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Abstract: Life depends on metals. While carbon, in terms of abundance and versatility, is considered THE ele-
ment of life, the vast variety and diversity of the chemistry taking place in living organisms could not be achieved
without metal ions. More than twenty metals are found in the human body, most of them being essential, some
beneficial, and for others it is still unknown what role they might fulfil in a living cell. Here we give a short intro-
duction into the bioinorganic world of the periodic table, providing just a few examples of key metals for life and
aiming to give a flavour to gain further insights into this exciting field of inorganic chemistry at the intersection

to the life sciences.
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1. The Periodic Table of Inorganic Elements for Life —
an Introduction

1.1 The Abundance, Bioavailability, and Properties of
the Elements/Metals in the Environment

The by far most abundant elements in the universe are hydro-
gen and helium, which make up 99.9% of all atoms in the uni-
verse. Being very light, H and He are mostly found in gravitational
large astronomical objects like stars or large gas planets. Hence,
when moving to smaller systems, like earth, the composition of
elements changes dramatically. The geosphere — that is the lith-
osphere or earth’s crust down to approximately 50 km depth, the
hydrosphere, the atmosphere, and the biosphere — is composed of
mostly O (48.9%), Si (26.3%), Al (7.7%), Fe (4.7%), Ca (3.4%),
Na (2.7%), K (2.4%), Mg (2.0%), H (0.74%), and Ti (0.42%)
(please note that depending on the source, these numbers alter
slightly without changing the relative order).!l' These ten elements
account for 99% of the total mass; in other words, the remaining
84 naturally occurring elements on earth add up to just 1%.

One might think that the elements most abundant on earth are
also those used primarily by life. There are, however, two main
factors to consider: bioavailability and chemical properties. While
the chemical property fit is the key factor for the theoretical ap-
plicability of an element for a desired process, the bioavailability
of this element determines its actual use by the respective organ-
ism. Accordingly, the correlation between the geospheric abun-
dance of elements and their relative distribution in, for example,
the human body (Table 1) is low. A rather comprehensive series
of reviews on biogeochemical cycles of elements, as well as the
biogeochemistry, availability and transport of metals in the envi-
ronment has been published elsewhere.[2]

How do we actually take up nutrients? Ingested food is the
main source, followed by water, while inhalation would be the
last possibility, certainly with the least importance. Going down
the food chain there is food from animal or plant sources. While
nutrient uptake by animals is not so different from human uptake,
it comes mainly down to the bioavailability of elements, and in
the scope of this article, to metal ions, their salts and complex-
es, for plants. A main factor for the bioavailability of metal ions
is certainly their total concentration in the soil/water. So called
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Table 1. Approximate distribution of elements in a human adult of 70 kg weight (taken from ref. [1]).

Element kg Element g Element
(0} 45.8 K 150 Rb
C 12.7 Na 105 Sr
H 7.1 Cl 98 Cu
N 2.1 Mg 33 Br
Ca 1.1 e 4.2 Sn
P 0.7 Zn 2.8 1
0.18 Si 1.4 Mn

washed-out soils, such as sandy soils or soil in regions with high
precipitation (tropics) show naturally lower concentrations.!
The soil structure plays an indirect role as compacted soils and
a high water table can impair root growth and hence mineral up-
take. Minerals need to be solubilised for uptake and hence the
chemical composition and metal oxidation state is of utmost im-
portance. Generally, the solubility of metal compounds decreases
with increasing soil pH (soils with high clay content, lime soils
or sedimentary rocks have high pH values) and with increasing
phosphate content. Also, the amount of dissolved organic matter
(DOM) has an influence; however, depending on the metal ion
and the nature of the DOM, either a decrease in solubility due to
the formation of insoluble complexes or a mobilisation of origi-
nally insoluble minerals can be observed. The importance of the
soil condition is well illustrated by the example of zinc. Zinc is
a typical micronutritient, which includes essential trace elements
such as Mo, V, Mn, or Se as well as more abundant metal ions
such as Fe and Cu (please note that to facilitate readability, we
omit specific oxidation numbers here as different oxidation states
are possible). As it is estimated that roughly 50% of the cereal
crops worldwide are grown on soils with low bioavailability of
zine, zinc deficiency in crops, farm animals, and accordingly also
in humans is the most common micronutritient deficiency. The
effect of soil pH on solubility of metal ions is best illustrated with
AT** as an example, commemorated by our first year chemistry
class learning about the amphoteric character of aluminium oxide.
v-AlLO,, the most common naturally occurring modification, is
insoluble in the pH range of roughly 5-9, and hence has a rather
low bioavailability. However, it becomes soluble in the form of its
aqua complexes below and in the form of its hydroxo complexes
above this pH range. While the mobilisation of Al** ions at low
pH is responsible for the typical blue colour of Hydrangea due to
formation of Al**-catecholat complexes of e.g. the anthocyanidine
delphinidin 3-glucoside (at higher soil pH values and hence in
absence of bioavailable Al** the flowers become pink), aluminium
rendered bioavailable in acid water is acutely toxic to fish. The
influence of the oxidation state on the bioavailability of metal
ions is probably shown most dramatically for iron: the solubility
products of Fe(OH), and Fe(OH), are respectively 2.6 - 10°° M*
and 4.9 - 1077 M3,15] which gives a solubility of [Fe*] =2.6 - 10"®
M and of [Fe*] =4.9 - 10° M at pH 7 and hence an approxi-
mately 10-fold difference in solubility! Fe was originally present
on earth exclusively in the rather well-soluble Fe** state and the
appearance of the first O,-producing microorganisms some 2.5
billion years ago can be seen as the first global environmental
disaster. As we see below, organisms had to become exceptionally
creative and resourceful when struggling to mobilise and store
essential iron.

Taking a closer look at the composition of the human body
(Table 1), the chemical elements can be roughly distinguished
into macro- and micronutrients. Elements belonging to the ma-

mg Element mg Element mg
1120 Al 35 Mo 5
280 Pb 35 Co ~2
210 As 35 Cr ~2
140 Ba 21 Li ~2
140 v 21 Ni ~1
70 B 14
21 Se 14

cronutrients are on the one hand C, H, N, O, P, and S that build
the organic matter (proteins, nucleic acids, lipids, carbohydrates,
etc.) and account for 98% of the body mass including the water
content, and on the other hand Ca, K, Na, Mg, and Cl that are re-
quired in quantities too great to be considered micronutrients. The
remaining <2% comprise 22 elements that belong to the micro-
nutrients. Among these 22 elements are some of the best known
metal ions found in metalloenzymes, e.g. Fe, Zn, or Cu. While all
the elements listed in Table 1 are found in a human body, not all of
them are considered essential — it is still open to debate what role
trace amounts of elements like chromium, boron, aluminium, and
arsenic fulfil in humans. The latter two have been even linked to
cancer in higher, but nevertheless environmentally relevant con-
centrations. Fig. 1 gives an overview on the elements of life, i.e.
which ones are considered essential for all, or most organisms,
respectively.

Some elements are considered semi-essential, meaning they
are not necessary to sustain life, but are highly beneficial with-
in a narrow limit of daily intake. One such example is fluorine,
which is important for dental health and bone strength, hardening
the apatite and making it more acid resistant by replacing OH™
by F ions.[8! Further uses of fluorine are as a chemical defence
mechanism by plants against herbivores. They synthesise organo-
fluorines, e.g. fluoroacetate, in rather large amounts, which makes
the plant poisonous.[*!

Further elements have only recently been discovered to be
essential in the kingdoms of life, one example being bromine.
Bromide has long been known to be ubiquitous but with no es-
sential function known. It has now recently been found that Br™
is an essential cofactor for tissue development and collagen IV
scaffold.[10] ITn some cases, the essentiality of a certain element has
been the matter of debate for many years. One such example is
chromium, whose role as a trace element essential for organisms
has often been disputed, but the final proof is, to the best of our
knowledge, still missing.[!!l Nevertheless, even for the essential
elements the famous saying by Paracelsus has to be always kept
in mind: “All things are poison, and nothing is without poison,
the dosage alone makes it so a thing is not a poison.” The general
difference between a micronutrient and a toxic compound is that
for the micronutrient there is a concentration range in which a
beneficial effect for the organism is observed. Outside this range
there is a negative effect appearing as a deficiency below and tox-
icity above the beneficial values. Many essential trace elements
have beneficial concentration ranges in the lower two-digit mg
range (Fe 8—45 mg, Cu 1-10 mg, Zn 15-40 mg), but for others the
beneficial effects are only observed in a very narrow range. An ex-
treme example is selenium: the recommended daily intake (RDI)
value for an adult person is 55 pg, whereas doses above 200 g
can already be toxic! In contrast, for non-essential elements there
is no such beneficial range. At low concentration there is no effect
(beneficial or inhibitory) on the organism, while with increasing
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Fig. 1. Periodic Table of the elements with the ions essential for most organisms coloured with a green (non-metals) or blue (metals and half-metals)
background. Those elements showing a light green or blue background have been found to be essential either in some organisms and/or are most

probably also essential for humans. Figure is adapted from refs [6] and [7].

concentration toxicity occurs. The threshold defining the toxicity
depends of course again on the element, its chemical speciation,
and probable defence strategies of the organism.

2. Metal lons in the Cell

While a living cell harbours a multitude of different metal
ions, only very few are freely available, such as the alkaline metal
ions sodium and potassium needed e.g. to maintain osmotic bal-
ance or for signal transmission. Most other metal ions are tightly
regulated, either because they are extremely precious for the or-
ganism because of their low abundance or because their chemi-
cal reactivity can potentially be harmful if the metal ion occurs
freely at an undesired cellular location. The regulation includes
active transport and uptake mechanisms, in which the metal ion
remains tightly bound to a ligand or biomacromolecule, e.g. a
transport protein. The comparison between intracellular metal
ion concentrations and those found in sea water nicely illustrates
the selectivity operated by living organisms regarding the sort of
metal ions they allow into their cells (Table 2). In the following
sections, we summarise briefly the possible roles metal ions fulfil
in living organisms.

2.1 Freely Available Metal lons in the Cell

Only some alkaline and alkaline earth metal ions are con-
sidered to be freely available in the cell, namely Na*, K*, Mg*,
and Ca?* (Table 2). In mammalian cells, it is notable that the
concentrations within the cell and in the extracellular space are
distinctly different. It should also be mentioned that the concen-
trations given in Table 2 are not necessarily the concentrations
that are freely available. For example, in the case of Mg*, it is
estimated that most of the Mg?* present is bound rather tightly to
the large abundance of phosphate groups within the cell, e.g. of
the phospholipids forming the cell wall, the nucleoside triphos-
phates, and nucleic acids in general. The 30 mM total concentra-
tion is thus reduced to just 1-2 mM fully solvated Mg**in the cell
plasma. Another example is Ca?*. In higher organisms, most Ca**
is bound within bone material and similar as a phosphate salt,
i.e. apatite, with further anions like OH™ and/or F~ (in teeth). In
addition, Ca®* also is a crucial trigger in chemical synapses to
release the effective neurotransmitter within milliseconds into
the synaptic cleft.

In contrast, Na* and K*, both present in much higher concentra-
tions respectively in the extracellular and the intracellular space,
seem to be mostly important as counter ions for the multitude of
negative charges, e.g. in the context of nucleic acids, as well as to
keep the ionic strength constant.l!”! To be able to maintain a con-
stant concentration of both ions against a concentration gradient,
biology has developed highly selective transmembrane proteins
transporting these ions actively with the consumption of ATP.

2.2 Structural Metal lons

Some metal ions ‘solely’ serve the purpose of stabilising
certain three-dimensional structures of biomolecules. The most
prominent examples are certainly nucleic acids. The negatively
charged phosphate sugar backbone is mostly associated with al-
kaline metal ions for charge compensation. This neutralisation of
the negative charge is the pre-requisite for the formation of higher
order structures that, in the case of RNA, fulfil many active roles
in a cell, e.g. as catalytic RNAs (ribozymes), or regulatory RNAs
(riboswitches), or others.!18:191 In addition to general charge com-
pensation, Mg** particularly also binds to specific local struc-
tures, i.e. metal ion binding motifs, in RNA. Such local structures
are for example (i) tandem GC base pairs, (ii) GU wobble pairs,
(iii) sheared GA base pairs, (iv) the metal-ion zipper, or (v) the
Mg?* clamp. We refrain here from going into further detail, but
rather refer to a recent review on metal ion interactions in nucleic
acids.[20l

In the case of monovalent ions, G-quadruplex structures are
the best known. Originally identified in the telomeres to stabi-
lise the chromosomic ends, a multitude of locations within the
genome are known today for both DNA and RNA quadruplex
structures. In the case of RNA they rather serve as regulatory
elements. While DNA and RNA G-quadruplex structures share
the same G quartet structures, distinct differences between the
two forms in terms of possible topologies and thermodynamic
stability are known. Both types are rather selective for mono-
valent ions but also divalent metal ions can be accommodated.
However, K* seems to be the metal ion of choice as it stabilises
the three-dimensional fold best, as it has the perfect size to fit
into the void space between two neighbouring quartets and its
preferred coordination number allows simultaneous binding of
all eight guanine O6 atoms (Fig. 2).211
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Table 2. Summary of total concentrations of various metal ions in the ocean, mammalian cells, the extracellular space, as well as bacterial cells. The
respective literature source is always given in the title row. Table is reproduced from ref. [12] with permission.

M Seawater!?! Seawater* Mammalian
[ppm] [mM] cell'™ [mM]
Li* 0.17
Na* 1.1-10* 470 10
K* 3.9-10° 10 140
Rb* 90
Cs* 3
Be* 6-107
Mg? 1.35-10° 50 30°
Ca 4.1-10? 10 1
Sr** 375
Ba* 425
Cr* 5-10*
Cr
Mn?** 2-10°
Fe>* 3-10° l-10*
Fe
Co* 4.10* 3.1-10°
Co*
Ni** 7107 1-10°
Cu*
Cu?** 3-10° 1-107
Zn* 1-102 1-10*
Ru’* 1-102
Pd** 1-10?
Ag* 7-107
Cd* 0.2
Pt 1-107?
Au* 4-10°
Hg* 8- 1072
TI* 0.5
Pb** 13

@The free concentration of Mg?* is about 1 mM.

Metal ions can also play a structural role in metalloproteins,
either bound directly to amino acid side chains, or bound to a
cofactor. One prominent example is chlorophyll with its central
Mg>* ion. Mg>* can also be replaced with other divalent metal
ions, but at the cost of activity of the entire photosystem.[22] Mg?*
fine-tunes the electronic properties of the chlorophyll ligand in
order to enable a most efficient energy transfer. A paramagnet-
ic metal ion, for example, would simply quench the chlorophyll
fluorescence.

Extracellular Bacterial cell™! Bacterial
spacel [mM] [mg/kg] cytosol!'® [mM]
145 46-10°
5 115 - 103 > 10
1 7-10° > 10
4 5.1-10° 0.1
4
260 102
170 0.1
7.5 low
low
102
150
83 0.1
31

An important structural element in a different sense is silicon.
The best known organisms that use silicon are maybe diatoms,
a major group of algae that generate about 20% of the oxygen
produced worldwide by photosynthesis. Diatoms build intricate
hard but porous cell walls composed primarily of SiO,. Another
example is the plant rough horsetail, or scouring rush, which in-
corporates silicate instead of lignin into its cell wall (up to 7%) to
reach a higher stability. The German name Zinnkraut (‘tin-herb’)
indicates its former use as abrasive material for cleaning cooking
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Fig. 2. G-quadruplex structure shown from the top with the coordinating
fully dehydrated K* ions lined up along the central axis. This Figure is
based on the PDB file 1P79 and is reproduced from ref. [20] with per-
mission.

ware made of tin. Higher organisms from other kingdoms of life,
e.g. humans, use silicon for similar purposes: several tissues like
nails and connective tissues, but also bone, cartilage, blood ves-
sels, and tendons are strengthened considerably by the incorpora-
tion of silicon molecules.

2.3 Metalloenzymes

Enzymes are generally divided into six classes; (i)
Oxidoreductases, that transfer electrons from one molecule to an-
other, (ii) Transferases, that enable the specific transfer of a func-
tional group from one molecule to another, (iii) Hydrolases, that
use a water molecule to break down a chemical bond, i.e. hydrol-
ysis, (iv) Lyases, that break chemical bonds by other means than
hydrolysis, (v) Isomerases, that convert a molecule from one iso-
mer to another, and (vi) Ligases, that catalyse the joining of two
molecules resulting in a chemical bond, which often involves hy-
drolysis of the functional group on one of the two biomolecules.
Innumerable enzymes are actually metalloenzymes, the nature of
the metal ions being dependent on the type of reaction as well as
the functional groups involved. However, it is remarkable that, for
instance, Mn?*-containing enzymes from all six classes are known.
For an overview on metalloenzymes, we refer to two Handbooks
on Metalloproteins,/231 which provide the interested reader with a
wealth of information as a starting point, and/or the series Metal
lons in Life Sciences.>?*l Here, we want to concentrate on two classes
only, which are usually considered THE classical metalloenzymes.

2.3.1 Oxidoreductase Enzymes

Oxidoreductases are a very large group of enzymes that trans-
fer electrons from an electron donor, the reductant, to an electron
acceptor, the oxidant. They usually employ cofactors and can al-
so create electron transport chains, e.g. across membranes. This
large class of enzymes can be divided further into 22 subclasses,
depending on the nature of the donor, the acceptor, the cofactor
and/or the reactant. As a comprehensive overview would be far
too extensive, we only mention two examples.

Alcohol oxidoreductases include alcohol dehydrogenases,
which catalyse the interconversion between primary and second-

ary alcohol functional groups and aldehydes or ketones, respec-
tively, by using nicotinamide adenine dinucleotide (NAD*) as the
cofactor and electron acceptor. Mammalian alcohol dehydroge-
nases harbour two Zn?* ions, one in the active site coordinating
the substrate and thereby activating it by its Lewis acidity, and a
second structural Zn**, which is important for protein stability.[23!

A key enzyme for all living organisms is ribonucleotide reduc-
tase (RNR), which converts ribonucleotides into 2'-deoxyribonu-
cleotides needed for DNA synthesis.[25-26] Three classes of RNRs
are known, all of which display a similar mechanism of reduction
using free-radical chemistry, but employ different strategies for
radical production. Class I RNRs use a ferrous/ferric conversion
to generate a tyrosyl radical, class I use coenzyme B ,, and class
IIT S-adenosyl methionine (SAM) together with an iron-sulphur
centre.

2.3.2 Hydrolase Enzymes

Hydrolysis describes the cleavage of a covalent bond under
consumption of water, adding a proton to one and a hydroxide
to the other fragment. 13 subclasses of hydrolases have been de-
fined, depending on the bonds they act upon. In metal-dependent
hydrolases generally, but not exclusively, one (or two) divalent
metal ions (Mg?*, Zn**, Fe>*, Mn**, efc.) act as Lewis acids to acti-
vate a coordinated water molecule or to generate a hydroxo group.
For example, nucleases, phosphodiesterases, and phosphatases
act on esters, DNA glycosylase acts on sugar, and proteases and
peptidases act on peptide bonds. Further substrates include C—-C,
C-N, C-P, S-S, and other bonds. Again, also here, only a few
prominent examples are mentioned.

Phosphodiester formation and cleavage as well as the related
meta-phosphate cleavage are crucial reactions in every organism
and include ATP hydrolysis by ATPases, DNA strand cleavage
by restriction enzymes, oligonucleotide ligation by ligases, DNA
or RNA strand formation by the respective polymerases, or ribo-
zyme cleavage reactions, to name just a few. Such reactions are
often dominated by a so-called two-metal ion mechanism. This
mechanism has been put forward first for ATP hydrolysis as well
as enzyme kinetics.[27-301 Hydrolysis of adenosine 5'-triphosphate
(ATP), i.e. the cleavage of the phosphoanhydride bond, is proba-
bly one of the most common reactions in life, transforming chem-
ical energy for example into mechanical energy, i.e. in muscles. At
the same time, ATP is also a building block for RNA oligonucleo-
tide synthesis, i.e. transcription by polymerases. In both reactions,
two Mg** ions are directly involved, both coordinating the triphos-
phate chain. However, their coordination pattern is different and
dependent on the protein active site: in the case of ATPases, one
Mg?*is coordinated to the y phosphate, and the second to the o and
B phosphates (next to further coordination sites), resulting in the
release of ortho-phosphate and adenosine 5'-diphosphate (ADP).
In polymerases, the first Mg?* is B3, y coordinated and the second
o coordinated, resulting in the release of a diphosphate group and
the incorporation of the nucleoside monophosphate into the grow-
ing oligonucleotide chain.

In oligonucleotide cleavage reactions, e.g. self-cleavage by
ribozymes, the two metal ions are coordinated to the cleavable
phosphodiester, as well as the incoming nucleophile (Fig. 3). The
two (or sometimes three) metal ions on the one hand activate the
nucleophile and on the other hand stabilise the transition state
with its additional negative charge as well as the leaving group.
Using the well investigated group I intron as an example (Fig.
3), metal ion M, coordinates and thus stabilises the 3'-oxygen of
the leaving group and M, activates the nucleophilic 3'-oxygen of
the exogenous GMP. The third ion M_, activates the nucleophilic
2'-oxygen of the exogenous GMP, the usage of this nucleotide
being a specialty of group I introns. Concomitantly, M, and M,
coordinate the pro-S, oxygen of the scissile phosphodiester (see
ref. [20] and refs therein).
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Fig. 3. “Two’-metal ion mechanism as proposed for group | intron splic-
ing. M, and M, both stabilise the transition state and M, is additionally
responsible for stabilising the leaving group. The Figure is reproduced
from ref. [20] with permission. For more details, see refs therein.

Another class of hydrolytic enzymes cleaving phosphate
monoesters or amide substrates are purple acid phosphatases
(PAP).31I These enzymes have rather diverse biological roles,
which include iron transport, immune response by creating re-
active oxygen species, and bone resorption. PAPs are highly
conserved in eukaryotes and plants but share only 20% sequence
homology between the two kingdoms of life. Their catalytic core
consists of a two-metal centre, one Fe** and a second metal ion
M?*, which is either Fe** (in animals) or Zn**/Mn?* in plants re-
spectively (Fig. 4). The hydrolytic cleavage of the phosphate mo-
noester does not alter the redox states of the metal ions. However,
PAPs can also perform peroxidation reactions, i.e. they are also
oxidoreductive enzymes, whereby the redox active Fe*** ions
change their oxidation states.

3. Metal lon Homeostasis

For each essential metal ion there is an optimal concentration
range that is crucial for life.32! This is achieved through tight-
ly regulated processes for uptake, storage, and secretion that are
embraced under the term homeostasis. The difference between
a metal ion that is under homeostatic control and one that is not

pn-OH

9
Zn(ll) Q

H325
(H223)

H323
(H221)

' N201
| (N91)

H286
(H186)

D164
(D52)

Fig. 4. The active site of all known PAPs is highly conserved and har-
bours a Fe** coordinated to an invariant tyrosine. The ligand to metal
charge transfer transition is the origin of the characteristic purple colour.
The divalent metal ion can be either Zn2?*, Mn?*, or Fe?*. The metal ion
shown bridging hydroxide is proposed to be the hydrolysis-initiating nu-
cleophile. The Figure is reproduced from ref. [31] with permission.

was quite plausibly shown with an experiment that analysed the
total metal ion concentrations of earthworms (Eisenia andrei) that
were cultivated on metal ion-containing soils.[331 While internal
concentrations of Cu™ and Zn?* reached a steady state that was
maintained for the entire study period of 2 months within the first
day of exposure, the Cd** concentration increased continuous-
ly with time. That was taken as a clear indication that the two
essential elements Cu™ and Zn** are actively regulated, starting
with an active uptake to reach the optimal concentration range
quickly and then keeping a delicate balance between uptake and
excretion. It is further fascinating that variations of the soil metal
ion concentrations by a factor of 100 (Cu™) or 590 (Zn**) only
resulted in the variation of the internal concentrations by a fac-
tor of 5. In contrast, for Cd** no such homeostatic mechanisms
seem to exist. This does not mean, however, that the organism is
flushed uncontrolled with a potentially toxic metal ion and it is
not unlikely that the internalised Cd** is bound in form of stable
and hence non-toxic Cd** complexes, e.g. Cd-metallothioneins,
or stored within vesicles. Interestingly, also for Pb** such a fast
uptake to a steady state concentration was observed. Assuming
the absence of any essentiality for Pb%, this illustrates well that
other metal ions can invade specific homeostatic systems if they
are chemically and size-wise similar enough, e.g. Pb** and Zn**.

The study and understanding of metal ion homeostasis is com-
plicated further by the fact that in multi-cell organisms such as hu-
mans, different optimal concentration ranges for a given metal ion
exist and in addition, even enzymes in different cellular compart-
ments can have quite different requirements. In humans, currently
14 different transmembrane transporters are known that are re-
sponsible for Zn*" influx into the cytosol (ZIP family) and ten are
known for Zn?* efflux (ZnT family).!34 Concerning the controlled
transport within the cytosol, Zn?* is certainly less problematic
compared to redox active metal ions such as Cu*?* or Fe?** but
free Zn>* concentrations are still kept low using metallothioneins,
small cysteine-rich proteins, as cellular transporters. Zn** is then
released at or close to the target Zn**-requiring enzyme and the
metal ion will find its designated binding site more or less on its
own. In contrast, for, e.g. redox active Cu, organisms have evolved
more sophisticated systems that are denoted Cu-chaperones.[33]
Different chaperones exist depending on the target enzyme or
transmembrane transporter, e.g. Atoxl for Cu-transport to the
trans-Golgi-network, Cox17 for delivery to the mitochondria, or
Cecs for the loading of superoxide dismutase (SOD) with Cu. All
three chaperones have in common that they form heterodimers
with their target proteins and ensure a controlled transfer of the Cu
ion to its target location. At no time is the Cu ion released freely to
the cytosol but coordinated constantly either by residues (mostly
cysteines) of the chaperone or the target protein or both.

We will now shortly sketch the different protagonists and their
roles in the human iron homeostatic system. As a basic principle,
iron transport across membranes always occurs in the ferrous (Fe?*)
state, while for transport and storage only the ferric state (Fe**) is
observed. Intestinal absorption can follow three different pathways:
(1) direct absorption of Fe?*-heme by the HCP-1 transporter, as well
as two pathways for ‘inorganic’ iron that are (ii) the specific mul-
ti-protein complex consisting of integrin (uptake of Fe*), parafer-
ritin (reduction to Fe?*), and mobilferrin (release to the cytosol)
and (iii) transport via the universal divalent metal ion transporter
DMT1 that requires prior reduction to ferrous iron by e.g. dietary
ascorbic acid.l3l The transmembrane transporter ferroportin is re-
sponsible for iron release from the intestinal cell into the blood-
stream. Exported Fe?* is directly oxidised by a ferrioxidase and
bound to transferrin (TF), the main Fe-transporter in the serum.
TF contains two Fe** binding sites, one each in the nearly identi-
cal N- and C-lobes of the protein.l3”! Fe** coordination to TF is a
classic example of a synergistic binding mode: first, binding of a
synergistic CO,* to TF is required, followed by Fe** binding to this
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carbonate ion and completion of the octahedral coordination sphere
by residues of the TF protein (Fig. SA). To ensure the absence of
any free Fe*" ions in the serum, enough TF is produced so that only
1/3 of all Fe-binding sites are occupied at each time. Iron transport
into the cell proceeds via receptor mediated endocytosis. The as-
sociation constant between TF and its receptor varies with the TF-
iron load: it is highest for Fe, TF, followed by FeTF and lowest for
apo- and hence metal-free TE.38.39 This ensures that the receptor is
not blocked by (useless) apo-TF and iron is most efficiently taken
up by the cell. But the chemically absolutely fascinating journey
continues with another trick, the efficient, but extremely resourceful
intracellular iron release from TF: after endocytosis of the Fe, TF
complex, the pH within the vesicle is lowered, leading to protona-
tion of the synergistic carbonate and hence weakening of the bind-
ing.[0411 An additional reduction of Fe* to Fe?* completely releases
the iron.[*!l The vesicle with the now empty apo-TF is transported
back to the outer cell membrane and TF is released back into the
serum. In this way, one TF molecule can undergo approximately
100 cycles before degradation occurs.[*2l A few words about iron
storage. Effective iron storage is ensured by a multi-subunit protein
known as ferritin. Ferritins are evolutionary very old proteins, con-
served among all mammalians, plants, bacteria, etc. 24 subunits of
175 amino acids length each form a soluble ball-like protein shell
that encloses a cavity of ~80 A diameter. Within this cavity iron is
stored in the Fe** oxidation state in form of a Fe O,(H,0), core of
<4’500 iron atoms (usually ~1°200). Pores within the protein shell
allow for iron uptake and release (Fig. 5B).[43]

The gene regulation of ferritin and the transferrin receptor is
another glorious evolutionary story with no-waste strategy: So-
called iron regulatory proteins (IRPs) coordinate to certain mRNA
stem loops in their low iron-containing form.*4 In the ferri-
tin-mRNA this stem loop is located upstream of the sequence and
hence IRP binding blocks ferritin translation. In the TF-receptor-
mRNA this stem loop is located downstream and, in this way,
stabilises the mRNA against degradation. Both blocking ferritin
production and stabilising the TF-receptor-mRNA for increased
receptor production are desired processes at low iron status in
order to increase the available concentrations of intracellular iron.
At high iron concentration, a [4Fe-4S] cluster is formed in the
IRP leading to a conformational change and the IRP-stem loop
binding is weakened. Ferritin translation occurs and TF-receptor
production stalls, both ideal mechanisms to cope with high iron
status. The modified IRP, nevertheless, does not become useless,
but gains a second life as an aconitase, an enzyme that catalyses
the isomerisation of citrate to isocitrate.

4. Elements of Life and Death

Luckily, not only the essential, but also the non-essential or
even toxic elements generally have a rather low (bio)availability.
In addition, if there is no suitable uptake mechanism, undesired
elements are excluded from entry into the organism. There are of
course exceptions, lipophilic compounds such as organic mercu-
ry or arsenic compounds are absorbed through membranes/skin,
volatile substances (Hg) or dust (Cd has rather low melting and
boiling temperatures and can be released into the environment via
industrial exhausts — and shows also significant concentrations in
tobacco smoke) can be inhaled and enter the body or harm the
lungs. Other elements sneak in through homeostatic processes due
to their similarity to essential elements (TI* is similar to K*, Pb*
and Cd* to Ca* and Zn*, CrO 42’ to SO 42’, efc.). Again, we will
just highlight on a few examples how elements of life can turn out
to be elements of death when confused by the organism.

One of these elements is thallium (TI).[*51 Thallium is not
particularly rare, however, it is largely found as an impurity in
potassium-containing minerals and hence the natural exposure is
low. TI* is very similar to K* in terms of ionic radius (but can be
oxidised to TI* which is nevertheless not physiologically rele-
vant) and forms the only known well soluble heavy metal car-
bonate. In contrast, the halides are more similar to the related
silver compounds. TLSO, is a very effective rat poison and as
such also linked to intoxication cases in humans, be it accidental,
suicidal or with a homicidal intention. In terms of mg amounts
required, T1,SO, is comparable to potassium cyanide (KCN) and
shares similar popularity in particular due to the absence of taste
or odour. Owing to its similarity to K*, thallium(r) is quickly ab-
sorbed through the gastrointestinal system and, aided by the Na*/
K* pumps, distributed throughout the entire body. Excretion is
hindered by the enterohepatic cycle, hence, after detoxification
via the liver and excretion via the bile, T1* is reabsorbed in the
gut. T1* affects numerous metabolic processes that require K* and
causes irreversible damage to the nervous system. All in all, there
is no effective detoxification strategy of the human body against
thallium(1): on the one hand it is not ‘easy’ because TI* is such
a good mimic of essential K*, on the other hand there was no
evolutionary necessity, other than human stupidity, to develop a
sophisticated strategy to ensure survival. This is in contrast to the
next example we will discuss.

Cadmium occurs almost exclusively together with zinc min-
erals (calamine = ZnCO,/Zn,[(OH),Si,0,]-H,0) and hence, de-
spite its low abundance, it is present ubiquitously in nature.!45:46]
Man-made exposure includes release into the environment as a

B

protein shell Fe'

H20 or Fe203(H20)n

Fig. 5. (A) Active site of human serum transferrin, N-lobe (PDB ID 1N84). (B) Scheme of ferritin molecule.



192

CHIMIA 2019, 73, No. 3

INTERNATIONAL YEAR OF THE PERIODIC TABLE

by-product of zinc mining, Ni-Cd rechargeable batteries, use as
pigments (cadmium-yellow (CdS) and cadmium red (Cd(S, Se)),
in alloys, tobacco smoke, and large area use of phosphate fertiliz-
ers. The latter are produced in large scale from natural Ca,(PO,),
deposits, and due to the similarity of Cd** not only to Zn?** but also
to Ca**, values of up to 200 mg Cd per kg ‘P,O.’ have been de-
termined depending on the geographic location of the phosphate
deposit. As Cd** is taken up readily by plants, cadmium uptake
by food is the most significant source for humans. Certain plants
such as cereals, the cacao tree (dark chocolate can contain up to
0.5 mg Cd per kg),*’! and leafy vegetables (spinach, celery, but
also tobacco) as well as mushrooms accumulate cadmium to an
even higher extent. Cd** is taken up readily in the gastrointesti-
nal tract, but in the liver and kidney it is captured by cysteine-
rich small proteins, the metallothioneins (MTs). In human body
cells, MTs occur as Zn MT complexes, in which the 7Zn* ions
are coordinated in form of metal-thiolate clusters. Zn** is readily
replaced by Cd** due to the higher thiophilicity of cadmium. The
released Zn** ions, and not the Cd** itself (!), induce additional
MT production. The resulting Cd-MT complexes are stored in the
kidney within nuclear inclusion bodies having a half life of ap-
proximately 30 years. Accordingly, intestines such as ox liver and
in particular kidney can also contain more than 0.5 mg Cd per kg
fresh weight. This natural detoxification system was discovered
60 years ago, when, during the search for a native Cd-containing
protein, a mixed Zn/Cd-MT form was isolated from equine renal
cortex.“81 However, despite this detoxification system, cadmium
is reported to be carcinogenic and cause nephrotoxicity. Another
severe effect is bone softening. This extremely painful disease
was first described primarily in women over 40 years of age with
already existing calcium and vitamin D deficiency in the district
of Toyama, Japan, in 1950 and named Itai-Itai-disease (‘ouch-
ouch-disease’). The population had been exposed for years to
cadmium-polluted water from mining activities which was used
for drinking and irrigating rice fields and fish from the polluted
river was a major food source. Cd** affects, among other things,
the intestinal Ca?* uptake and the body attempts to cope with
the resulting Ca** deficiency by mobilising Ca** from the bones.
Hence women with a predisposition to Ca?* deficiency were par-
ticularly affected. Last but not least, Cd** can replace Zn** in
certain enzymes because of its higher thiophilicity, however, as
it has a lower Lewis acidity, the enzymatic activity is reduced,
or the enzyme even completely inhibited. One very illustrative
example for this is the only functional and natively occurring
Cd**-containing enzyme known, a carbonic anhydrase from the
diatom Thalassiosira weissflogii (Fig. 6).149 Under low Zn** con-
ditions, this diatom can use Cd** instead, although with a slightly
reduced activity of the enzyme.

Fig. 6. (A) Cd?*-containing carbonic anhydrase from T. weissflogii (PDB
ID 3UK8). (B) Detail of the Cd?* coordination mode in the active site.

Another heavy metal ion with rather high environmental ex-
posure levels is lead.[50! Like Cd*", Pb** shows similarities to both
Ca?* and Zn*". Lead is used in alloys, car batteries, as pigments
(redlead (Pb,0,) as anti-corrosion paint, opaque white (Pb(CO,),),
chromium yellow (PbCrO,)), in crystal glass, until approximately
1970 in pipes for drinking water, pottery glazing, and in form of
tetraethyl lead as antiknock additive (until 1988). Switzerland in
particular has an additional problem with its numerous communal
shooting ranges that, until recently, were built without any pro-
tection against lead leaking from the ammunition into the ground
water, now requiring very costly clean-up activities. The roughly
20 tons of lead per year released into the environment from lead
ammunition used by hunters in Switzerland are also not to be
neglected. Campaigns to promote lead-free ammunition have so
far only been partially effective.

Pb** is absorbed readily in the gastrointestinal tract, primarily
bound to the erythrocytes (t,, 1-2 months) and accumulated in
the kidney again as nuclear inclusion bodies (t,, ~7 years) and
in the bones (t,,, ~32 years). The latter amounts to 95% of the
total body lead and is incorporated as Pb,(PO,), due to its simi-
larity to Ca*". As such, this insoluble lead mineral is not harmful
(denoted as Depotblei in German), but becomes a problem when
the body starts tapping its bone calcium ‘storage’ trying to coun-
teract a calcium deficiency. Lead most often causes chronic poi-
soning. Organic lead compounds (like organic mercury and tin)
easily pass membranes such as the blood-brain barrier and lead
generally to myelin sheath damage (the lipid membrane that pro-
tects the nerve axons) impairing signal transduction. Lead is also
teratogenic and causes anaemia by inhibition of the heme-bio-
synthesis. The major cause is the inhibition of the Zn**-enzyme
d-aminolevulinic acid dehydratase (5-ALA-dehydratase) by Pb*".
The mechanism of inhibition is specific for enzymatic inhibition
by lead and is determined by the differences in coordination ge-
ometry between Zn?* and Pb*: while all Pb* complexes show
holodirected coordination geometry, the coordination geometry
of Pb** and hence the nature of the lead lone pair depends on the
ligands. High coordination numbers and soft bulky ligands with
strong interligand repulsion lead to a lone pair with more s-char-
acter and hence holodirected coordination geometry. In contrast,
low coordination numbers and hard ligands with attractive inter-
actions between the ligands result in a lone pair with more p-char-
acter leading to hemidirected coordination geometries.[5!1 That the
latter coordination mode is prevalent in 8-ALA-dehydratase was
shown with calculations and a crystallographic study of a model
compound.32! Certainly, with a lone pair with p-character occu-
pying the fourth free coordination site required for substrate bind-
ing in the Zn**-enzyme, all enzymatic activity will be completely
blocked (and not just reduced as sometimes observed in enzymes
inhibited by Cd?*).

Lastly, we want to mention arsenic as one of the probably
least understood toxic heavy metals. It is found in lead- and cop-
per alloys, as anti-weed and pest treatment (in part forbidden),
as pigment (auripigment (As,S)), realgar (As,S,)), and formerly
also as the first organometallic medical drug (salvarsan) against
syphilis.[*51 While arsenic is regarded as potent poison and car-
cinogen, its essentiality is also debated in low concentrations of
approximately 5-50 pg/day (actual intake ~1 mg/day!). Arsenic
stimulates formation of red blood cells and was used for horse
doping and by mountain farmers and lumbermen in Tirol and
the Steiermark (arsenic eaters) using a dose of up to 250 mg
twice per week (a deadly dose for a normal person). Hence, ap-
parently, a gradual increase of tolerance against arsenic can be
achieved (mechanism unknown) and has been used historically by
high-ranking persons as ‘protection’ against murder with poison.
Anecdotally, Mithridates VI. (132 BC) developed such a large tol-
erance that his own attempt to commit suicide with As,O, failed
after his defeat to Pompeius — and he had to ask to be stabbed



INTERNATIONAL YEAR OF THE PERIODIC TABLE

193

CHIMIA 2019, 73, No. 3

instead. If not deadly, arsenic can cause enzyme inhibition owing
to its thiophilicity, including inhibition of 8-ALA-dehydratase as
with Pb* and can be incorporated into ATP due to the similarity
of arsenate with phosphate.

5. Conclusions

The Bioinorganic Periodic Table of the Elements is obviously
key to Life and Death of all living organisms. Here, we could
only show a small glimpse of the manifold aspects of these el-
ements that make up a major part of the Periodic Table. Crucial
for innumerable chemical reactions in the cell, structural stability
of biomacromolecules, tissues and bone, tightly regulated, and
sometimes stored for bad times, we realise that we have only start-
ed to scratch at the surface of understanding the highly complex
network and interplay of metals in living organisms. With this
short overview, which is neither comprehensive nor detailed in
any aspect, we hope to have triggered the interest of the reader to
dig further into the Bioinorganic Periodic Table of the Elements.
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