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Abstract: Metal ions play essential roles in about one third of enzymes. These ions can modify electron flow in a substrate or
enzyme, thus effectively controlling an enzyme-catalyzed reaction. They can serve to bind and orient substrate with respect to
functional groups in the active site, and they can provide a site for redox activity if the metal has several valence states. Without
the appropriate metal ion, a biochemical reaction catalyzed by a particular metalloenzyme would proceed very slowly, if at
all.Bioinorganic chemistry explores how metal ions interact with biological systems, from proteins to enzymes. This field
uncovers the crucial roles metals play in life processes, like oxygen transport and electron transfer, shaping our
understanding of essential biochemical functions.Metal complexes have revolutionized medicine, offering new ways to
diagnose and treat diseases. From anticancer drugs to imaging agents, these compounds leverage metal properties to enhance
drug delivery, fight toxicity, and provide clearer medical images, expanding our therapeutic toolkit.Metal complexes offer
advantages such as controlled reactivity and diverse geometries. Chelation therapy removes excess or toxic metal ions from
the body and chelating agents form stable complexes with metal ions, facilitating their excretion for example EDTA
(ethylenediaminetetraacetic acid) serves as a common chelating agent for lead poisoning. Chelation therapy requires careful
monitoring to prevent depletion of essential metals. Metal complexes can improve the bioavailability of certain
drugscoordination with metals can enhance solubility, stability, or membrane permeability of pharmaceuticals.
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I. INTRODUCTION

Inorganic salts and complexed metal ions have been recognised to play a vital role in normal growth and fuction of biological
processes. life processes in plants and animals involve about forty elements, out of which twenty five are essential for healthy
human life. These elements are Na, K, Ca, Mg, V, Cr, Mn, Fe, Co, Cu, Zn, Mo, and Sn (metals), H, C, Si, N, O, P, S, Se, F, Cl, Br,
and | (non-metals). Among these elements, H, O, C, N, Na, K, Ca, Mg, P, S and CI are most abundant. Mn, Fe, Co, Cu, Zn, Mo,
and | are less abundant. while the rest of the seven elements Si, V, Cr, Sn, F, Br, and Se occur in ultra traces. Some iron and copper
compounds, are important in several respiratory pigments ( e.g. Hemoglobin, myoglobin, hemocynins etc.) as electron carriers (
cytochromes ) and as oxidative enzymes ( peroxidases , catalases etc. ), Magnesium in chlorophyll and in various other enzymes
systems, molybdenum in nitrogen fixation and other important metal ions needed in biochemical actions. Similarly metal ions like
Zn%*, Mn?*, K*, Ca?" are also vital for some enzymatic processes. Among inorganic anions, phosphate occupies a pre-eminent place
in metabolism and in bone structure. Sulphates and halides are needed for biosynthesis of natural products. Besides their importance
in metabolism, inorganic elements are important in preserving the physical integrity of cells and tissues ). Metal ions have been
used in biomolecular and biological processes up to a great extent that we can’t even imagine a life without metals. Metal ions are
required for so many biochemical reactions.

Il. ROLE OF METAL IONS IN BIOLOGICAL PROCESSES
Living organisms store and transport the metal ions in appropriate concentration to carry out various biological processes. The
important metal ions of biological system can be divided in to four major groups®.
Table 1. Division of Metals in Biology

Group I A A 1B Transition Metals
Examples Na", K* Mg”*, Ca** Zn*  Ni** Mn, Fe, Co, Cu, Mo
Exchange rate Fast Medium Do not Exchange Do not Exchange
Function osmotic control Triggers and conformational Acid Catalysts Redox Catalysts
Electrolytes lon currents control (Structures)

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 |




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 13 Issue IX Sep 2025- Available at www.ijraset.com

1) First group (1 A) of metal ions occur largely as free ions eg. Na* and K*. They provide an osmotic balance and an electrolyte
current.

2) Second group ( Il A) of metal ions Mg?* and Ca*" are regulators of binding, Since they can be pulsed in and out of biological
chambers. They can control the protein triggers of biological activity.

3) Third group (11 B)) of metals are usually represented by the element zinc ( Zn®** ) , now include nickel ( Ni?*) also. These ions
assist acid / base catalysis and can cross link proteins.

4) Forth group ( Transition Metals ) include transition elements Fe , Cu, Mn , Mo which are firmly bound to fixed sites and act in
vast majority of cases by change of oxidation state.

5) Another group of metals can be introduced deliberately as poisonous or for medicinal purposes e.g. V, Cr, Hg, Au, Pt, Li, Bi
, their biochemistry is little understood.

1. BIOCHEMICAL ROLES OF THE MOST ESSENTIAL METALS®%4

A. Sodium and Potassium

Large amounts of alkali metals are essential in cells to help neutralize the negative charges of organic macromolecules and to
regulate internal osmotic pressure. Within living organisms, both sodium and potassium exist mainly as compounds with inorganic
acids—such as chlorides, carbonates, and phosphates—and are also associated with organic acids and protein molecules. Although
sodium (Na*) and potassium (K*) share many chemical properties, they play distinctly different roles in biological functions.
Sodiumis the main positively charged ion found in fluids outside the cells and is also stored in bones to some extent. Daily dietary
consumption of sodium chloride (NaCl) usually exceeds the body's actual requirements. Sodium significantly influences water
balance in the body through osmosis, contributes to the bicarbonate buffering system that helps regulate pH, and is vital for
generating and transmitting electrical impulses in nerves and muscles.

INa+t 2K+

Ex(K+)y E|(Na+);ATP

INa+ p, ATP

ADP
2K+

EoP(Nat); «———— E|P(Na*)y

Important physiological functions which these ions perform in the body of plants and animals are

1) Maintenance of Normal Hydration and Osmotic Pressure

These ions maintain the normal osmotic pressure of the different body fluids throughout the body and thus protect the body against
excessive loss of fluids which may disturb the normal hydration. Thus maintainance of normal hydrationof the body through
osmotic regulations controlled by sodium / potassium pump.

2) Maintenance of Normal Acid-Base Equilibrium

Sodium and potassium salts with corresponding weak acids form buffer systems which plays important role in the regulation of pH
under different physiological conditions.

3) Maintenance of Proper Viscosity of Blood

In blood plasma , sodium and potassium chlorides keep the globulins in physical solution and regulate the degree of hydration of
plasma proteins which maintains the proper viscosity of blood. A high amount of potassium ions are required in the process of
protein synthesis.

4) In Secretion of Digestive Fluids

Gastric HCI gets derived from NaCl of blood while pancreatic juice and bile gets derived from sodium and potassium salts.
Potassium ions activate several enzymes.
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5) In the Storage of Protein and Glycogen

Potassium ions are needed for cell growth, repair, development and storage of proteins and glycogen. Potassium enters in the
intracellular fluid during cell growth and repair i.e. Increased protein anabolism taking place. ( Deposition of 1 g of cell protein
needs retention of about 0.4m Eq of potassium. Similarly storage of 1 g of glycogen in the liver or muscles causes the passage of
about 0.15 m Eq potassium in the intracellular fluid ).

6) Transport of CO,

These ions play role in the gaseous transport of CO,.

7) Maintenance of Normal Neuromuscular Irritability

Sodium and potassium play an important role to maintain normal neuromuscular erritability and excitability. Potassium ions are
required in maintaining cellular organization, permeability, photosynthesis, respiration, translocation and chlorophyll. These ions
help in regulating the movement of stomata.

8) In Antibiotic

The alkali metal ions are weak lewis acids and form weak complexes which are known as crown ethers. The crown ethers of sodium
and potassium ions may act as antibiotic. The injectable medicines are mostly dissolved in sodium chloride before they are injected
into human body.

9) Excretion

Sodium gets excreted mainly by kidneys in urine, by skin in the form of prespiration and by gastro intestinal tract while potassium
gets excreted almost by kidneys in the urine.

B. Calcium

Calcium is the major cation in the structural materials such as teeth, bones, shells and calcium rich deposits. It is the most abundant
mineral in the body, appears in combination with phosphates in the bones of both human beings and animals. These calciferous
biological materials, like bones, though consist largely of calcium carbonate and phosphate is contiually being deposited and
reabsorbed and as well act as buffer for body. Calcium and phosphate ions are controlled by hormonal action. Blood level is
controlled by parathyroid hormone®. It helps in formation of bones and teeth, blood clotting, normal muscle and nerve activity,
chromosome movement during cell division glycogen metabolism, muscle contraction and release of hormone. Among the most
vital fuctions of Ca®* is its involvement in enzymatic systems, including its being a regulator of muscle contraction, a transmitter of
nervous pulses, and an agent of blood coagulation. The malnutrition in children is mainly due to the deficiency of the Ca* ions®.

C. Magnesium

Magnesium has high charge / radius ratio and consequent strong hydration as [ Mg( H,O )s]**, Therefore it plays important role in
biological system. It is the important cation ( Mg?*) in intracellular fluids”. One of its major roles is as a counterion tonegatively
charged ROPO3H- groups in nucleotiedes and polynucleotides. Magnesium helps to stabilize the three diamensional structure of
ribonucleic acid ( RNA ) and deoxyribonucleic acid ( DNA ) and thus crucial to the proper functioning of genetic machinery of the
cell. 1t is excreted in urine and faces. It is required for normal functioning of muscle and nerve tissue, it also participates in bone
formation.

D. Zinc

Zinc is one of the more abundant trace elements found in biological systems and plays a crucial role in various physiological
processes. It is a key component of numerous enzymes and is widely present in many food sources. In the human body, zinc is
typically found in metalloproteins, which may also bind other metals such as copper, chromium, and mercury. Zinc ions are integral
to the enzyme carbonic anhydrase, which is essential for carbon dioxide metabolism. Zinc also supports normal growth, aids in
wound healing, and is necessary for maintaining healthy taste perception and appetite. In addition, as part of carboxypeptidases, zinc
contributes to the digestion of proteins®. Several enzymes that rely on zinc are involved in diverse biological functions, such as
maintaining protein structure and regulating gene activity. In nucleic acid polymerases and transcription factors, zinc typically
serves a structural function rather than a catalytic one. It helps stabilize the three-dimensional conformation of proteins by
coordinating with amino acids like cysteine and histidine, forming zinc finger domains. Moreover, zinc has been shown to influence
the stereoselective polymerization of nucleotides in prebiotic conditions, indicating a possible role in the origin of life®.
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E. Nickel

Recently, the biological importance of nickel has been recognized. All the nickel proteins known today are from plants or bacteria.
Nickel is known to function in several metalloenzymes-urease, several hydrogenases and carbon monoxide dehydrogenase. Nickel
is a lightlly bound component of urease and is essential for the activity of the enzyme that catalyses the hydrolysis of urea to
ammonia and carbonic acid. Methanogenic and several other types of bacteria are known to have nickel containing hydrogenases
which catalyse the reaction

2H—2H" +2e
The reduction of sulphate ion, the production of methane and perhaps other reductive processes. Specific environments for nickel
are also indicated for nucleic acts, since nickel activates the gene for hydrogenase. It reduced the hemopoiesis. Deficiency of nickel
causes growth depression, reduced N utilization and Fe metabolism.

F. Manganese

It is present in several important enzymes: mitochondrial superoxide dismutase, arginase, pyruvate carboxylase and glycosyl
transferase. Manganese also appears to be rather directly involved in the enzymic machinery of carbohydrate metabolism with
possible links to lipid metabolism. Moreover, the superoxide dismutase of bacteria and mitochondria, as well as pyruvate
carboxylase in mammals are also manganese proteins, responsible for various biological processes. Manganese plays a critical role
in oxygen evolution catalysed by the proteins of the photosynthetic reaction center. Manganese is the energy source for a series of
redox reactions which are dealt separately in photosystem (1) and ( I1). It is absorbed in the form of manganous ion ( Mn®*). It
plays a structural role in chloroplasts membrane system. They activate enzymes involved in photosynthesis, respiration and nitrogen
metabolism™.

G. Iron
Iron metal is a constituent of haemoglobin in blood which carries O, to the various parts of the body. Iron salts in the form of
tablets or capsules are given to the patients for the treatment of anaemia. Iron is the most wide- spread transition metal found in the
living system. It is most commonly found in the form of oxides and hydroxides. In the body of mammals iron is stored as iron ( 111 )
hydroxide particles surrounded by proteinaceous coat, known as Ferrtin. Iron is transported through the blood system via
transferrins. The two main functions of iron containing materials are
Transport of oxygen, Mediation in electron transfer chains.
Iron is required ion large amounts in comparison to other macronutrients. It is reversibly oxidized from Fe**ion to Fe** during
electron transfer. Iron ions are present in various proteins involved in electron transport during respiration and photosynthesis. The
principal forms of iron containing proteins and their respective functions in the human body are give in table.

Table 2. Functions of Iron containing proteins™

S. No Protein Nature of Iron Valence state of Function
Heme (H) Non- Iron
Heme(N)
1 Hemoglobin H Fe** Oxygen transport in plasma
2 Myoglobin H Fe** Oxygen storage in muscles
3 Transferrin N Fe** Iron transport via plasma
4 Ferritin N Fe¥* Iron storage in muscles
5 Hemosiderin N Fe¥* Iron storage in cells
6 Catalase H Fe?* Metabolism of H,O,
7 | Cytochrome C H Fe*"/ Fe** Terminal Oxidation
8 Peroxidase H Metabolism of H,O,
9 | Cytochrome H Fe*"/ Fe** Terminal Oxidation
Oxidases
10 Flavoprotein N Fe** Oxidation reactions incorporation of
Dehydrogenases molecular oxygen
Oxidases and
Oxygenases
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H. Cobalt

It can display three oxidation states +3 ,+2 ,+1, the latter is extremely unstable but nevertheless is important in biology*?. Cobalt
ion finds its place in (+3) oxidation state at the core centre of corrin ring of vitamin By,. Vitamin By, can undergo one electron or
two electron reduction leading to Co (I1) and Co (I) respectively. These reductions may be acheived by nicotinamide adenine
dinucleotide (NADH) and flavinadenine dinucleotide (FAD).

I. Copper

Itis vital in plants and animals and absorbed as cupric ions. It is associated with certain enzymes, involved in redox reactions and it
is reversibly oxidized from Cu* to Cu?*. Copper ions are involved in various proteins and in oxidation reduction reactions.

Copper and iron proteins participate in many of the same biological reactions, such as

Reversible binding of oxygen e.g. Hemocyanin ( Cu protein, A non- heme protein of lower animals such as snails and crabs ),
hemerythrin ( Fe, protein ).

Activation of dioxygen e.g. Dopermine hydroxylase ( Cu ), tyrosinases ( Cu ) and catechol dioxygenases ( Fe ).

Electron transfer e.g. Plastocyanin ( Cu ), ferredoxin ( Fe ) and cytochrome-c ( Fe ).

Dismutation of superoxide by Cu or Fe as the redox active metal.

The two metal ions together also function in proteins such as cytochrome oxidase which catalyses the transfer of four electrons to
dioxygen to form water during respiration. Use of stored iron is reduced by copper deficiency, which suggests that iron metabolism
may depend on copper proteins.

J.  Molybdenum

It displays four oxidation states (+6 ), (+4 ), (+3) and ( +2), the first two being very important in biology. It is the component of
several enzymes, including nitrogenase and nitrate, which are necessary for nitrogen metabolism. During metabolism of purines
adenine and guanine are broken to uric acid via xanthene. Molybdenum converts from +6 to +4 oxidation state during the cascade of
reactions involved in the production of uric acid.

Table 3. Role of Metal ions in biological processes can be summarized in table™

S. No. Metals Biological Functions
1 Sodium Charge carrier, osmotic balance

2 Potassium Charge carrier, osmotic balance

3 Calcium Structure, trigger, charge carrier

4 Magnesium Structure, hydrolase, isomerase

5 Zinc Structure, hydrolase

6 Nickel Hydrogenase, hydrolase

7 Manganese Photosynthesis, oxidase, oxotransfer

8 Iron Oxidase, dioxygen transport and storage

9 Cobalt Oxidase, alkyl group transfer

10 Copper Oxidase, dioxygen transport, electron transfer
11 Molybdenum Nitrogen fixation, oxidase, oxo-transfer

IV.  ROLE OF METAL CATIONS IN VARIOUS ACTIVITIES®™ &%)

1) Chemical Regulation of Heart Rate : It is not surprising that ionic imbalances can quickly compromise the pumping
effectiveness of the heart. Differences between intracellular and extracellular concentrations of several cations are crucial for
the production of action potentials in all nerve and muscle fibers. The relative concentrations of three cations K*, Ca” and Na*
have a large effect on cardiac function. Elevated blood vessels of K™ decrease heart rate and contractility. Excess Na* blocks
Ca®" inflow during cardiac action potentials, thereby decreasing the force of contraction, whereas excess K* blocks generation
of action potentials.
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Blood clotting : Calcium ions (Ca?*) play a vital role in the blood clotting process, working alongside certain inactive enzymes
produced by liver cells and released into the bloodstream. Blood clotting occurs through two main pathways: the extrinsic and
intrinsic pathways, both of which rely on calcium ions for proper function.Theextrinsic pathway is initiated when tissue factor,
a protein released by damaged blood vessels and surrounding tissues, comes into contact with calcium ions and specific plasma
proteins. This interaction activates a series of clotting proteins, beginning the coagulation cascade.The intrinsic pathway starts
with substances released by blood platelets. Like the extrinsic pathway, it also requires calcium ions to proceed. Calcium ions
are essential for the activation of clotting factors within this pathway, ultimately contributing to the formation of a blood clot.
Muscle Contraction & Relaxation : The movement of ions against their concentration gradients is carried out by the sodium-
potassium exchange pump, a vital active transport mechanism. This pump plays a key role in generating the electrical signals
necessary for muscle contraction, with both sodium (Na*) and potassium (K*) ions contributing to the process. The electrical
charge difference across a cell membrane, known as the resting potential, is maintained primarily by the distribution of Na* and
K* ions. In muscle cells, sodium ions are more concentrated outside the sarcolemma (muscle cell membrane), while potassium
ions are more concentrated inside. Through active transport, sodium ions are pumped out of the cell and potassium ions are
brought in, helping maintain this potential difference. Calcium ions (Ca?*) are essential for triggering muscle contraction. When
Ca?* binds to the protein troponin, it causes a conformational change in the thin filament of muscle fibers. In the presence of
both calcium and magnesium ions, the myosin head hydrolyzes ATP into ADP, releasing energy required for contraction. To
initiate muscle relaxation, calcium must be removed from the cytosol. The sodium-calcium exchanger is one mechanism for
this, allowing one calcium ion to exit the cell in exchange for the entry of a sodium ion.

Neurochemistry : Calcium ions (Ca?") play a crucial role in activating effector proteins that initiate various enzymatic and
cellular responses. As a key component of intracellular signaling pathways, Ca?* is especially important in regulating secretory
processes in epithelial cells. These processes include the release of proteins, as well as the control of salt and water transport
across epithelial layers. Additionally, calcium ions are involved in managing carbohydrate metabolism in liver cells. In
neurochemistry, Ca?* is essential for the release of neurotransmitters at synaptic junctions. When a nerve impulse reaches the
synapse, calcium ions trigger the fusion of neurotransmitter-containing vesicles with the presynaptic membrane, leading to
signal transmission. This role of calcium in communication between nerve cells also links to its involvement in initiating
transcriptional responses.

RNA Biochemistry :RNA molecules carry a negative charge due to the presence of anionic phosphodiester groups in each
nucleotide residue. To maintain structural stability and reduce electrostatic repulsion, positively charged ions (cations) must
associate closely with the RNA. This interaction is governed by principles of charge neutralization and electrostatic
condensation. Typically, the ions forming this neutralizing "condensation layer" include both monovalent and divalent cations,
with potassium (K*) and magnesium (Mg?*) being the most prominent. While most of these metal ions interact loosely and are
in constant exchange with ions in the surrounding environment, a smaller group binds more specifically to defined sites on the
RNA molecule.

These specific binding sites allow for stronger and more stable interactions compared to nonspecific binding. Because of their
precise spatial arrangements, these sites display a preference for certain metal ions, which are not easily displaced by others. As
a result, they play a key role in determining the metal-binding characteristics of the RNA as a whole. Furthermore, metal ions
can significantly influence how RNA folds into its functional three-dimensional structure. Therefore, experimental conditions
should always be carefully controlled to ensure that observed structural changes are not artifacts caused by stabilization of
alternate RNA conformations due to variations in metal ion concentrations.

DNA Synthesis : Metal ions play an essential role in facilitating structural changes in substrates that are necessary for processes
like DNA replication. They help position the substrate correctly, allowing it to integrate into the double helix structure. DNA
replication is a highly intricate process involving numerous enzymes, and the presence of metal ions is critical at several stages.
Zinc ions, for instance, assist by anchoring certain enzymes to the DNA, ensuring they can function effectively. Additionally,
divalent metal ions such as magnesium (Mg?*) and manganese (Mn?*) are required to activate these enzymes. These metal ions
also help stabilize and bind nucleoside triphosphate substrates to the enzyme active sites, enabling the replication process to
proceed efficiently. Overall, metal ions are key participants in enzymatic activities related to DNA replication, ensuring proper
structural alignment and catalytic function.
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V. HARMFUL EFFECTS OF EXCESS OF METALS

While trace amounts of metals are essential for the proper functioning of the human body, excessive intake can lead to harmful
effects. For example, iron salts, when consumed in appropriate amounts, aid in the production of hemoglobin and are effective in
treating anemia. However, overconsumption of iron can lead to a condition called siderosis, a disease characterized by iron
overload. This has been observed among the Bantu tribes in Africa, where traditional brewing practices using iron pots result in
elevated iron levels in the body.

Similarly, copper is another metal required in small quantities for various physiological functions. But when copper accumulates
excessively in the body, it can lead to Wilson’s disease. This genetic disorder is marked by symptoms such as neurological
disturbances, tremors, difficulty swallowing, and stiffness in joints due to abnormal copper deposition in tissues.

VI. CONCLUSION
Metals play a crucial role in biological systems, contributing to a wide range of biochemical reactions and processes necessary for
maintaining health and proper functioning. In the human body, metal ions are absorbed as essential nutrients that support growth,
development, and various physiological activities. Life as we know it would not be possible without these metal ions.
Metal ions are involved in numerous daily biological functions. They often act by binding to substrates and aligning them correctly
within enzyme active sites, ensuring that reactions occur efficiently. Some metal ions, due to their ability to exist in multiple
oxidation states, are also vital for redox reactions. Many biochemical reactions, particularly those catalyzed by metalloenzymes,
would occur at extremely slow rates—or not at all—without the presence of the appropriate metal ion.
These ions are essential in key processes such as cellular respiration, muscle contraction, and nervous system function. Moreover,
they played a significant role in the evolution and function of genetic material like DNA and RNA. The specific functions of
individual metal ions in these biological pathways have been extensively studied and documented, highlighting their indispensable
role in biochemistry.
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