Bio-elements in the
periodic table
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In this introductory chapter, we will provide a brief overview of those chemical elements that
have biological and medicinal functions. For the latter, we will consider metals that have a
direct impact on physiological activity; metals employed, for example, in supports or as sub-
stitutes for joints (such as titanium alloys) are thus excluded. On the other hand, we include
toxic compounds based on mercury, lead, and arsenic. In the second part of the chapter, we
provide overview of the main ligands and ligand functions available for metal ions in biologi-
cal systems. The term ‘metal ion’ is used here in a broader sense, including metalloids (such
as Si, As, Sb, and Se). Ligands do not only mediate the transport and storage of metal ions, but
also fine-tune the metal's physiological actions.

In the periodic table of the bio-elements in Fig. 1.1, elements of biological relevance are
classified according to four categories. The elements C, H, O, N, and S (in black) account for
the main part of organic matter and thus for ‘biomass’. In addition, many elements com-
monly considered ‘inorganic’ play an important role in a biological and, more specifically,
physiological context. Some of these elements, in light grey, are present in (almost) all organ-
isms. The alkaline metals Na and K, the alkaline earth metals Mg and Ca, the transition metals
Mn, Fe, Co, Cu, and Zn, and the non-metals P, Se, F, Cl, and | belong to this category. Other
elements, shown in dark grey (the metals V, W, Ni, and Cd, the half-metal Si, and the non-
metal B) are important in a restricted number of organisms only.

Elements shown in dark blue in Fig. 1.1 are used in medicinal therapy or diagnosis (see
Sections 14.3 and 14.4), and may thus be classified as medicinal elements. There are add-
itional elements that affect living organisms either by their direct toxicity in very low doses
and/or by their destructive radioactive potential. Of the toxic elements, we explore As, Pb,
and Hg (in light blue) in Section 13.2. Toxic effects exerted by overloads of otherwise ben-
eficial elements, in particular Fe and Cu, shall be considered in the respective chapters dedi-
cated to these elements and their functions.

Specific chapters providing surveys on single elements or groups of elements are dedi-
cated to the alkaline and alkaline earth metals (Chapter 3), iron (Chapter 4), and zinc (Chapter
12). The nitrogen and sulfur cycles are discussed in some detail in Chapter 8 (sulfur) and
Chapter 9 (nitrogen), respectively.

For elements highlighted in blue and grey shades in Fig. 1.1, we provide a brief summary
of their main biological function and/or medicinal application in the following pages, includ-
ing, where appropriate, links to the respective chapter, section, or sidebar. The numbering
of sidebars matches the numbering of chapters. For elements primarily present as free ions
or in ionic compounds, the charge is denoted in Arabic numerals (such as Mg?); for ele-
ments chiefly present in covalent compounds, Roman numerals are utilized—for example,
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Li* is used in the treatment of bipolar disorder (manic depression) and hypertension

14.3.4).
( Na+and K* are the most important ‘free’ intra- and extracellular cations. They are respon-
sible for, for example, the regulation of the osmotic pressure, membrane potentials, enzyme
activity, and signalling (3.3).

Mg?*is the central metalionin chlorophyll (11.2). Mgis further involved in anaerobic energy
metabolism (adenosine triphosphate — adenosine diphosphate+inorganic phosphate), and
the activation of kinases and phosphatases (3.4), and thus triggers activation paths.

Ca?* plays a pivotal role in signalling, muscle contraction, and enzyme regulation (3.5). Ca
can be a cofactor in hydrolases, and can play arole in determining the structure of biological
molecules, for example in thermolysin (12.2.2). Ca is also constituent of the photosynthetic
oxygen-evolving centre (11.2),and playsaroleasa second messenger and in the activation of
enzymes (3.5). Calcium, in the form of partially fluorinated hydroxyapatite Cas(PO,);(OHF),
is the main inorganic part of the endoskeletons (bones, teeth, enamel) of vertebrates (3.9).
Exoskeletons of, for example, mussels, shells, corals, and sea urchins are built up of aragonite

and calcite, CaCQ, (3.5).
Gd" is the most common paramagnetic metal centre in contrast agents in magnetic res-
onance imaging (14.4).
VIV constitutes the active centre of vanadate-depen
vanadium nitrogenase (9.1). V3 and VO?** are accumulated by as

amavadin) by Amanita mushrooms (7.2). -
Mo™M is constituent of molybdo-pyranopterins, and thus in a component of the act

centre of a variety of oxidoreductases and in acetylene hydratase (7.1). Molybdenum fur-
ther a constituent of the FeMo-cofactor in molybdenum-nitrogenases (9.1). e

WWVM.based tungsto-pyranopterins (analogues of the corresponding molybdenum co
tors) are present in several oxidoreductases, mainly of thermophilic archaea (7.1)

dent haloperoxidases (7.2) and
cidians, VV (in the form of

e
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Mn!/IMIV constitutes the basis of the {CaMn,Os} cluster of the oxygen evolving complex
in photosynthetic water oxidation (11.2). Ribonucleotide reductases can contain one or two
Mn centres (6.1), and Mn can also be the active metal ion in superoxide dismutases (6.2),

99mTc is a metastable y-emitter (t,,=6h). Its coordination compounds are employed in
radio diagnostics of, for example, bone cancer and infarct risk (14.4).

FeV/W/IV/V): this multi-functional and omnipresent element is stored and ‘operated’ by pro-
teins (ferritins, Dps proteins, and frataxins) (4.2). Bio-mineralization of iron compounds leads
to the minerals ferrihydrite, goethite, magnetite, and greigite (4.2). The transport protein
transferrin (4.2) regulates iron transport; pathological dysfunction can cause iron overload
and deficiency (14.2.1). Biological functions mediated by iron include the oxygen transport by
haemoglobin (5.1) and haemerythrin (5.2), and electron transfer (redox) reactions. Fe-based
electron transfer proteins can depend on iron-sulfur clusters (9.2, sidebar 5.1), haem-type
iron (Chapter 5), and dinuclear and mononuclear non-sulfur and non-haem iron proteins
(Chapter 6). Additional examples of iron-based enzymes are the oxygenase P, (6.3), meth-
ane monooxygenase (10.3), ribonucleotide reductase (7.1), iron-only hydrogenases (10.2),
and NO reductase (9.2). Carbonyl and cyano complexes of iron play a role in nickel-iron and
iron-only hydrogenases (13.1).

Co''MM js the central ion in synthases and isomerases of the cobalamine family. An example
is vitamin B, (13.1), the methyl form of which is also employed in the methylation of organic
and inorganic substrates, for example in the context of methanogenesis (10.2).

Ni/1/ js a main metal in methanogenesis, where a NiFe hydrogenase and the so-called
factor F43o with an interim Ni-CHj; centre (10.2) are active. Carbonyl-nickel intermediates
are formed in the course of the activities of NiFe-CO-dehydrogenase and acetyl coenzyme-
A synthase {13.1). Additional examples of processes catalysed by Ni-dependent enzymes
include the hydrolysis of urea and the dismutation of superoxide (10.4).

Pt"/IV-based complexes are used in the chemotherapy of cancer (mainly of the ovaria and
testes). A prominent example is cisplatin cis-[Pt(NH,),Cl,] (14.3.3).

Cu'™ mediates oxygen transport by haemocyanin (5.2). Active centres containing 1-7 Cu
ions are involved in electron transport enzymes such as plastocyanin (11.2), nitrite and NO
reductases (9.3), catechol oxidase and galactose oxidase (6.3), and in oxygenases (tyrosi-
nase) and dismutases (6.3). Copper possibly also plays an active role in Alzheimer’s disease
(14.2.2).

Au™ compounds are considered in the context of the treatment of arthritis (14.3.2).

Zn?* is in the active centre of enzymes including hydrolases, carboanhydrase, and alcohol
dehydrogenase (12.2). Other zinc dependent functions are manifest in genetic transcription
(zinc fingers), in the stabilization of tertiary and quaternary structures of peptides (12.3), and
in DNA repair proteins (12.3). Low molecular mass proteins rich in zinc, so-called thioneins,
store zinc and regulate zinc levels, but can also act as scavengers for toxic Cd?* and Hg?" (12.4).

Cd?*is a zinc antagonist and therefore toxic, because it binds more effectively to cysteinate
residues and thus inhibits the activity of zinc enzymes. By way of exception, Cd?* can replace
Zn?* in the carboanhydrase of marine diatoms (12.2.1).

Hg"": mercurous (Hg,?*) and mercuric (Hg?*) compounds are particularly toxic because
they denature proteins by the formation of insoluble HgS or HgSe when reacting with cys-
tine and cysteine, or selenocysteine. In mammals, Hg?* is metabolized to methylmercury,
CH3Hg* (13.2.1).




B is a constituent of a few naturally occurring antibiotics (such as boromyc;
of borate, it can be employed as a stabilizing component of herbal cell wajs (Seé ©form,
Gilv in the form of silicates, is involveq ir? the build-up of bones. Silica (sig also ),
gels (Si0,xH,0) are employed as a stabilizing suppgrt in monocoty!edOnouSi’-man Sifica.
as grass) and Equisetum, and conshtufce the shells of diatoms (— kieselgur), Dieta t (such
likely beneficial to bone and connective tlnssue health [2]. ¥ silicg,

pVin phosphates, (H,PO, ") isaconstituentin hydroxy- and fluorapatite cy (PO
of the bone and enamel. Esters of mono-, di- and triphosphate are further in\rols\,ed f')'s(OH/F]
metabolism (ATP/ADP/AMP, ¢-GMP), in the activation of reductants such as NAD;:nHengrgy
bar 12.1), and in the activation of organic substrates in metabolic and catabolic ath(sme.
Phospholipids—lipids containing a phosph_oester unit—in cell membranes, ang Otfmer Ways,
phate esters, including DNA and RNA, are indispensable and thus common in all orga I?hos.

As''V: toxic As,0; (arsenic) is metabolized to methyl arsenates (13.2.4). arsenate (H:S'Sms.
is a life-threatening antagonist for phosphate. 0

sb™ for example in the form of Sb,0; or Sb,S;, has sporadically been utilized
fectant, for example in the treatment of inflammatory skin pimples such as 3¢
Antimony compounds are toxic.

Billl-based prescriptions are used in the treatment of gastritis (14.3.4) such ac Caused by
Helicobacter pylori.

se-!l is the key constituent in selenocysteine, an essential amino acid present in specific
enzymes, for example in glutathione peroxidase, and in some representatives of the m
dopterin cofactor of oxidoreductases (7.1).

F- (fluoride) partly replaces OH in apatite (3.5). The teeth of sharks are almost completely
fluorapatite Cas(PO,)sF.

CI- is, along with hydrogencarbonate, the most important free anion in physiological
liquids (Table 14.1). Its functions range from the regulation of ion homeostasis to the regyla-
tion of electrical excitability [3].

I-is an essential constituent of thyroid hormones such as thyroxin. These hormones stimy-
late diverse metabolic activities in tissues, and are also involved in genetic transcription 3],

The cations of transition metals are commonly not present in a free form, but are rather
coordinated to (complexed by) ligands. In particular, this applies to metal ions in the active
centres of enzymes, or else integrated into peptides and proteins, mostly as structure stabil-
izing factors. Representative ligands are listed in Fig. 1.2: N-functional ligands can be pro-
vided by the amide linkage of the peptide moiety, by porphinogens, histidine N& or Ne, lysine
and arginine; O-functional ligands by the peptide amide, tyrosinate, serinate, glutamate, and
aspartate; S-functional ligands by cysteinate and methionine, and the Se-function by selenc-
Cysteinate. O, S, and Se can also be present as doubly bonded, dianionic ligands (oxido, sulfide
and selenido ligand), or as singly bonded OH-, SH-, and SeH-. In addition to the organic pep-
tide/protein and haem-type ligands, simple inorganic ligands are also often employed; se¢
row (5) in Fig. 1.2.

Ligands coordinating via sulfur, such as cysteinate and sulfide, are classified as soft
sense of deformable) ligands, ligands coordinating via oxygen donors as hard ligands. Nitroge!
donors fall in-between. This soft/hard concept goes back to Pearson; see also sidebar 4.1.

Hard metal ions preferentially bind to hard ligands, soft metal ions to soft ligands. Thett
are, however, many exceptions to this simplified generalization. Alkaline and alkaliné eart
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Figure 1.2 A selection of common ligands for (transition) metal ions in biological systems. (1a) The peptide
function of the protein backbone. Note that the peptide-N can only coordinate out of its deprotonated
form, or the neutral mesomeric resonance hybrid, where N is sp* hybridized and thus has a free electron
pair available. Coordination via the carbonyl-O is also feasible. (1b) Porphinogenic ligands, such as the
haem-type centre (of cytochromes) shown here, are tetradentate. (2-4) Functional groups provided by
amino acid residues in peptides and proteins. The three-letter and one-letter codes of the amino acids are

given in parentheses. (5) Frequently employed inorganic co-ligands.

1 Note that ligands such as O, OH", 0,7, and §% are often termed—not quite correctly—oxo, hydroxe,
peroxo, and thio ligands. The nomenclature used throughout this book follows IUPAC recommendations:

oxido, hydroxido, peroxido, sulfido, etc.
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(Fe") and ferric (Fe') iron, the common oxidation states of iron in nature  and . FEer‘n
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Examples of zinc ions exclusively coordinating to thiolate are thioneins (12.4) Z:gft llgands_
tural zinc centre in alcohol dehydrogenase (12.2.3). The functional centre inthag the Stryc.
alcohol dehydrogenase (12.2.3) exemplifies Zn?* coordination to a Mixed N/':‘.Hi\-c ENZyme
while in carboanhydrase, the enzyme responsible for the hydration of €O, and the'(gjand Set,
tion of H,CO; (12.2.1), Zn?* exclusively coordinates to histidines. Mixed thiolate/tshyfdra.
coordination of Cu*2"in copper enzymes is exemplified by plastocyanin (in photos ::;mr.‘e
Chapter 11) or cytochrome-c oxidase, the catalyst in the final step of the EIeCtronYtr esis;
to O, in the respiratory chain (5.3). Nitrite reductase, which contains two functionauansfer
pled copper centres (9.3), is an example for an enzyme harbouring Cu both in an ex;::“-
N-donor environment and in a mixed N/S coordination sphere. .

Suggested reading

Waldron KJ, Rutherford JC, Ford D, et al. Metalloproteins and metal sensing. Nature 2009; 4¢(.
823-830. '

The article provides a clue as to how metal sensors in proteins distinguish between different metals
and thus select the right metal ion for a specific function, including the delivery of metal ions to
functional metalloproteins by metal transporters (metallo-chaperones).
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