal cations of the first transition period in cellular
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biochemistry: Mn complexes serve as electron buffers, e.g. in
the water-splitting complex of photosystem II in cyanobacteria;
Fe in redox-active iron sulfur clusters and heme compounds;
Co in B;, and other cobalamin derivatives to re-arrange C-H
and C-C bonds; Ni is needed to split and form covalent bonds
such as in molecular hydrogen or urea; Cu to react with
molecular oxygen; and Zn as a non-redox active counterpart
of Fe to accept ligands as Lewis acid and to tie polypeptide
chains in protein domains into a more rigid conformation.”*"
Without these transition metal cations, a sophisticated cellular
biochemistry is not possible. As a consequence, transition metal
cations have to be imported into the bacterial cytoplasm.

The comparably high electronegativity of the transition metal
cations that allows formation of complex compounds also contri-
butes to most of these cations being considered as ‘“‘soft” or
borderline metals,®” because they bind to the sulfur of thiol
groups efficiently and with a highly covalent character. Since
the cytoplasm of bacteria is kept in a reduced redox state,”*>* the
enzymes residing here may contain thiol groups at their surface.
Binding of metal cations to these thiol groups may change
the conformation of the respective enzymes. Bridging two or
more thiol groups in undesired metal complexes may inactivate
and precipitate cytoplasmic proteins.>*”” Moreover, transition
metal-bis-thiol complexes may inhibit glutathione reductase,
leading to a diminished ability of the cell to eliminate reactive
oxygen species because reduced glutathione cannot be recycled.’®
As demonstrated for cadmium and E. coli® this thiol-binding
activity of transition metal cations with the resulting oxidative
stress is one of the reasons for the toxicity of all transition metal
cations, especially for the “soft” metal cations of the second
and third transition period plus Cu(1). It defines the roles of the
bio-available “soft” cations of the metals in group I (Fig. 2) as
toxic-only metals, which are too toxic to be of any beneficial use
in bacteria, and indeed, none of the metals in group I is known
as a trace element in bacteria. The exception is Cd(u), which
functions in a carbo-anhydrase in eukaryotic algae living in zinc-
deprived marine environments.

Two additional effects contribute to the toxicity of transition
metal cations. Fe(u) can reduce H,0, in a Fenton-type reaction
to a hydroxide OH  and the extremely dangerous hydroxyl
radical OH®, which rapidly oxidizes and damages all kinds of
macromolecules.’® Since the resulting Fe(m) is reduced again
by the superoxide radical or by glutathione, which is present in
high concentrations in proteobacteria,*>® this Haber-Weiss
cycle catalyzes the formation of hydroxyl radicals from the
already very toxic reactive oxygen species hydrogen peroxide
and superoxide radicals. These compounds are produced by the
respiratory chain and reduced flavin compounds®® and
therefore are always present in aerobic cells, if they are not
removed fast enough by superoxide dismutases and catalases.
In the presence of glutathione, Cu() is also able to produce
hydroxyl radicals in a similar fashion,*® which is the second
reason for strict control of this metal in the cytoplasm.
Moreover, free iron also should not be allowed in the cytoplasm.
The other essential metal cations of the first transition period
are not known to perform a Fenton-type reaction, either because
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Fig. 4 Solubility product of metal sulfides and metal hydroxides as a
measure of affinity to sulfur and oxygen, assigning them to the groups
of soft or borderline metals. The negative logarithm of the solubility
products of divalent heavy metal cations plus Ag()*® was plotted against
each other to illustrate the Irving—Williams series of the order of stability of
metal complexes “Cu > Ni > Co > Zn > Cd > Fe > Mn".%" Essential
trace elements are green and toxic elements red. With the exception of tin
and the monovalent cation Ag(), the data points are located on two lines.
The essential elements except copper are on one line, and the “toxic-only”
elements due to their high affinity to sulfur are on the other line.
Reproduced from ref. 53 with permission. Copyright © 2007, Springer.

they are not able to change their oxidation state as “free” ions
(Ni, Co, Zn) or they prefer two-electron transfer reactions (Mn).
Mn complexes are even able to function as superoxide dismutase
so that Mn can be addressed as an “anti-Fenton” metal, which
explains its low toxicity to C. metallidurans and its protective role
in cells under oxidative stress®®® (Table 1).

The third reason for the toxicity of transition metal cations
results from their similar size-to-charge ratios and chemical
features, contrasted by different affinities to ligands in metal
complexes. This leads to a competition of metals for prospective
metal complexes or binding sites in proteins. This was addressed
in the well-known Irving-Williams®” series and can be visualized
by a simple plot of the affinity to “hard” ligands and ‘soft”
ligands as judged by the solubility constants of metal hydroxide
versus metal sulfide compounds (Fig. 4). The borderline metals
form a ranking order Zn > Co, Ni > Fe > Mn, while “soft” Cd
and Cu are on a second line due to their higher affinity to sulfur
compared to oxygen as the first-shell ligand. This agrees with the
Irving-Williams series®” and indicates that Cu should efficiently
remove other transition metal cations from their complexes,
Zn should remove all other cations except Cu and so on.

This interaction, however, is also influenced by the number
of ligands a metal can accommodate so that Zn, which forms
only tetrahedral complexes, is not able to remove Fe from
octahedral complexes because the binding energy coming from
two ligands would be lost. Nevertheless, competition of metals
for binding sites is the third reason for the toxicity of transition
metal cations. This has been clearly documented for Cd, Zn,
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Co and Ni.’”®*773 1t is one task of the metal transportome to
maintain all these metals at an appropriate level that minimizes
these negative effects resulting from competition along the
Irving-Williams series. Consequently, the number of copper ions
has to be controlled most tightly, followed by Zn(u), Ni(u) and
Co(u), and of iron due to possible Fenton-type reactions.

Chromate is a special case. The CrO,>~ oxyanion resembles
sulfate SO,>~ and is imported into bacterial cells by sulfate
uptake systems.”*” Within the cytoplasm, chromate is reduced
in a one- or a two-electron step via Cr(v) or Cr(iv) to Cr(m),”®
which may form insoluble hydroxides at the slightly basic pH
value of the cytoplasm. Therefore, chromate may be toxic because
of its interaction with sulfate, the generation of radicals during
its reduction, and perhaps because of the chemistry of Cr(u).
Interestingly, Cr(m) is a trace element in humans and is involved
in the action of insulin.””

In a similar fashion, the heavy arsenate As(v) metalloid
oxyanion is imported by phosphate uptake systems and inter-
acts with phosphate metabolism but reduction occurs in a two-
electron step to As(ui), a “soft” heavy metalloid cation, which
can bind in its cationic form to thiol groups.”® A similar toxic
action can be expected for V(v), which has been known as an
inhibitor of ATPases for a long time.””

Based on the arguments elucidated above, both the beneficial
and the toxic effects of transition metals and their bio-availability
can be explained. In order for both effects to manifest themselves,
however, these metals have to be imported into C. metallidurans or
other bacterial cells. The transportome is responsible for this
process, which does not act only on an aqueous solution of a
single metal cation. Instead, a mixture of metal oxyanions, cations
and non-metallic compounds is imported. These compounds may
bind or sequester transition metal cations, influencing their
availability. To understand the function of the transportome,
the environment in which it is acting should be first considered.

The environment of a bacterial cell
General considerations

Transition metal cations and protons are Lewis acids, which
interact with Lewis bases.** These are compounds containing a
negatively charged, or partially negatively charged, non-metal
atom with a free-electron pair that is not involved in a chemical
bond. This free-electron pair is able to bind a proton or a
transition metal cation to sequester the metal or even precipitate
it. Examples of biologically important Lewis bases are the
hydroxide anion OH ™, carbonate or bi-carbonate, sulfate, phos-
phate, thiol groups, carboxyl groups of organic acids, the
imidazole group of the amino acid histidine, halogenides,
amino groups and last but not least water. The protonated
forms of all these Lewis bases act as Brgnsted acids, strong
acids such as HCI that are partially or completely de-protonated
in water or weak acids that are only de-protonated above a
certain pH value. The strength of an acid is given by the pK,
value, which is the pH value where half of the acid molecules
are de-protonated and half remain protonated. Following the
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Henderson-Hasselbalch equation,®”®' which describes the
protonation-deprotonation ratio in the context of the pH value
and vice versa, 90% of the groups are de-protonated at pH = pK,
+ 1, and 90% protonated at pH = pK, — 1. At pK, £ 2, these
values are 99%, at pK, £ 3 99.9% and so on.

The strength of an acid and that of the corresponding
de-protonated Lewis base are inversely related: the weaker the
acid the stronger the Lewis base and vice versa.** Weak acids
are therefore strong reaction partners of transition metal
cations but strong acids are not. On the other hand, metal
cations must compete with protons. At a low pH value, a weak
acid may be completely protonated so that this compound is
unable to interact with a metal cation. Consequently, sequestration
and binding of metal cations by weak acids strictly depends on
the pH value of the environment. Moreover, one Lewis acid, the
hydroxide anion, is always present in all aqueous solutions,
with concentrations between 10 fM at pH = 0 and 1 M at pH = 14.
From the point of view of the metal, the electronegativity, and
consequently the percent covalent character, influences the inter-
action with the Lewis base such that transition metal cations,
especially the “soft” cations Cu(i) and the toxic-only members of
the second and third transition period, interact more strongly
with Lewis bases than the divalent alkaline earth metal cations.
The latter interaction is in turn stronger than the interaction of
Lewis bases with the monovalent alkali metal cations, with a few
exceptions.

Taken together, availability and speciation of a transition
metal cation depend on (i) its absolute concentration; (ii) the
redox potential (oxic, anoxic) that determines the oxidation
state of some metals such as copper and iron; (iii) the absolute
concentrations of all available Lewis bases in the environment;
(iv) the pH value that influences the competition of the metal
cations with protons, or, in other words, the availability of
a Lewis base for interaction with a metal cation; and (v) the
competition of the metal cations for available Lewis bases.
Furthermore, in soils, sediments and in the presence of not
entirely dissolved particles, additional negatively charged chemical
groups within these solid state components may interact with
metal cations in a kind of ion-exchange process.

Mineral salts media

The Tris-buffered mineral salts medium TMM used to cultivate
C. metallidurans and to test its metal resistance contains 50 mM
Tris, 120 mM chloride, 3 mM sulfate, 642 pM phosphate,
100 nM hydroxide (at pH 7), the carbon source gluconate
(0.2% w/v = 9.2 mM), the respiration product carbonate and
perhaps some excreted organic compounds as possible metal-
chelating Lewis bases.® Since strong acids are usually weak
Lewis bases,® chloride and sulfate should not be able to
compete with the weaker acids for divalent metal cations.
Indeed, the decadic logarithm Ig K of the complexes of Mg(u),
Ca(n) and the transition metal cations from Mn(u) to Zn(u) is
between 2.2 and 2.4 for sulfate.®” The respective value for Zn(i)
gluconate is 1.7%* and that of divalent metal complexes of Tris
between 5 and 6,%* so that sequestration of the metal cations by
Tris should prevent their binding by gluconate, chloride or sulfate.
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To calculate the IgK,p, for the Zn(u) phosphate complex,
regulation of expression of the gene for the zinc importer ZupT,
which depends on available zinc in the cytoplasm as measured
by the zinc uptake regulator Zur,** can be used. Regulation of a
zupT-lacZ reporter gene fusion with increasing phosphate
concentration is compared to that of the metal-complexing
compound ethylene-diamine-tetraacetate (EDTA). At pH 7,
762 puM phosphate decreases the availability of 200 nM Zn(u)
to a similar extent as 28.9 pM EDTA with a 1g K, of 13.1,%
leading to a Ig K of 11.6 for the Zn(u) phosphate complex and a
ranking of the Zn(u) complex stability of EDTA > phosphate >
Tris > sulfate > gluconate.

Complex stability constants for other metal cations and Lewis
bases are difficult to obtain from the literature. Since formation
of a metal complex might be the cause of precipitation of metal-
containing compounds, the solubility product constants —IgL
may serve as a proxy to compare the affinities of metal cations
to Lewis bases.**® With respect to Zn(u), the —IgL ranks the
affinities as phosphate (32) > sulfide (24.7) > hydroxide (16.9) >
carbonate (10.8) (Table 2). Other divalent transition metal cations
form similar ranks and the metal phosphate values are very
similar for Cd(u), Co(u), Cu(u), Ni(u) and Zn(u), with those for
Ca(), Mg(u) and Mn(u) being lower (Table 2). Divalent metal
cations should be available in a high ratio as metal: phosphate
complexes in TMM. TMM is in fact a compromise to allow growth
of C. metallidurans with added mM concentrations of heavy
metals.” The phosphate content is too low to allow precipitation
of metal phosphate complexes but contains sufficient phosphate
for growth of the cells; at 1/3 of the phosphate concentration used
in TMM the cells become phosphate-starved at the end of the
exponential phase of growth.%®

Another growth medium used to cultivate C. metallidurans
under chemolithoautotrophic conditions is the phosphate-
buffered SGK medium®” that contains 36 mM phosphate and
concentrations of divalent metal cations similar to TMM. In
this medium, all divalent metal cations should be complexed by
phosphate; however, this should occupy only about 1/30 of
the phosphate moieties while the remaining 29/30 should be
present at pH values around seven as a H,PO,~ and HPO,>~
mixture. This difference in the speciation of the minor and

Table 2 Solubility product constants at 25 °C of metal compounds?®

Metal Phosphate Sulfide Hydroxide Carbonate
Cd(u) 32.6 27.1 13.6 11.3
Ca(n) 28.7 7.2 5.3 8.5
Cof(n) 34.7 20.4 14.8 12.8
Cu(u) 37.1 36.2 19.7 9.8
Fe(u) n.a. 18.2 15.1 10.5
Fe() 21.9 n.a. 37.4 n.a.
Mg(u) 25.0 n.a. 10.7 7.5
Mn(u) 14.5 13.5 12.7 10.7
Ni(n) 31.3 18.5 14.7 8.2
Zn(u) 32.0 24.7 16.9 10.8

“ The decadic logarithm of the solubility constants is given. The values
were compiled from various sources, http://www.csudh.edu/oliver/chem
data/data-ksp.htm, http://bilbo.chm.uri.edu/CHM112/tables/KspTable.
htm,36:82:85
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major bioelements should influence the metabolism of a
bacterium growing in these media.

This was indeed observed in C. metallidurans. In SGK medium,
C. metallidurans CH34 wild type and its plasmid-free, metal-
sensitive derivative AE104 were able to produce the key enzymes for
chemolithoautotrophic growth as a hydrogen-oxidizing bacterium,
including two different nickel-containing hydrogenases and the
enzymes of the Calvin cycle needed for CO,-assimilation, even
under heterotrophic conditions with gluconate as the carbon
source.” In contrast, strain AE104 was partially zinc-stressed
already when 200 nM Zn(u) was present in the TMM medium
and silenced many genomic islands on its chromosomes."
Among those were two islands that contained the hydrogenase
and Calvin enzyme genes so that strain AE104 no longer
produced all these proteins while CH34 wild type continued
to do so. When the gene for the zinc importer ZupT was deleted
in strain AE104, zinc stress was turned into zinc starvation, and
one of the two hydrogenases was produced again due to an
“un-silencing” of the respective genomic islands.’* The phos-
phate content strongly influences the availability of transition
metal cations in mineral salts media, indicating a strong
contribution of the metal:phosphate importer PitA to metal
and phosphate supply in bacteria, as will be discussed below.

Complex media

Complex media contain hydrolyzed organic compounds, exclu-
sively or together with a mineral salts medium, and these
organic compounds also interfere with the metal availability.
Important complex media are LB and NB.**%°

LB comprises 10 g per L tryptone and 5 g yeast extract, and
NB comprises 5 g per L peptone and 3 g yeast extract. In each
case, proteins from casein or other sources were enzymatically
hydrolyzed, releasing single amino acids and oligopeptides.
This adds the important Lewis bases cysteine and histidine to
the growth medium, which are derived from the hydrolysates.”®
The tri-peptide glutathione is also present and descends from
yeast extract. Based on the content of the individual casein
species in milk and a glutathione content of 5 mM in yeast
cells, this adds 22 umol cysteine and 198 pmol histidine per g
casein and 23 pmol glutathione per g yeast extract. Thus, LB
contains 450 uM cysteine®® including the cysteine residue of
glutathione, and NB contains 179 pM. From the metal binding
properties of cysteine (Table 3), it can be concluded that even
at uM concentrations all transition metal cations may reside
in metal-bis-cysteinato complexes in both media, even in the
presence of phosphate or phosphate-containing compounds.
Complexing of metal cations by other amino acids is negligible
compared to cysteine. However, ternary complexes of transition
metal cations with other amino acids may even be more stable,
but the nature of such complexes is difficult to predict using
current speciation models.

Naturally occurring environments

Organic and inorganic particles present in natural environments
also sequester metal cations. Organic compounds such as humic
acids present in natural environments complex Zn(u) with 1gK

This journal is © The Royal Society of Chemistry 2016

View Article Online

Tutorial Review

Table 3 Metal-binding properties of selected amino acids?

Amino

acid Mg(u) < Mn(u) < Fe(u) < Co(u) < Ni(un) < Cu(u) > Zn(u)
Cysteine  (<4) (41) 11.8 169 193 183 187
Histidine n.v. 7.7 9.3 13.9 15.9 16.0 11.8
Aspartic 2.4 (3.7) 8.5 10.2 12.4 154 10.2
acid

Glutamic 1.9 (3.3) (46) 81 103  14.6 9.5
acid

Tyrosine 2 (2.4) 7.1 8.1 10.1 14.9 8.1
Methionine 4.7 n.v. 6.7 7.9 10.3 14.8 8.5
Alanine 2.0 6.1 7.3 8.6 10.7 15.4 9.4

“ The log;o(K;-K,) for the formation of a metal-bis-ligand complex is
shown.?>” values in parentheses give only the log;o(K;) value. The metals
are oriented in the Irving-Williams-series; n.v., no value available.

values between 2.3 and 5.1°' and thus are between Tris and
sulfate; they should not be able to compete with phosphate for
zinc at pH 7 if sufficient phosphate is available. In the presence
of weathering minerals, bacterial cells may be confronted by
high concentrations of released transition metals that are not
sequestered by phosphate or amino acids.”'%**?° In decomposing
plant material and inside the gut in mammals such as humans,
the transition metal mixture usually has been adjusted by the plant
or organisms serving as food, respectively, and the organic
substances present are binding partners of the transition metal
cations residing there. Bacteria able to infect the remainder of
the organism are confronted with an actively decreased metal
availability as part of the host response to the infection.”?

In complex growth media, transition metal cations will be
sequestered by cysteine, cysteine-containing peptides or ternary
complexes composed of other amino acyl residues while in
mineral salts media, metal:phosphate complexes will be important.
In soils and sediments the metal concentration may vary over
a wide range. In hosts or decomposing organic material, the
transition metal mixture is adjusted or had been adjusted by
the respective host or previously living organism. Therefore, in
different environments, not only the absolute content of a metal
may be different but also its speciation and the composition of
the local transition metal cation melange. In oxic environments,
Fe(m) and Cu(u) should be the dominant species. In anoxic
environments, these should be Fe(i) and Cu(i), which may be
sequestered and precipitated by sulfide. Finally, the pH value
and the resulting availability of Lewis bases plus that of the
hydroxide anion strongly influence metal availability and
speciation.

The transition metal transportome:
general considerations
Selectivity and affinity versus import rate

Since transition metal cations or oxyanions cannot pass the
hydrophobic core of biological membranes, diffusion of these
metals is only possible in small molecules with nearly covalent
metal/non-metal bonds, such as in organic mercury compounds.
Charged ions can be transported by (i) facilitated diffusion across
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membranes devoid of any charge gradient such as the outer
membrane of Gram-negative bacteria; (ii) primary, gradient-
forming transport processes, e.g. ATP-driven transporters; or
(iii) secondary, gradient-using transport processes. Cytoplasmic
or inner membranes of living bacteria have a proton gradient
(and/or sodium gradient). This proton motive force (pmf) is
composed of the charge gradient (A¥) plus the chemical
potential formed by the difference in proton concentration
(ApH) outside and inside of the membrane, pmf: Auy" = A¥ +
Z-ApH, which is about 150 mV to 200 mV in most respiring
bacteria with A¥ contributing the largest part in mesophilic
bacteria at pH = 7 {for more details and reasons please refer
to the freely available companion website of ref. 35 available
under http://media.wiley.com/product_ancillary/07/35273165/
DOWNLOAD/Website_Chapter1.pdf}.

Because the positive charges are outside, any import of a
cation and any export of an anion are driven by the pmf in a
secondary uniport reaction. Cation-importing reaction may be
additionally energized as cation—proton symport to increase the
theoretically possible accumulation inside/outside. Import of
anions by secondary transport systems can be organized as anion—
proton symport. If a net charge of zero is imported, the Z-ApH
portion of the pmf remains as the sole driving force. To increase
accumulation, the negative charge has to be overcompensated by
the sum of the charge of the protons. Alternatively, cations can be
exported using cation-proton-antiport reactions. Again, if the net
charge transfer is zero, only Z-ApH drives this reaction and an
overcompensation (more proton charges imported than cation
charges exported) can enhance the accumulation process.
In general, secondary metal transport reactions using a pmf of
180 mV may yield a maximum accumulation factor of 100-fold to
100 000-fold. In contrast, transport of a neutral component that is
driven by ATP hydrolysis can accumulate nearly half a billion-fold.
Nevertheless, also in the case of ATP-driven transport reactions of
charged substrate molecules, the influence of the pmf should also
be taken into consideration.

In addition to thermodynamics, which rules the maximum
accumulation factor obtainable, five other factors are important
to understand transition metal homoeostasis in bacteria:
(i) number of metals needed per cell; (ii) absolute content of
a metal in the environment; (iii) speciation; (iv) kinetics of
transport; and (v) metal cation sorting.

C. metallidurans contains for instance 90 900 Zn (=151 zmol)
per cell (Table 1), corresponding to a quota of 265 UM at a cell
volume of 0.57 fL.® Neglecting any sequestration of a metal
within a cell and assuming a cell volume of 0.57 fL, a simple
uniport reaction could provide sufficient Zn(u) to the cell if the
environmental concentration is above 27 nM. Accordingly, the
required concentration for the other divalent cations is between
1.2 nM for cobalt and 159 nM for iron. Under these circum-
stances the minimum magnesium content for successful uniport
is above 3.3 uM.

Second, to produce a cell density of 10 cells per L containing
90900 Zn per cell, a concentration of 151 nM Zn(u) is
required. The minimum zinc content needed by C. metallidurans
is 20000 Zn per cell>®* corresponding to an absolute minimum
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of 33 nM in the growth medium. TMM contains 35.2 nM zinc
added,* close to the absolute minimum, but due to contamination
from water and the salts of the major bioelements it is actually
200 nM.>'*°* For the other transition metals, the absolute
minimum number per cell has not been evaluated. For the
standard cell composition (Table 1), the required medium
composition is between 6.6 nM for cobalt, 0.9 uM for iron,
18 pM for Mg and 200 uM for phosphate, which corresponds
with published data, e.g. complete incorporation of 214 uM
phosphate by C. metallidurans grown in TMM with 2 g L ™"
sodium gluconate as the carbon source.®

Third, taking now also complexation into consideration,
tetra-aquo zinc complexes that are usually referred to as
“Zn* or hex-aquo complexes of other divalent transition
metals occur neither within the cell nor in the environment.
As outlined above, transition metal cations may be bound and/
or precipitated by Lewis bases in the environment such as
hydroxide, carbonate, or phosphate as the most important
Lewis bases in mineral salts media and cysteine residues in
complex growth media. Within the cell, the totality of the zinc-
binding sites of all zinc-binding proteins, the zinc repository,’
and the tripeptide glutathione or similar compounds in other
bacteria®®”°*°> may sequester transition metals. Consequently,
the actual thermodynamic equilibrium is not between “Zn**”
outside and inside the cell but in fact between the different
speciations of this metal in the growth medium and inside the
cell. Binding in the cytoplasm, by four ligands in the zinc
repository or two cysteine residues in glutathione, is at least as
tight as binding in the cellular environment to phosphate or in
bis-cysteinato complexes. The energy released by tight binding in
the cytoplasm is higher than that needed to free the metal in the
environment, so that this energy difference should be added to
the energy used for transport. On the other hand, the transition
state resulting from the release of a cation from its Lewis base in
the environment might heavily influence the kinetics of metal
cation import. Due to the higher affinity to all kinds of Lewis
bases, this poses an especial problem for the import of transition
metal cations.

Consequently, to import cations sequestered in the environ-
ment, the overall metal-Lewis base compound can be imported,
e.g. zinc phosphate or nickel complexes, or the affinity of the
substrate-binding site of the metal uptake system must be
higher than that of the sequestering compound to release it.
This is indeed the case; zinc is imported into C. metallidurans
by the metal:phosphate importer PitA and the zinc importer
ZupT.*® ZupT is essential at medium range EDTA concentrations
and therefore able to obtain the metal out of zinc:EDTA
complexes {lg K,pp = 13.1%}, so that zinc phosphate {Ig Kapp =
11.6, see above} should not be a point of concern for the general
function of ZupT but for the turnover number of ZupT-dependent
zinc uptake in the environment.

To understand the constraints for kinetics of transition
metal transport, a general limitation of all protein-catalyzed
biochemical reactions is important. In these reactions, a substrate
is bound by an enzyme or transporter in an enzyme-substrate
ES complex, which represents a state of low energy if binding is
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antagonists of the reaction rate. TC, transition compound; ES, enzyme-—
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driven by thermodynamics in the simplest case. For the actual
reaction, the enzyme-product complex is changed by a chemical
transformation or a transport process. This requires a transition
compound (TC) of high energy, and the difference between the
energy of the TC and that of the ES complex determines the rate of
this reaction. Consequently, binding a substrate with high affinity
and selectivity means a low energy of the ES complex, a large
difference in energy ES/TC, resulting in a low reaction rate (Fig. 5).
On the other hand, low substrate affinity and selectivity allows a
high reaction rate. Finally, using additional energy sources for the
reaction such as ATP hydrolysis could “tunnel” the energy of the
TC and allow high selectivity with a high reaction rate, albeit at
additional energetic costs.

This leaves two options for transition metal cation transport
reactions. Due to the similar charge to surface ratios of these
metals (Fig. 3) they can be transported by secondary systems
with a low substrate specificity and selectivity but a comparatively
high transport rate and a low energetic cost of transport. Metal
cation importers could be uniporters or proton-cation symporters,
while exporters can be proton-cation or cation—cation antiporters.
Alternatively, a highly specific transport could be performed
by primary transporters, e.g. driven by ATP hydrolysis, and
the discrimination between transition metals should use the
differences in their number of occupied d-orbitals by formation
of metal complexes during transport, or differences in the redox
potential (Fig. 3).

These two options for transport also connect the metal-sorting
process to transport kinetics. If an individual metal concentration
is too low, additional primary import systems may be activated in
the cell to increase the content of this metal. Alternatively, surplus
metals may be removed by efflux systems. The entropy generated
by the futile cycle composed of import and export reactions is
needed to adjust and maintain the metal composition, which
minimalizes negative interferences between the metals when in

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Plot of the elements per cell against the OSW. A double logarithmic
plot of the number of atoms in the cell of the bacterium C. metallidurans
as determined by ICP-MS*° against their occurrence in sea water (OSW) as
a model of a standard environment.>® Please note that the transition
metals plus phosphate and selenium (black dots) reside on a line (dashed).
Assuming a cell without internal metal-chelating capacity with a cellular
volume of 0.57 fL,° this line would represent accumulation of the shown
metal cations with an energy of 93 + 20 mV across the cytoplasmic
membrane. Reproduced from ref. 51 with permission. Copyright © 2012,
American Society for Microbiology.

a correct range. So, a high-rate coupled with a low-specificity
transport process should be at the core of the transition metal
transportome, which is supplemented by inducible primary
high-specificity import systems or inducible efflux systems.

Such an arrangement may work surprisingly well and with a
high energy efficiency. Fig. 6 compares the elemental composition
of the C. metallidurans cells with the elemental content of
standard sea water (OSW). With the exception of most major
bio-elements (S, K, Mg, Na, K), the elemental composition is a
double logarithmic function of the sea water content. Import of
all of the required transition metal cations by uniport that uses
a A¥ of 93 mV supplies these metals in the required metal
concentration and composition. At higher A¥ values or metal
concentrations, flux control of the importers may limit uptake
and/or efflux systems may remove individual cations or groups
thereof. Please note also the position of phosphate in this
picture (Fig. 6), since it points out again the importance of
metal:phosphate complexes as resources.

Task of the transition metal transportome

The transition metal transportome transforms the environmental
metal content into the cytoplasmic transition metal content.
These metals are needed because of their ability to form complex
compounds, making sophisticated biochemical reactions possible.
The cations in group II of Fig. 2 are available in the environment
for these functions and are not too toxic. Due to their similar
surface-to-charge ratios, it should be efficient to import them
by low-specificity, high-rate uptake systems, complemented
by inducible efflux systems or high-specificity uptake systems
if the environmental concentrations are too high or too low,
respectively. The high-rate, low-specificity import systems allow
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an efficient supply of metals. But additional uptake of toxic-only
metal ions is the price to be paid.

Since the environmental content of individual metals may
vary between nM and mM concentrations, more than a million-
fold difference, this transformation of the environmental metal
concentration into that of the cytoplasm is performed in two
steps in Gram-negative bacteria. First, the metal content in the
periplasm is pre-adjusted so that the metal uptake and efflux
systems of the inner membrane alone do not have to cover for
this huge, potentially million-fold difference in concentration.
So, there is a periplasmic and a cytoplasmic metal transportome
in Gram-negative bacteria, and for each compartment there is
a high-rate, low-specificity import supplemented by inducible
high-specificity uptake or efflux reactions.

The transition metal transportome for
the periplasm

Adjusting periplasmic availability: import across the outer
membrane

The first barrier that transition metal ions have to pass in Gram-
negative bacteria is the outer membrane. Outer membrane porins

View Article Online
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form more or less ion-specific pores through this barricade,
allowing facilitated diffusion of small hydrophilic and charged
ions or molecules from the outside into the periplasm.’®® These
porins form the high-rate, low-specificity core of the periplasmic
metal import transportome.

C. metallidurans possesses the genes for about 40 outer
membrane porins (Fig. 7). In comparison with the most important
porins from E. coli, five of the E. coli porins,”® with the general
porins OmpC and OmpF among them, are grouped in a tight
cluster with only one porin from C. metallidurans. Three
C. metallidurans porins are related to OmpG from E. coli, two
to MotB, two to OmpA and three to OmpA and MotB (Fig. 7).
Most of the C. metallidurans porins, however, form an extra
cluster separated from the cluster of E. coli porins. This
indicates that the import of substances into the periplasm
may follow different rules in E. coli and C. metallidurans.

Synthesis of most of the C. metallidurans porins could not
be confirmed using a bottom-up proteomic approach.” One
OmpA-, one MotB-, one E. coli porin-related, and three MotB/
OmpA-related proteins identified with Rmet 0712
being the porin with the highest detected copy number in
C. metallidurans. OmpA in E. coli plays a structural role in the
integrity of the bacterial cell surface and occurs at about

were

OmpG/OmpW-like

5

€ oy0T48V

CH34 porin-like

ABF12637

OmpA/MotB-like

MotB-like

OmpA-like

0.4

CH34 porin-like

Fig. 7 Comparison of the predicted outer membrane porins from C. metallidurans with porins from E. coli. The comparison was performed by multiple
alignment using Geneious 6.1.6 (www.gneious.com). The scale bar and data bank entries are indicated.
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100000 copies per cell.”® MotB is not a protein of the outer
membrane but of the inner membrane and acts together with
MotA as a torque-generating motor protein complex of the
bacterial flagellum.®® The outer membrane protein OmpA and
the inner membrane protein MotB, however, share a conserved
protein domain (Pfam PF00691), so that predicted proteins are
sometimes annotated as “OmpA/MotB protein”. Rmet_2674 is
closest to MotB from E. coli; however, none of the OmpA/MotB
proteins have their genes in the vicinity of chemotaxis or
flagellum determinants. The number of all porins in the
C. metallidurans cell is lower than 100000 copies per cell but
membrane proteins were quantified to be five times lower than
soluble proteins.® When this fact is taken into account, the total
number of these porins in C. metallidurans AE104 would be
62 000, which might as well indicate a lower general permeability
of the outer membrane of the metal-resistant C. metallidurans that
also grows 3.5-times slower than E. coli.

The AzupT mutant of C. metallidurans AE104, which suffers
from decreased zinc import and disturbed zinc allocation,
nevertheless diminished the number of proteins involved in
motility and transport,® including porins (Table 4). In each
cluster of porins specific to C. metallidurans, one or two
proteins could be identified in the proteome and most of them
were down-regulated in the AzupT strain (Fig. 8). It is unclear
why a metal-starved cell should decrease its import capacity.
In general, an outer membrane porin different from that of
E. coli plus a decreased number of porins could just as easily
contribute to metal resistance in C. metallidurans.

Similar to E. coli and other bacteria, C. metallidurans possesses
also a number of TonB-dependent outer membrane proteins,
which are able to import actively substances into the periplasm
that are rare in the environment or too large to pass through
the other porins, complementing the high-rate, low-specificity
transport by the other porins with a substrate-specific import
reaction. Since the outer membrane does not have a chemios-
motic gradient like the pmf and because energy-rich compounds
are not readily available in the periplasm, this active transport
process is fueled by the pmf across the inner membrane. Energy
is transmitted to TonB-dependent outer membrane proteins
as conformational energy by the ExbB-ExbD-TonB protein
complex.'”®™ Upon binding of an external substrate to such a
TonB-dependent outer membrane protein, the energy conserved
by the rigid conformation of TonB is used to move a plug out of
the center of the TonB-dependent outer membrane protein to
allow passage of the respective substrate,*®%

The best characterized TonB-dependent importers are involved
in the uptake of Fe(m) siderophores.’®'°*'°* C. metallidurans
produces one siderophore, staphyloferrin B, while E. coli synthe-
sizes enterobactin.'®'®” Most bacteria are able to import also
iron complexes with siderophores produced by other organisms,
which can be a symbiotic or parasitic arrangement. Bacteria that
try to populate a human host are usually confronted by a host
response that decreases the amount of available iron by seques-
tration to iron-binding proteins, such as transferrin.'®® Active
pathogens respond by excretion of exotoxins or delivery of such
substances into the host cell to kill it and release for instance

This journal is © The Royal Society of Chemistry 2016
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Table 4 Porins from C. metallidurans identified in the proteome?

Number per cell

Rmet Accession AE104 AzupT
Rmet_2538 ABF09415 33 NF
Rmet_3234 ABF10106 792 350
Rmet_3704 ABF10576 932 20
Rmet_4221 ABF11088 38 20
Rmet_4547 ABF11412 30 NF
Rmet_4834 ABF11696 61 61
Rmet_4991 ABF11853 37 NF
Rmet_5118 ABF11977 88 85
Rmet_5190 ABF12049 389 NF
Rmet_5288 ABF12147 180 135
Rmet_5504 ABF12363 92 124
OmpA/MotB

Rmet_0712 ABF07598 4696 2666
Rmet_5082 ABF11941 NF 11
Rmet_5886 ABF12745 147 NF
MotB

Rmet_2674 ABF09547 2796 1461
OmpA

Rmet_2768 ABF09641 1856 930
Others

Rmet_3202 ABF10074 292 195

? The Rmet and accession numbers used in Fig. 7 are indicated. The
numbers of proteins in the cell of the plasmid-free C. metallidurans
strain AE104 and its AzupT mutant are from Ref. 9. The numbers in
green indicate up-regulation in AE104 compared to CH34, or in AzupT
compared to AE104, and the numbers in red indicate down-regulation.
Bold-faced numbers are significantly different; the numbers in italics
indicate detection and quantification only in one out of three biological
reproductions. NF, not found in one strain. Porins that have not been
found so far: CH34 porins: Rmet_0880 (ABF07766), Rmet_1628

(ABF08511), Rmet 1639 (ABF08522), Rmet 1733 (ABF08612),
Rmet_1907 (ABF08786), Rmet 3786 (ABF10656), Rmet_4097
(ABF10964), Rmet_4239 (ABF11106), Rmet 4344 (ABF11209),
Rmet 4994 (ABF11856), Rmet 5195 (ABF12054), Rmet 5721
(ABF12580), Rmet_5757 (ABF12616), Rmet 5778 (ABF12637),
Rmet_5974 (ABF12833), Rmet 5999 (ABF12858), Rmet_6127

(ABF12986). MotB-like porin Rmet_3688 (ABF10560), OmpA-like porin
Rmet_0620 (ABF07506), and OmpW/OmpG-like porins Rmet_3526
(ABF10398), Rmet_3591 (ABF10463), Rmet_2246 (ABF09125).

heme compounds, which can be readily imported. Alternatively,
transferrin is directly attacked or iron is released from it by a
siderophore with an even higher affinity for ferric iron.'®

C. metallidurans possesses the genes for 18 TonB-dependent
outer membrane proteins, six of which were found in the
proteome.’ Three of these six proteins were again down-
regulated in the AzupT mutant of strain AE104 (Table 5)
but up-regulated in strain AE104 under conditions of metal
starvation:'* Rmet_0837, Rmet_1118, and Rmet_5373 encoding
Fiu-, YncD- and FepA-like proteins, respectively. Three more
genes for TonB-dependent proteins were also up-regulated in
strain AE104, namely Rmet 0123, Rmet 1819 and Rmet _4617.
The genetic environment and the relationship to TonB-dependent
proteins of E. coli assigned to Rmet_0123 and Rmet_1104 roles in
zinc transport, while Rmet 1118 is suggested to be involved in
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Fig. 8 Porins specific to C. metallidurans were compared to E. coli. Only
the porins of the CH34 porin-like group and the E. coli porins (Fig. 7) were
compared using Geneious. Boxes indicate porins found in the proteome;
red boxes indicate down-regulation in the AzupT mutant compared to its
parent strain AE104 9.

ferric staphyloferrin B, Rmet_2789 in cobalamin/B,, and Rmet_5373
in the import of unknown metal complexes.

Table 5 TonB-dependent outer membrane proteins in C. metallidurans®
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TonB-dependent import processes are also described for
zinc and nickel."**** Copper can be complexed by a chalko-
phore,"**'** which is subsequently delivered to the bacterial
cell. Cobalamin derivatives can be assumed to be cobalt-
cobaltophore” complexes, that are never unloaded due to the
stability of the central cobalt cation as described above. Import
is again by TonB-dependent uptake systems. Finally, it seems
possible that siderophores can also be recruited to form
complexes and import other transition metal cations such as
Zn(u)."°

Adjusting periplasmic availability: active efflux across the outer
membrane

TonB-dependent outer membrane proteins as part of the peri-
plasmic metal uptake transportome complement the periplasmic
core transportome and provide metal complexes and/or metals
with low external availability to this cellular compartment.
Metal cations are not only actively imported across the outer
membrane, but they are also actively exported. This adjusts the
periplasmic content of metal ions and other substances in a
controlled fashion as the result of a kinetic flow equilibrium, with
free energy transformed into negative entropy (negentropy,
order),*" in this case the composition of the periplasmic meta-
bolome. Again, transport is driven by the pmf of the inner
membrane. RND-driven tripartite transenvelope efflux systems
are responsible for this process in the case of metal cations.''”"'®
Again, the pmf is transformed into conformational energy. This
engine part is performed by the trimeric RND protein of the inner

Rmet Accession Gene Q AE104 AzupT Remark
Rmet_0123 ABF07009 c¢irA  2.11 NeF NeF zur, cobW2, cobW3 cluster, related to CirA_Ecoli and BtuB_Ecoli
Rmet_0352 ABF07238 oprB 0.79 NeF NeF Single gene
Rmet_0837 ABF07723 fiu 382 5 NF Part of a three-gene cluster up-regulated under metal starvation, related to Fiu_Ecoli
Rmet_1104 ABF07990 fhuE 1.89 NeF NeF Adjacent to the cobW1 zinc starvation cluster, minor relationship to FhuE_Ecoli
Rmet_1108 ABF07994 fcuA 8.77 NeF NeF Adjacent to the staphyloferrin B biosynthesis cluster, minor relationship to FhuE_Ecoli
Rmet 1118 ABF08004 yncD 827 209 84 Adjacent to the staphyloferrin B biosynthesis cluster, upstream of rpol, related
to YncD_Ecoli
Rmet 1819 ABF08698 fhuf 27.5 NeF NeF Part of a two-gene cluster up-regulated under metal starvation, minor relationship
to FhuE_Ecoli
Rmet_2789 ABF09662 btuB 0.62 535 235 Part of the cobalamin biosynthesis and uptake cluster
Rmet_3077 ABF09949 fiu 0.89 NeF NeF No information, never noticeable, related to Fiu_Ecoli
Rmet_3999 ABF10867 fhuE 1.15 NF NF Downstream of rpoK, minor relationship to FhuE_Ecoli
Rmet_4496 ABF11361 fhuE 1.12 NeF NeF Downstream of rpgJ, minor relationship to FhuE_Ecoli
Rmet_4497 ABF11632 fhuE 1.07 NeF NeF Downstream of rpoJ, minor relationship to FhuE_Ecoli
Rmet_4565 ABF11427 c¢irA 1.51 91 50 Downstream of highly expressed gene for B-12 independent methionine synthase
Rmet_4607 ABF11469 oprC 0.75 NeF NeF Some proximity to the ancient, interrupted czcI2C2B2’ region
Rmet_4617 ABF11479 fiu 8.91 NF NF/ Up-regulated under metal starvation, related to Fiu_Ecoli
Rmet 5373 ABF12232 fepA 37.0 72 NF Part of the hmu “hemin uptake” region strongly up-regulated under metal starvation
Rmet_5806 ABF12665 fecA 1.36 19 51 In a two-gene region with the gene for Rmet_5807, related to FecA_Ecoli
Rmet_5807 ABF12666 fecA 1.20 NeF NeF In a two-gene region with the gene for Rmet_5806, related to FecA_Ecoli

“ The Rmet and accession numbers used in Fig. 7 are indicated. The numbers of proteins in the cell of the plasmid-free C. metallidurans strain
AE104 and its AzupT mutant are from ref. 9. Q gives the up-regulation of the respective gene in AE104 treated with EDTA in comparison with zine."*
The subsequent rows are again the number of proteins in the cell of AE104 and its AzupT mutant. The numbers in green indicate up-regulation in
AE104 compared to CH34, or in AzupT compared to AE104, and the numbers in red indicate down-regulation. Bold-faced numbers are significantly
different; the numbers in italics indicate detection and quantification only in one out of three biological reproductions. NF, not found in one
strain; NeF, never found in the proteome of any C. metallidurans strain up to now. The remark concerns the genetic environment and relationship

to TonB-dependent proteins from E. coli.
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membrane, which possesses a “jellyfish”-like head that extends
into the periplasm."”™** In a peristaltic pump mechanism,
periplasmic metal cations are bound to the substrate-binding
site of one monomer while the occupied substrate-binding site of
the second monomer closes and that of the third monomer
delivers the cation further through the complex. Driven by proton
import,'** the three sites rotate between the three states in an
ordered mechanism.

The second component is the tube-like trimeric outer
membrane factor OMF,"”®> which spans the outer membrane,
extends into the periplasm and contacts the head of the RND
trimer. RND and OMF trimers are connected by the hexameric
membrane fusion protein MFP.*?%*2¢127 gince some RND-MFP
protein complexes might share a common OMF, the MFPs were
also designated ‘“adapter proteins”.'*® In vitro, membrane-
reconstituted RND proteins or RND-containing protein complexes
are also able to transport their substrates across the inner
membrane'®'** but physiological evidence indicates that
in vivo transport for detoxification is from the periplasm to
the outside.'’”?°7131 Nevertheless, transport from the cyto-
plasm to the periplasm could play a role in the flux-control of
the activity of the efflux system to prevent too strong export,"*>
which might lead to starvation conditions. In addition to this
hypothetical flux-control of RND exporters by cytoplasmic ions,
other control mechanisms seem to exist: the CzcA subunit of
the cobalt-zinc-cadmium RND-driven transenvelope system
CzcCBA is not translated or degraded under conditions of zinc
starvation.’*

C. metallidurans contains the genes for 12 putative metal-
exporting RND-driven systems (Table 6)."*”*** Two of these are
predicted to be Cu(1)/Ag(1) exporters: the SilCBA pump is con-
stitutively expressed from genes located in the large copper
resistance region of plasmid pMOL30 while CusCBA systems
are chromosomal products and expression of the genes is
up-regulated by Au(m) and Ag(i). The other ten systems are
likely to be exporters of divalent transition metal cations but
only three or four systems can be produced: CzcCBA from
pMOL30, CnrCBA from pMOL28 plus the chromosomal ZniCBA
and perhaps the chromosomal ZneCBA systems. The other gene
regions are silent and/or re-arranged, interrupted or otherwise
inactivated (Table 6).

Table 6 RND proteins in C. metallidurans®
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1819 carries

The czc determinant on plasmid pMOL30
czcCBA™*'* plus a variety of other genes for additional trans-
porters, regulators and possible periplasmic metal-binding
proteins.” It is involved in resistance to cobalt-zinc-cadmium
with Zn(u) being the prime substrate. Plasmid pMOL28 carries
the cnr determinant for cobalt-nickel-resistance, composed of
the cnrYXH regulatory gene region, cnrCBA plus cnrT for a nickel
exporter of the inner membrane.'*® The chromosomal zni and
zne determinants are much more simple but in the vicinity of
each other in four directly adjacent divergons: zniBA < >zniC,
zZniS < >zniR, Rmet_5324 < >Rmet_5325-zneR;S;, zneCBA< >
ZneR,S,. All three response regulators, ZniR, ZneR1, ZneR2,
were found in the proteome of C. metallidurans and also the
two histidine kinases ZneS1 and ZneS2. Interestingly, these
components of three two-component regulatory systems are not
closely related to typical two-component regulatory systems
that regulate periplasmic metal homoeostasis processes,
namely (i) CzcS is involved in the regulation of the czc region
on plasmid pMOL30; (ii) HmuS is encoded as part of the
ancient, interrupted czcICB'//czcB"A (=hmuB’A) region on a
chromosome;’ (iii and iv) the two copper resistance-regulating
histidine kinases CopS1 and CopS2; and two other putative
histidine kinases that seem not to be synthesized under standard
conditions. Instead, they are more closely related to (i) BassS,
which is involved in iron homoeostasis, (ii) BaeS responding to
unknown environmental stress signals,”” and (iii) QseC being
involved in motility regulation and global resistance to cobalt,
copper, nickel, ruthenium and cesium cations."*® This indicates
that the Zni-Zne systems are involved in a global resistance
to environmental stress rather than in a specific response to
transition metals. In agreement with this, they do not contribute
much to metal resistance in C. metallidurans."*>"*

Interestingly, the cnr operon is not controlled by a two-
component regulatory system but by a sigma factor of the
extracytoplasmic function (ECF) family,"*>'*° CnrH, and a
nickel-sensing, membrane-bound anti-sigma factor complex,
CnryX.'*''** This may allow nickel-dependent control of
cnrCBA expression despite the cross-talk “noise” of the two-
component regulatory systems. C. metallidurans contains 11
sigma factors of the ECF family'** and many of them might
be involved in the control of metal homoeostasis.'*® Rpol is

Group Name Rmet Gene region Remark

HME1 CzcA Rmet_5980 cZcNICBADRSE Inducible, pMOL30

HME1 HmuA Rmet_4488 zZntA < >czcICB'//hmuB'A Silent and defect

HME2 CnrA Rmet_6210 cnrYXHCBA-cnrT Inducible, pMOL28

HME2 NccA Rmet_6145 nccCBA Silent, pMOL30

HME3a ZniA Rmet_5319 zniCBA Inducible

HME3a ZneA Rmet_5329 zneCBA Silent

HME3a HmvA Rmet_3838//9 hmvCBA Constitutive, nonsense mutation
HME3b NimA Rmet_5678-Tn-Rmet_5681 nimBA Inducible, transposon insertion
HME3b HmzA Rmet_3011 hmzCBA Silent

HME3c HmyA Rmet_4123 hmyA Silent?

HME4 CusA Rmet_5033 cusCBA Inducible

HME4 SilA Rmet_6136 silCBA Constitutive, pMOL30

“ Data from ref. 133 and 117.

This journal is © The Royal Society of Chemistry 2016
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essential for production of the iron siderophore of C. metallidurans,
staphyloferrin B."** Its ortholog Fecl from E. coli is released from
its membrane-bound anti-sigma factor and loaded into the RNA
polymerase only when the substrate ferric citrate is bound to the
TonB-dependent outer membrane protein FecA.'**'"” The genes for
the two closest related paralogs of Rpol in C. metallidurans, Rpo]
and RpoK,"** are in the vicinity of genes for TonB-dependent protein
(Table 5), indicating that a similar regulatory process might be
involved in the control of these sigma factors too.

CnrX binds Ni(u) in a specific, degenerated octahedral
complex and binds Co(n) with lower affinity but not Zn(m).***"
The CnrCBA efflux complex is produced with a half-maximum
rate at an external concentration of about 50 uM Ni(n) and in
the presence of Co(u) at a lower level. It is this nickel-specific
expression of cnrCBA that makes CnrCBA a nickel exporter.'*"'4>
When produced in an uncontrolled fashion, e.g. in mutant strains
without the anti-sigma factor, CnrCBA also mediates zinc
resistance."*> Similarly, the substrate specificity of CzcCBA also
includes three cations, Co(u), Zn(u) and Cd(u), and here zinc is
the predominant regulator with some activity with Co(u) >
Cd(u)."*"° CnrCBA and CzcCBA both interact in mediating
cobalt resistance. At concentrations higher than 0.75 mM, both
systems are needed, but at lower concentrations, the presence
of cnr prevents up-regulation of czc by cobalt.'*?

The RND-driven transenvelope efflux systems of C. metallidurans
are all regulated by two-component regulatory systems or ECF sigma
factors, which again agrees with the hypothesis that these efflux
systems export periplasmic metal cations. The metal specificity of
gene regulation rather than the metal specificity of the transport
process assigns the particular function to these systems. This
solves a dilemma: an efflux system should function rapidly
enough to compensate for the transport rate of the corres-
ponding uptake systems, in the case of the RND-driven systems
by facilitated diffusion through outer membrane porins. The
resulting high-rate export, however, does not allow a high
substrate specificity. On the other hand, the regulator is not
required to perform a high-rate reaction so that a sufficiently
high substrate affinity is allowed. In the case of Ni(u), discrimi-
nation of the metal by CnrX uses the occupation state of
its d-orbitals, which allows for the specific formation of a
degenerated octahedral complex only in the case of nickel ions,
but not iron or zinc or copper.”****' Consequently, CnrCBA is
only produced when the nickel concentration in the environ-
ment is high. The CnrCBA complex also exports other ions such
as Co(u) and Zn(u) but since these ions compete with a high
nickel concentration in the periplasm, in C. metallidurans
CnrCBA exports in vivo only Ni(u) and to a certain level Co(u)
but not Zn(u).

The question is whether RND-driven efflux systems are the
second step in the removal of surplus transition metal cations
from the cytoplasm via the periplasm to the outside, or whether
these systems pre-adjust the periplasmic metal mixture so that
the subsequently working metal import systems are enabled to
supply these metals in the desired fashion to the cytoplasm.
Probably both views are the flipsides of the same coin. Of the
cations available to C. metallidurans, grouped in panels I and II
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of Fig. 2, only for Hg(u), Y(ur) and Mn(u) is evidence lacking for
the involvement of an RND-driven efflux system in homoeostasis
and detoxification. The increase in metal resistance mediated by
RND systems is huge, about 20-fold for zinc, 300-fold for cobalt,
and 4-fold for cadmium and nickel so that this pre-adjustment or
second step efflux is at the core of the outstanding metal
resistance of C. metallidurans.*'*°

Summary: the periplasmic transition metal transportome

For many transition metal cations that are toxic and/or essential
for C. metallidurans, there is a rapid, low-specificity import by
facilitated diffusion through outer membrane porins at the core
of the periplasmic metal transportome (Table 4). RND-driven
transenvelope efflux systems can be produced that actively
remove surplus periplasmic cations back to the outside (Table 6).
While the transport process is also of low specificity, probably to
keep the reaction rate high to cope with the high transport rates
of the outer membrane porins, regulation of synthesis of these
protein complexes by two-component regulatory systems or ECF
sigma factors is highly specific, and thus assigns the function
to the individual efflux system. RND-driven efflux systems in
C. metallidurans can export Zn(u), Co(u), Cd(u), Ni(u), Cu(1), Ag(1)
and maybe Au(r) so that all cations in the fields I and II of
Fig. 2 can be removed when in surplus, except Mn(1u), Y(m) and
Hg(u). Since some of these cations are also trace elements,
mechanisms seem to exist that prevent the activity of these
exporters during simultaneously existing metal starvation. On
the other hand, when the periplasmic content of a metal is too
low, TonB-dependent uptake systems ensure an increase in the
periplasmic content of the desired metal or metal complex
(Table 5).

Redox reactions in the periplasm

Of the transition metals C. metallidurans may be confronted
with (Table 2), Fe, Mn, V, Cr, Cu, Ag, Au and Hg may occur in
ionic oxidation states that are redox active under physiological
conditions. In fact, several anaerobically respiring bacteria may
use Fe(ur), Mn(wv), vanadate or chromate as electron acceptors
while several chemolithoautotrophs use Fe(u), Mn(u), V(ui) or
Cr(m) as electron donors.'”® C. metallidurans, however, does not
possess the required systems for these reactions and uses only
molecular oxygen or nitrate as electron acceptors and molecular
hydrogen, formiate or organic substances as electron donors.*
E. coli is also able to change the oxidation state of iron ions in the
periplasm, followed by import of the resulting ferric or ferrous
iron, by using the EfeU or FetM iron import pathways.'*”*%°
Again, these systems are not available to C. metallidurans and the
only homolog of the FetM or EfeU inner membrane transport
systems is PbrT, which is involved in lead resistance."®® Conse-
quently, the redox states of Fe, Mn, V and Cr compounds are not
changed in the periplasm of C. metallidurans. In contrast, Au in
Au(1) or Au(m) complexes is taken up by C. metallidurans and
deposited as periplasmic metallic gold particles.'***

Copper is mainly present as Cu(u) under oxic conditions.
Upon contact with the respiratory chain, most likely through
reduced quinone compounds,®”'®> Cu(n) can be reduced to

This journal is © The Royal Society of Chemistry 2016
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Cu(r). This ion is much more rapidly imported into the cyto-
plasm than Cu(i),'®® probably by using Na(i)-dependent or K(i)
transporters as unspecific substrates.®”'®* This makes Cul(i)
much more toxic to bacteria than Cu(u). C. metallidurans,
E. coli and many other bacteria are able to solve this problem
by (i) sequestration of periplasmic copper ions, e.g. by CusF
from E. coli,"*>"®° (ii) export of Cu(1) by the RND-driven CusCBA
efflux systems back to the outside,'®****® or (iii) oxidation of
Cu(1) to Cu(u) using molecular oxygen as an electron acceptor.'®’
The last reaction functions consequently only under aerobic
conditions.'®* In E. coli, the respective oxidase is CueQ.”>*"7%'"*
The two homologs of this protein in C. metallidurans are CopAl
and CopA2, one chromosomally encoded and one by plasmid
pPMOL30,"'®*° and both are homologs of the plasmid-encoded
E. coli protein PcoA."”>'7? Unfortunately, the copper-exporting
P-type ATPase of E. coli was named “CopA”,"”*'”> which results
in some confusion between the E. coli P-type ATPase CopA and the
copper oxidases CopA from C. metallidurans and Pseudomonas.”>""”
The genes for the periplasmic copper oxidases copA/pcoA are
usually in a gene region together with genes for proteins that
provide copper to the active center of CopA during assembly in the
cytoplasm as well as with genes for a two-component regulatory
system.'®® Cus-like efflux systems also export Ag(r).'®”'7%'7°
Together, of the transition metals in group I and II of Fig. 2,
C. metallidurans should reduce in the periplasm complexes of
Au(m) to Au(r) complexes and complexes of Cu(u) to Cu(y).

Sequestration in the periplasm counterbalances the
transportome

Periplasmic metal binding chaperones may serve as a buffer
and as an interaction partner of transport systems and client
proteins to diminish these toxic effects and to increase the
efficiency of import. Highly substrate-specific import systems
of the ABC protein superfamilies {transporter classification"*
database TC#3.A.1} usually interact with specific periplasmic
metal-binding proteins or, in the case of “ECF”-ABC systems"®"
(which has nothing to do with ECF sigma factors, TC#2.A.88)
possess substrate binding sites with a high affinity. Periplasmic
metal-binding proteins that deliver their substrate to an ABC
importer are known for molybdate, tungstate, Fe(ur) siderophore
complexes, Co-containing cobalamin derivatives, Fe(u)/Mn(1r),
Zn(n) and Ni(u),"®> which sums up all essential transition metals
except copper. C. metallidurans does not possess a ZnuABC'®?
or a NikABC'®**'® ortholog for zinc and nickel, respectively,
but it does have a ModABC'®*'®” importer for molybdate/
tungstate (Rmet_0569, 70, 71) and one for the staphyloferrin
B-type siderophore, probably HmuTUV (Rmet_5376, 77, 78).
In the case of small substrates that were previously imported
by TonB-dependent processes, it would be useful if the
periplasmic binding protein for the subsequent import into
the cytoplasm by an ABC importer would interact directly with
the TonB-dependent protein to prevent loss by diffusion
through the outer membrane porins. This dangerous situation
does not exist for metal complexes that are too big to pass
through the porins so that such a protein—protein interaction
is less likely to occur.
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The extremely toxic mercury cation Hg(u) is sequestered in
the periplasm by the MerP protein to prevent damage, and
subsequently passed on to Hg(n)-specific uptake systems such
as MerT, MerC or MerF, and from there further on to the
NADPH-dependent mercury reductase MerA.'® This transforms
the cation into the volatile metallic mercury that diffuses rapidly
out of the cell and its environment. C. metallidurans contains
three active mercury resistance determinants both chromo-
somally encoded and encoded by each of the plasmids."8%'%°

There are only a few examples of copper-dependent proteins
that need to be loaded with this cofactor in the cytoplasm.
These are the periplasmic copper-dependent Cu(r) oxidases
CopA1, CopA2 in C. metallidurans and PcoA, CueO in E. coli.'®
The cop and pco determinants also encode proteins that may
import copper into the cytoplasm for delivery to these client
proteins. Export of the resulting oxidase is subsequently achieved
by the TAT (twin-arginine transport) pathway, which is able
to export folded proteins to the periplasm.'®® Other copper-
dependent proteins are transported to this compartment by the
Sec general secretion pathway,'®’ which transports unfolded
proteins. These cases, e.g. the periplasmic Cu-Zn superoxide
dismutase SodC and the copper sites in the cytochrome
¢ oxidase, the respiratory chain component IV, comprise the
main copper-dependent cellular proteins. Copper needs to be
loaded into the client proteins in the periplasm and this is
accomplished by periplasmic copper-binding chaperones.'#*'

Theoretically, this should make it unnecessary to import
copper into the cytoplasm at all, except for delivery to CopA-like
proteins that are produced when the cells are exposed to
copper. Interestingly, C. metallidurans and other bacteria carry
the genes for two types of copper-exporting P-type ATPases. %>
One group of proteins has the main task of removing toxic copper
from the cytoplasm (CupA and CopF in C. metallidurans), while
the other group seems to deliver copper into the periplasm for
allocation to the periplasmic copper-binding sites of copper-
dependent proteins (Rmet_2046, Rmet_2379) such as SodC.'*

Delivery of Cu(1) from P-type ATPases to periplasmic copper
chaperones is likely and has been demonstrated for CusF."*®
CusF subsequently hands the ion over to the CusB MFP compo-
nent of the CusCBA transenvelope efflux system.'””'*® Via this
mechanism, and to prevent import into the cytoplasm, Cu(1) is (i)
oxidized by CopA/CueO/PcoA to the less toxic Cu(m); (ii) exported by
CusCBA systems; (iii) sequestered by CusF and related proteins or
accepted by these proteins from copper-exporters and passed on to
CusCBA systems; (iv) sequestered/accepted by other periplasmic
copper chaperones for delivery as cofactor to client proteins.

Interestingly, synthesis of the Cu-Zn SodC in C. metallidurans
also requires prior import of the zinc into the cytoplasm to deliver
this ion efficiently to this periplasmic protein.>** C. metallidurans
contains a variety of possible metal-binding chaperones as part of
the Czc system, e.g. Czcl, CzcE, and Czc]. CzcE might be involved
in zinc and/or copper homoeostasis."**'*° Since many czc-like
determinants in other bacteria and the (now interrupted and
inverted) ancient czc determinant on the chromosome of
C. metallidurans are in fact czcICBA regions, in many cases with
the gene for a zinc-exporting P-type ATPase in a divergon
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situation,® Czcl rather like CusF might accept Zn(u) from the P-
type ATPase for delivery to the CzcCBA system. Alternatively,
CzclI and the other possible periplasmic zinc chaperones may
store periplasmic zinc, protect it from export by the CzcCBA
system, and deliver it to import systems. Such a periplasmic
zinc storage activity has been described for ZinT from
E. coli.?*%*°"

Silver is in the same group of the periodic system as copper,
but the only stable ionic oxidation state is Ag(1). This ion is on
the one hand less available to cells compared to copper ions
because it is readily precipitated by chloride, binds strongly
to thiol compounds, or is reduced to metallic silver, especially
in the presence of light. On the other hand, as a “soft” thiol-
loving ion, Ag(1) is inferior in toxicity only to Hg(u). Detoxifica-
tion of Ag(1) is accomplished by a process parallel to Cu(i)
detoxification, by specific silver resistance systems related to
copper resistance determinants, or by such systems accepting
both ions as substrates. Export to the periplasm is via
P-type ATPases and CusF-like chaperones may take over to
export it further on to the outside by CusCBA/SilCBA-like
systems.'”®'7® Since Ag(u) does not exist, CopA-like proteins
are not involved in silver detoxification. However, the SilE
protein might serve as a periplasmic ‘“silver sponge” that
binds and stores the toxic ion.

Gold can exist as Au(ur) and Au(i) but only in complexes. The
cations are immediately reduced to metallic gold by reduction
by water. Due to the extremely high electronegativity of gold,
the highest of all transition metals, Au-C, Au-S and even Au-
halogenide bonds are almost covalent so that Au(mr) can exist in
water as an Au(u)Cl,” complex, which is taken up by C.
metallidurans into the periplasm and cytoplasm, and reduced
during this process to Au(i) complexes. These are finally
reduced further to metallic gold nanoparticles in the peri-
plasm,"*'®" and, interestingly, the copper oxidase CopA1l is
involved in this process.>**

Taken together, periplasmic metal chaperones counterba-
lance the activity of the transport systems that introduce or
remove transition metals into or out of the periplasm. They play
a role in homoeostasis of nearly all ions in groups I, Il and V in
Fig. 2. Iron (group V) can be reduced or oxidized and bound for
further import into the cytoplasm. This is similar for iron
siderophore complexes. For the ions in group II, periplasmic
chaperones together with importers exist for Mo, W, V, Zn, Ni,
Mn and B;,. Chaperones for delivery of Cu to exporters or client
proteins also exist, leaving only Y, which is in any case mis-
placed in this group. Among group I metals, Ag(1) is sequestered
by SilE and CusF-like proteins and Hg(u) by MerP for further
uptake to the cytoplasm and subsequent reduction. Cadmium
can be bound by ZinT-like periplasmic zinc chaperones but this
process does not contribute to cadmium resistance.>*° Gold has
the lowest content in the earth’s crust and consequently has the
least chance of occurrence in an ecosystem of all group I, II, V
elements (Fig. 2). It is only present in complexes with a strong
covalent character of the bond so that transient binding by a
periplasmic protein for further delivery may not be an efficient
process.
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The metal transportome for the
cytoplasm
Import across the inner membrane

The events that shape the periplasmic transition metal content
are mirrored by parallel events adjusting the cytoplasmic
transition concentration and composition. Again, there is (i)
high-rate, low-specificity import for an efficient supply with a
mixture of transition metal cations; (ii) high-rate, low-
specificity export that is able to compensate for the high import
rate of these systems; (iii) metal-specific control of synthesis of
the efflux systems plus flux control; (iv) redox reactions in the
case of a few metal cations; (v) metal-binding events that
counterbalance the kinetic flow equilibrium, which is the result
of the export and import reactions; and (vi) highly specific but
low-rate import of transition metals that are under-represented
in the actual cytoplasmic metal mixture, which is performed by
the ABC-type importers described above.

In C. metallidurans a battery of redundant secondary import
systems with low substrate specificity supply ions to the cyto-
plasm (Table 7). In some cases the primary substrate is a major
bioelement, which is needed by the cells in a much higher
amount than the minor transition metal bioelements, e.g. 14
million Mg compared to 90 thousand Zn*>°* (Table 7). Conse-
quently, high import rates are needed, which lowers the sub-
strate specificity, so that other ions are usually additional
substrates of these importers.

Sulfate permeases (candidates Rmet_0606, 1188, 3720, 4472,
4600) import sulfate but also the structural analogs molybdate
and chromate, while phosphate importers (PitA) transport
metal phosphate complexes, vanadate and arsenate. Proton
symport with a net neutral charge is sufficient to drive this
import by using the Z:ApH portion of the pmf. Known uptake
systems for metal cations are the magnesium importers of the
CorA (MIT family) or the MgtE (MgtE family), the zinc/iron-,
iron/manganese-, and nickel/cobalt-importing ZIP, NRAMP and
NiCoT proteins, respectively, and metal-importing P-type
ATPases. C. metallidurans possesses four MIT proteins (CorAy,
CorA,, CorA;, ZntB), one ZIP (ZupT), one NiCoT (HoxN), no
MgtE, no NRAMP but two Mg/Ca-transporting P-type ATPases
(Table 7).*>>1°

The structure of a MgtE and a CorA protein from other
bacteria indicates that the activity of these unrelated importers
can be flux-controlled.>"' "> Import activity of the pentameric
CorAs complex from 7. maritima is locked in a transport-
incompetent conformation by allosteric, sequential binding of
cytoplasmic Mg(u) cations to the five protomers.>'® Since the
amino acids required for transport and flux control by gating
are all conserved within the MIT protein family, eukaryotic
homologs included, this flux-controlled uptake of magnesium
seems to be a general mechanism.>'* Binding of cytoplasmic
Mg(u) to regulatory sites shuts down the import so that the cells
cannot be overloaded with magnesium. Most bacteria possess
either a CorA or a MgtE ortholog.

All these secondary and primary importers have a broad
substrate specificity and transport a variety of other divalent
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metal cations in addition to their primary substrates. The three
CorAs in C. metallidurans are involved in Zn(un) and probably
Mg(u) import, CorA,; and CorA, are also involved in nickel transport
and CorA; and CorA; have something to do with cobalt toxicity,
although CorA,,; together function as cobalt importers.”®® These
CorA substrates were already identified a long time ago in E. coli
and Aerobacter (=Enterobacter) aerogenes,” and nickel uptake by
a magnesium uptake system in Cupriavidus necator (=Ralstonia
eutropha, Alcaligenes eutrophus)**® and C. metallidurans.”>*®

Since CorA-like importers can be switched off at high cyto-
plasmic magnesium concentrations by flux control, additional
uptake systems for divalent transition metal cations must exist.
The ZupT protein of the ZIP family is not essential for net zinc
import*® but deletion of AzupT causes multiple pleiotropic effects
so that zinc import by ZupT is connected to zinc allocation in the
cytoplasm.”* The cells might contain a sufficient number of
zinc atoms, for instance 120000 Zn(u) per cell at an outside
concentration of 100 uM; nevertheless, allocation of this metal
to the important zinc-dependent RpoC or beta-prime subunit
of the RNA polymerase is not efficient. Even supply of zinc to
the periplasmic Zn-Cu superoxide dismutase SodC, which is
not exported as a folded protein by the TAT system but as
an unfolded polypeptide by the general secretion system, is
hampered, indicating that zinc allocation to SodC may need
uptake into the cytoplasm by ZupT and re-export to the
periplasm.®®*

Due to a potential sequestration of zinc and other metals
by phosphate in TMM, the metal:phosphate uptake system PitA
is also an important source for transition metals in the
cytoplasm.?® Table 2 predicts that in oxic environments, in
the absence of sulfide, all divalent transition metal cations with
the exception of Mn(u), which is out-competed by Mg(u), should
be present as a metal:phosphate complex. Indeed, involvement
of PitA in the import of Zn(n) and other transition metal
cations, including Cu(n) and Fe(n), can be demonstrated.’*®
In E. coli, PitA also seems to be involved in zinc uptake®'*
some strains of this bacterium even contain a paralog of PitA,
called PitB.”*° Consequently, mutations in pitA cause zinc
resistance.””’ PitA also imports phosphate complexes with
magnesium and calcium, and Zn(u) competes with Mg(u) for
import by PitA.>*' This highlights an important connection
between phosphate and metal import in all kinds of mineral
salts media or natural environments, which are poor in sulfide
or cysteine-containing compounds. It also explains the long
standing observation that phosphate and magnesium homeo-
stases are closely linked.

In enterobacteria, a two-component regulatory system
composed of the membrane-bound histidine kinase sensor
PhoR (C. metallidurans ortholog Rmet_2179) and the response
regulator PhoB senses low phosphate concentrations on the
inside of the cells. This leads to PhoB-phosphate-dependent
up-regulation of a variety of operons including phoBR itself,
PpstSCAB-phoU for the phosphate-specific ABC importer, and,
interestingly, phoQ.>*>*** PhoU is a dimer that binds Mn(u) and
Mg(u) and interacts with PhoR and the component of the high-
affinity phosphate uptake system PstABC, PstB.*** This leads to

and
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Table 7 The metal uptake transportome for the cytoplasm?

Rmet Protein Family TC number Substrates
Rmet_3052 CorAl MIT 1.A.35 Mg, Co, Ni, Zn***
Rmet_0036 CorA2 MIT 1.A.35 Mg, Co, Ni, Zn**?
Rmet_3287 CorA3 MIT 1.A.35 Mg, Co, Ni, Zn>*
Rmet_0549 ZntB MIT 1.A.35 Zn and others?®?
Rmet_1973 PitA PiT 2.A.20 Metal:phosphate®®®
Remt_2621 ZupT ZIP 2.A.5 Zn and others>*?
Rmet_1533 HoxN NiCoT  2.A.52 Ni, Co, Zn**®
None MgtE MgtE 9.A.19 Absent in CH34
None MntH NRAMP 2.A.55 Absent in CH34
Rmet_5936 MgtA P-type  3.A3 Mg, Zn, others>**2%%
Rmet_2211 MgtB P-type  3.A3 Mg, Zn, others***?%*
Rmet_5890 FeoB FeoB 9.A.8 Fe*07208
Rmet_5945 PbrT ILT 2.A.108 Pb?6°

Rmet_6115 CopD1 CopD  9.B.82 cu'®

Rmet_5668 CopD2 CopD  9.B.82 cu'®

Rmet_2369 Not named MFS 2.A.1 cu?®

Rmet_3466 Not named MFS 2.A.1 cu>®”

¢ The proteins were assigned to the transporter protein family and TC
number using the transporter classification database.>'%%*'° Substrate
assignment due to published*>?*160:169:203-205,207209 anq ynpublished
data (Herzberg and Nies et al., unpublished).

the formation of a signaling complex that responds to low
environmental phosphate levels by the scanning activity of the
PstABC uptake system, and may integrate this information with
the cytoplasmic magnesium content. The PstABC importer
transports orthophosphate only without bound metal cations.*>*?%¢

PhoQ (C. metallidurans ortholog Rmet 5129) is another
membrane-bound histidine kinase sensor. It senses low
magnesium concentrations outside the cells, which leads to
phosphorylation of its response regulator PhoP.>*”*?® The
PhoPQ two-component regulatory system is up-regulated at
low magnesium concentrations, acidic pH values, and in
the presence of antimicrobial peptides in Salmonella.>*® When
this system is activated at low magnesium concentrations,
expression of the genes responding to this signal needs the
magnesium-transporting P-type ATPase MgtA, while activation
of another part of the PhoR regulon by acidic stress or anti-
microbial peptides does not.>*° At acidic pH values, the PhoPQ
system also promotes uptake of Fe(u) by the Feo iron uptake
system via the response regulator RstA.>*° At low magnesium
concentrations, a variety of operons are up-regulated, including
the genes for the magnesium-importing P-type ATPases MgtA
in E. coli, or MgtA and MgtB in Salmonella enterica. In addition
to transcription initiation control, transcription elongation into
the coding regions of these genes is regulated by a riboswitch,
and is only allowed at low cytosolic magnesium concentrations.”**
This highlights the important role of phosphate in metal
homoeostasis.

If the five systems CorA;, CorA,, CorA;, ZupT, and PitA are
removed from C. metallidurans, net import of all metals is still
possible.>®® The transporters involved in this uptake process
are the fourth MIT protein, ZntB, HoxN and the two P-type
ATPases MgtA and MgtB. Remarkably, further deletion of the
genes for these four importers does not abolish net metal
import, although some multiple deletion mutants show a
clearly diminished fitness. All these nine systems are important
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for metal homeostasis, but additional, currently unknown
metal importers clearly must exist in C. metallidurans.**®

Import of iron into C. metallidurans occurs as the Fe(m)
staphyloferrin B complex or by the FeoAB system (Rmet_5891/
90), which is not an ABC system but may be a GTPase.>*”*°®
Iron and copper can also be imported by PitA as a phosphate
complex.’®® Additionally, copper import by CopD-like systems
could be needed to supply this ion to the periplasmic copper-
dependent copper oxidase CopA before export to the periplasm
by the twin-arginine transport system.'®®?*® In Rhodobacter
capsulatus,”®® copper transfer to periplasmic copper-dependent
proteins first requires uptake of copper via importers of the major
facilitator superfamily (MFS), followed by export by specific
anabolic P-type ATPases™®* % and subsequent transfer to peri-
plasmic copper chaperones. C. metallidurans contains two
candidates for anabolic P-type ATPases encoded close to cyto-
chrome oxidase biosynthesis gene clusters, RdxI and CtpA
(Table 8). In the vicinity of the genes for each exporter are
genes encoding two putative copper-importing MFS proteins
(Table 7). Why the lead-resistance determinant on plasmid
PMOL30 contains the gene for a possible lead importer PbrT*®°
has not yet been established.

Due to the fact that during the formation of metal:phosphate
complexes Mn(u) should be out-competed by Mg(u) most bacteria
need to carry a manganese-proton symporter of the NRAMP
protein family or ABC importers for this metal,”*” e.g. to metallate
client proteins with manganese under conditions of redox
stress.®>®® C. metallidurans, however, does not contain such a
manganese importer to decrease the import of Cd(m* and
consequently seems not to use this metal, which explains the
low cellular content of manganese in C. metallidurans™ and the
absence of a Mn-type superoxide dismutase.**° An iron import
pathway via an NRAMP system is therefore not available in
C. metallidurans.

Table 8 The metal efflux transportome of the inner membrane?

Rmet Protein Family  TC number Substrates
Rmet_4594  ZntA Pipo-type  3.A.3 Zn, Cd"**?%
Rmet_2303  CadA Pipo-type  3.A.3 Zn, Cd'***%
Rmet_5947  PbrA Pipotype  3.A.3 Pb, Zn, Cd*>*'°
Rmet_5970  CzcP Patype  3.A.3 Zn, Cd, Co'*®
Rmet_3524  CupA Pipitype  3.A.3 Cu, Ag*”
Rmet_6119  CopF Pritype 3.A.3 Cu*®?
Rmet_2046  RdxI Pitype  3.A.3 Cu anabolic'®*1%®
Rmet_2379  CtpA Prpi-type  3.A3 Cu anabolic'*'%®
Rmet_5979  CzcD CDF 2.A.4 Zn, Cd, Co'?%233:234
Rmet_0198  DmeF CDF 2.A4 Co, Ni'?923%
Rmet_3406  FieF CDF 2.A4 Fe*3%236
Rmet_6211  CnrT DMT 2.A.7 Ni>210
Rmet_6144 NreB MFS 2.A.1 Not expressed
Rmet_0391  AtmA ABC 3.A.1 Ni*%7
Rmet_6202  ChrA1l CHR 2.A.51 Chromate™?
Rmet_3865  ChrA2 CHR 2.A.51 Chromate™?
Rmet_4831  ChrA3 CHR 2.A.51 Unknown™*?
Rmet_2517/8 ChrA4a/b CHR 2.A.51 Unknown™*?

“ The proteins were assigned to the transporter protein family and TC
number using the transporter classification database.>'#%*'% Substrate
assignment was based on published data as indicated.
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The battery of redundant metal importers supplies the cyto-
plasm of C. metallidurans with the overall mixture of transition
metals available in the periplasm, at a high rate, but with a low
substrate-specificity and comparably low energy. In ecosystems
and media comparable to sea water the mineral composition is
sufficient to warrant a balanced supply with these ions (Fig. 6),
but in others, single metals may be over- or under-represented. As
outlined above, most bacteria are able to produce highly specific
metal import channels for under-represented metals, which can
be composed of the following modules allowing (i) excretion of
metal-chelating compounds; (ii) TonB-dependent uptake into the
periplasm; (iii) binding by periplasmic metal-binding proteins;
and (iv) further import into the cytoplasm by ABC transport
systems such as ZnuABC for zinc, NikABCD for nickel, and
SitABC for manganese and iron. C. metallidurans, however, does
not possess orthologous ABC importers, and instead relies mostly
on its battery of redundant uptake systems (Table 7).

Efflux back into the periplasm

C. metallidurans is adapted to environments with a high metal
content and lacks orthologs for these uptake systems. Instead,
this bacterium possesses a broad repertoire of efflux systems
that are able to move surplus ions back to the periplasm for
further export to the outside by the RND-driven systems. These
efflux systems are P-type ATPases or secondary transport
systems.

C. metallidurans contains eight P-type ATPases of the Pig
protein family (Table 8), which are efflux systems for heavy
metal cations. Four members of the P, subgroup241 mentioned
above export Cu(l) and contribute to Ag(i), but not to gold,
resistance.’®® The three Pz, subgroup members ZntA, CadA
and PbrA export Zn(ir), Cd(u) and Pb(u). Again, all three proteins
transport Zn(n) and Cd(u) with similar affinities and turnover
rates."* Once more it is the specificity of their production that
assigns the particular function to the respective protein. As in the
case of the RND transporters, a certain low substrate specificity
might be required to allow a sufficient transport rate whereas the
regulatory process is not hampered by this constraint.

Pip-type ATPases contain a conserved cysteine residue in
the transmembrane part of the protein with a proline residue
adjacent to it.>*" In P, and Pz, ATPases, a second cysteine
residue is present and form a “CPC” motif, which is part of
the substrate-binding site of these exporters. Additional metal-
binding sites in various arrangements are present in the
cytoplasmic domains of these proteins. These sites have an
important function in flux control and/or acquisition of the
substrate cation from the cytoplasm for delivery to the “CPC”
site and subsequent export.”**

C. metallidurans contains an additional zinc-exporting P-type
ATPase of the Pip4 subgroup, CzcP, which is encoded by plasmid
PMOL30 as part of the czc metal resistance determinant. CzcP
enhances zinc resistance but is not able to mediate a notable zinc
resistance without one of the three Pig,-type ATPases.'?® This
indicates that CzcP is only able to reach some cytoplasmic zinc
speciations or zinc pools while the Prp,-type ATPases such as ZntA
are able to reach all zinc species for removal and consequently

This journal is © The Royal Society of Chemistry 2016
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detoxification. Since it is important for efficient zinc supply
to zinc-dependent proteins if the ion was imported by ZupT or
other importers, this indicates the presence of at least two, or
perhaps three, zinc pools or speciations in the cytoplasm: loosely
bound zinc ions that are imported by the other transport systems
and can be removed by CzcP, and more tightly bound zinc
imported by ZupT, which may need ZntA for export from the
cytoplasm. 4129

Although CzcP is not able to reach all cytoplasmic zinc
species, it is able to export its substrates with a higher rate
than the Pip,-type ATPases such as ZntA. CzcP also has a
broader substrate specificity, which may include Co(u) under
certain conditions. The metal resistance gained by CzcP is
similar to that mediated by secondary metal efflux systems,
which belong in C. metallidurans to the CDF or other protein
families."?® The three CDF proteins in C. metallidurans are the
Co(u)/Zn(u)/Cd(u) exporter CzcD, the Co(u)/Ni(u) exporter DmeF
and the Fe(u) exporter FieF. Flux control has also been
described for a CDF metal exporter from E. coli.>***** Members
of other protein families are the nickel exporter CnrT, the two
chromate exporters ChrA; and ChrA, and two paralogs of the
CHR protein family with unknown function (Table 8).

Fate of transition metal cations in C. metallidurans

The following is the fate of the transition metal cations (from
the upper left to the lower right corner of Fig. 2) when they
reach C. metallidurans cells:

(1) Au(m) complexes are rapidly reduced to Au(i) complexes,
which reach the cytoplasm. Re-export to the periplasm does not
involve the Pyg;-type ATPase CupA,”®® although other bacteria
(Salmonella) are able to remove Au(1) from their periplasm with
a CupA-homologous system.>* In the periplasm, Au(i) is further
reduced to metallic gold nanoparticles, which is the first step in
the formation of gold nuggets by this bacterium.'*>°>

(2) Ag(1) can be removed from the cytoplasm by CupA®** and
from there to the outside by CusCBA and SilCBA."”®

(3) Cd(u) enters as a phosphate complex through PitA and
other transporters of the battery but accumulation of cadmium
is low in C. metallidurans compared to E. coli because an
NRAMP importer for Mn(u), Fe(i1) and Cd(u) is missing.*> Export
from the cytoplasm is at low cadmium concentrations by
the inducible P-type ATPase CadA, at high concentrations
additionally by ZntA and CzcD, and from the periplasm to the
outside by CzcCBA.'*%?%?

(4) Hg(u) is sequestered in the periplasm by MerP proteins,
it is imported to the cytoplasm by MerT proteins, reduced to
metallic mercury by MerA proteins, and leaves the cell by
diﬁ-usion.188,189,246

(5) Molybdate and tungstate can be imported by an ABC
import system when needed.**’

(6) Zn(u) is imported by at least nine members of the battery
of import systems.>*>>°® At low concentrations, it is exported
by ZntA, at higher concentrations by ZntA, CadA, CzcP and
CzcD to the periplasm and from there by CzcCBA back to
the outside.'*®
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(7) Cu(u) can be imported as a phosphate complex by PitA, by
other systems of the redundant import battery, by CopD- and
MFS-like specific importers (Table 8), or rapidly by Na(1)- or K(1)-
utilizing importers after reduction to Cu(i) by respiratory chain
components, most likely reduced quinones.®®'®* Imported
Cu(n) is also reduced immediately to Cu(i) upon contact with
glutathione.>*® Cytoplasmic Cu(i) is sequestered by the cyto-
plasmic copper chaperone CupC and exported by CupA and
other Pig;-type ATPases for detoxification or allocation to
periplasmic copper-requiring proteins. It is highly likely that
periplasmic copper chaperones are involved in this process."*?
Surplus Cu(1) in the periplasm is bound by CusF**>'°®**” and
exported to the outside by CusCBA and SilCBA, or oxidized by
CopAs back to the less toxic Cu(m).**’

(8) Ni(u) is imported by members of the redundant battery of
importers and is used for synthesis of hydrogenase and urease.
Surplus nickel is removed by DmeF at low,>*> and additionally
by CnrT at high, concentrations to the periplasm and from
there by CnrCBA back to the outside. Another transporter
involved in nickel resistance is the AtmA efflux system of the
ABC protein family.>*”

(9) Co(u) is imported in a fashion similar to Ni(u) and is used
for the synthesis of cobalamin compounds such as Bj,. It is
removed by DmeF when in surplus to the periplasm,*® and
from there by CzcCBA"***>?%% and CnrCBA'*® to the outside.

(10) Nothing is known about vanadate and Y(u) transport.
Mn(u) is not very toxic to C. metallidurans. It is not used for
instance as a cofactor in a Mn-superoxide dismutase and not
taken up by a NRAMP importer.*

(11) Chromate is imported by sulfate uptake systems and
exported by ChrA; and ChraA, efflux systems.>**>>> Reduction to
Cr(m) might occur in the cytoplasm but the fate of this ion is
not known.

(12) Finally, iron can be imported as a Fe(u) staphyloferrin
B'%®1%7 complex and possibly as an ion by FeoAB, PitA or other
members of the redundant importer battery. If in surplus, it
can be removed from the cytoplasm by FieF.>*>?3¢

In summary, the concentration of a metal cation can be pre-
adjusted in the periplasm but following that, the whole mixture
of metals is imported into the cytoplasm by the battery of
redundant low-specificity, high-rate transport systems. Surplus
cations are removed by efficient efflux systems to adjust and
fulfill the cytoplasmic metal cation requirement.

Outlook: fate of metal cations in the
cytoplasm

Cytoplasmic Fe(ur) will be rapidly reduced to Fe(u) by the NADP-
dependent Fe(ui)-siderophore reductase ViuB (Rmet_4199) or
upon contact with glutathione, GSH. Similarly, Cu(u) will be
reduced to cytoplasmic Cu(1),>*® which is sequestered by the
cytoplasmic copper chaperone CupC. Theoretically, the divalent
transition metal cations should bind immediately to thiol
groups, e.g. cysteine groups at the outside of proteins. The
importance of GSH or other cellular small thiol peptides in
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bacteria may be to keep transition metal cations from reaching
these thiol groups or to remove them as metal-bis-glutathionato
complexes GS-Me(u)-SG.

Removal of transition metal cations from the metal-bis-
glutathionato complexes may be catalyzed by Pip-type ATPases
in the case of Cu(i), Zn(u) and Cd(u), and in the case of Cu(i) by
binding to CupC. For zinc, this cannot be the only route
because the metal is needed as a cofactor. The number of zinc
atoms per C. metallidurans cell is at least 20 000 as a minimum
number and increases with the external zinc concentration to
120 000.%°* At this point, the efflux systems prevent a further
increase in content. These cells also contain 120 000 zinc-binding
proteins. Since these may contain more than one zinc-binding site
per protein, there are actually more zinc-binding sites in the
cytoplasmic proteins of C. metallidurans than zinc atoms per cell.’
The totality of these zinc binding sites may form a zinc repository
that accepts incoming zinc ions, prevents them from binding to
glutathione or other thiols, and stores them for allocation or for
export of surplus zinc ions. Most of these sites are located in
ribosomal proteins and those subunits of the RNA polymerase
that are not zinc-dependent proteins (RpoA, RpoB).” It could be
the task of all these sites to provide zinc ions to newly translated,
folding proteins, especially the zinc-dependent RpoC subunit of
the RNA polymerase.

When all zinc efflux systems are removed, C. metallidurans
contains about 200000 Zn(u) per cell already at an external
concentration of 10 pM zinc chloride,”®* which is close to the
inhibitory concentration of this zinc-sensitive mutant strain."**
This number could correspond to the actual size of the zinc
repository. Interestingly, the cell-bound number of other
transition metals, including even gold, also reaches a similar
number of 200000 to 300000 atoms per cell when present if
high external concentrations exist (Wiesemann, Reith and Nies
et al., unpublished results).

This leaves a number of fascinating questions concerning
the cytoplasmic counterbalance of the transition metal
transportome:

(i) Do other transition metal cations use the zinc repository
too, and if they do, how are they removed from it?

(ii) What is the interaction between the zinc repository and
glutathione?

(iif) How is zinc bound in the repository or bound to
glutathione related to the pools of loosely and more firmly
bound zinc that were identified in the ZupT and CzcP
experiments?

(iv) How is iron kept out of the zinc repository?

Conclusion

Metal resistance is simply the ability to maintain homeostasis
of multiple metals at high external metal concentrations.
Excretion of metal-sequestering compounds may contribute
to resistance, e.g. of charged polysaccharides or carbonate,
but since several frequently occurring transition metal cations
are also essential, they have to be imported into the cell, which
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leads to toxic effects. The metal transportome is central to an
efficient multiple metal homeostasis. The first barrier in proteo-
bacteria is the periplasm, and the metal content and composition
can be pre-adjusted by (i) TonB-dependent import of scarce metals;
(i) export of surplus metals by inducible and flux-controlled
RND-driven transenvelope efflux complexes; (iii) sequestration of
periplasmic metal cations for delivery to client proteins, uptake
systems, or efflux systems even immediately after export from
the cytoplasm; (iv) oxidation to less toxic compounds as in the
case of Cu(1); (v) selective import for immediate reduction to a
less toxic form as in the case of Hg(m).

Starting from the pre-adjusted metal content and composition
in the periplasm, this metal mixture is imported into the
cytoplasm by low-specificity, high-rate import systems with
overlapping substrate specificities, which supply metal cations
to the cell with high energy efficiency. Surplus cations are
removed by efficient efflux systems, e.g. Pip-type ATPases or
CDF proteins, which are also of a low-substrate specificity to
allow an export rate rapid enough to cope with the rate of the
import systems, and which are assigned their task by control of
gene expression plus flux control. Limiting transition metal
ions are imported by specifically induced importers, in most
cases of the ABC protein superfamily. The zinc repository and
cellular small thiol-containing polypeptides such as glutathione
possibly counterbalance the metal transportome. One remaining
question is how cytoplasmic components integrate into this
homeostasis mechanism and how they help to specifically allocate
a transition metal to its client protein.>*?
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