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* Bloinorganic chemistry is concerned with the roles of inorganic
elements in biological processes.

*Metal ions can have structural roles, catalytic roles, or both.

*Metals that have catalytic roles will be present at the active site of the
biomolecule which will likely be a metalloprotein (a metalloenzyme).

*The reactivity of a metalloprotein is defined by the nature of the metal,
particularly its electronic structure and oxidation state.

*This, In turn, is determined by Its coordination environment (ligand
donor atoms) and molecular geometry, which is provided by the
architecture of the protein surrounding the metal.
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/Biologically Important Elements

* 99% of human body is comprised of 11 elements:

* Bulk biological elements: H, C, N, O, P, S, Cl (as PO 3, SO,*,Cl")
* Bulk metal ion nutrients: Na, Mg, K, Ca

* Essential elements for a wide range of bacteria/plants/animals

* Transition metals: V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo

* Non-Metals: (B), F, (Si), Sel, F.
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Some Other Facts

Mammals are believed to use only 25 of the known elements.

Eleven non-transition elements that make up 99.9% of the
human body (O, C,H, N, Ca, P, S, K, Cl, Na, Mg?,

Three transition metals, Fe, Zn and Cu are needed in significant amounts.

“Trace quantities” of many other transition elements are required to maintain proper physical
functioning.

Other elements in the human body (e.g. Rb, Zr, Sr, Al, Pb, Ba) are not essential but incorporated
inadvertently because they share chemical and physical properties with essential elements.

Other elements are added to the list of elements thought to be essential as our knowledge of the
chemistry of living systems increases.

In periodic table 91 metals, 7 metalloids present



Symptoms of Elemental Deficiency in Humans

Ca Retarded skeletal growth
Mg Muscle cramps
Fe Anemia, immune disorders
Zn Stunted growth, skin damage, retarded maturation
Cu Liver disorders, secondary anemia
Mn Infertility, impaired skeletal growth
Mo Retarded cellular growth
Co Pernicious anemia
Ni Depressed growth, dermatitis
Cr/V Diabetes symptoms
Si Skeletal growth disorders
F Dental disorders
I Thyroid disorders
Se Cardiac muscular weakness

As Impaired growth (in animals)



IBiological oles of Metallic Elements
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%gﬁ;ﬁoles via biomineralization

Ca?*, Mg?*, P, O, C, Si, S, F as anions, e.g. PO,3-, CO,%.

Charge neutralization.
Mg?*, Ca?* to offset charge on DNA - phosphate anions

Charge carriers: Na+, K*, Ca?*

Transmembrane concentration gradients (“ion-pumps and channels™)

Trigger mechanisms in muscle contraction (Ca). Electrical impulses in nerves (Na, K)
Heart rhythm (K).

Hydrolytic Catalysts: Zn?* , Mg?*
Lewis acid/Lewis base Catalytic roles. Small labile metals.

Redox Catalysts: Fe(l11)/Fe(11D/Fe(1V), Cu(D/Cu(ll), Mn(11)/Mn(I11)/(Mn(1V),
Mo(IV)/Mo(V)/Mo(V1), Co(1)/Co(I1)/Co(lll)

Transition metals with multiple oxidation states facilitate electron transfer - energy transfer.
Biological ligands can stabilize metals in unusual oxidation states and fine tune redox potentials.

Activators of small molecules.
Transport and storage of O, (Fe, Cu)
Fixation of nitrogen (Mo, Fe, V)
Reduction of CO, (Ni, Fe)

Organometallic Transformations
Cobalamins, B,, coenzymes (Co), Aconitase (Fe-S)



Transitiomivietals1n Biomolecules: /
/

Iron.

Most abundant metal in biology, used by all plants and animals including bacteria. Some roles
duplicated by other metals, while others are unigue to Fe. Iron use has survived the evolution of
the O, atmosphere on earth and the instability of Fe(ll) with respect to oxidation to Fe(lIl).

Zinc.

Relatively abundant metal. Major concentration in metallo-thionein (which also serves as a
reservoir for other metals, e.g. Cd, Cu, Hg). Many well characterized Zn proteins, including redox
proteins, hydrolases and nucleic acid binding proteins.

Copper

Often participate together with Fe in proteins or has equivalent redox roles in same biological
reactions. Reversible O, binding, O, activation, electron transfer, O, dismutation (SOD).

Cobalt.
Unique biological role in cobalamin (B,,-coenzymes) isomerization reactions.

Manganese
Critical role in photosynthetic reaction centers, and SOD enzymes.

Molybdenum
Central role in nitrogenase enzymes catalyzing N, - NH;, NO;~ — NH,4

Chromium, Vanadium and Nickel
Small quantities, uncertain biological roles. Sugar metabolism (Cr);
Ni only in plants and bacteria (role in CH, production) and SOD enzymes.



Biochemical Classificationof‘Mietaliobiomolecul
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Transport and storage proteins : Transferrin (Fe) , Ferritin (Fe), Metallothionein (Zn)

O, binding/transport: Myoglobin (Fe), Hemoglobin (Fe), Hemerythrin (Fe)
Hemocyanin (Cu)
Enzymes (catalysts)

Hydrolases: Carbonic anhydrase (Zn), Carboxypeptidase (Zn)

Oxido-Reductases: Alcohol dehydrogenase (Zn), Superoxide
dismutase (Cu, Zn,Mn, Ni), Catalase, Peroxidase (Fe),
Nitrogenase (Fe, Mo), Cytochrome oxidase (Fe, Cu),
Hydrogenase (Fe, Ni)

Isomerases: B,, coenzymes (Co), Aconitase (Fe-S)
Oxygenases: Cytochrome P450 (Fe), Nitric Oxide Synthases (Fe)
Electron carriers: Cytochromes (Fe)

Electron transferases Iron-sulfur (Fe)

Blue copper proteins (Cu)
Non Proteins
Transport Agents: Siderophores (Fe)
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= TERRESTRIAL ELEMENTAL ABUNDANCE

Composition  of
Earth's Crust
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Aldl others = 0.1




TERRESTRIAL ELEMENTAL ABUNDANCE
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Cﬂmpﬁsitiun of Composition of Composition of

Earth's Crust Seawater Human Body

0 46.6% H 66% H B83%

Si 271 0 33 O 25.5

Al 8.1 - Cl 0.33 C 9.5

Fe 5.0 Na  0.28 N 1.4

Ca 3.6 Mg  0.033 Ca 0.31

Na 2.8 S 0.017 P 0.22

K 2.6 Ca 0.006 Cl 0.03

Mg 2.1 K 0.006 K 0.06

Ti 0.46 C 0.0014 S 0.05
0.22 Br 0.0005 Na 0.03

C 0.19 Mg 0.01

All others < 0.1 All others < 0.1 All others < 0.1



-~ Introduction "

~— Calcium is the fifth most abundant element in the human body and the most
common of the mineral ions (Table 1.1). It is also the most important structural
element, occurring not only in combination with phosphate in bone and teeth
but also with phospholipids and proteins in cell membranes where it plays a vital
role in the maintenance of membrane integrity and in controlling the
permeability of the membrane to many ions including calcium itself (Table 1.2).
It 1s widely involved in many physiological and biochemical processes through-
out the body including the coagulation of blood, the coupling of muscle
excitation and contraction, the regulation of nerve excitability, the motility of
spermatozoa, the fertilization of ova, cell reproduction, the control of many

enzyme reactions and (in its role as a ‘“‘second or_third ") the
transmission of many hormone actions at the appropriate receptor site on the
cell membrane. [For reviews see Bianchi (1968) and Scarpa and Carafoli (1978).]

Table 1.1. The elemental composition of the human body (after Lehninger

1975)

Element % Total no. of atoms Weight (%)
H 63.0 10.0
O 25.5 64.5
C 9.5 18.0
N 1.4 3.1
Ca 0.31 1.96
P 0.22 1.08
Cl 0.08 0.45
K 0.06 0.37
5 0.05 0.25
MNa .03 0.1l
Mg 0.01 0.04



Table 1.2. Distribution of calcium in a 70-kg man (after Nordin 1976)

Site Calcium (g) Weight (%)
Skeleton o 1355 98.90
Teeth 7 0.51

Soft tissues 7 .51
Plasma 0.35 0.026

Extravascular fluid 0.70 0.052

Since calcium 1s necessary for both the reproduction and growth of humans, it
is an essential nutrient. Because of its importance, many mechanisms have
evolved to preserve the body stores of the ion and to ensure a sufficient supply to
the organism so that it can maintain relatively constant concentrations of both
intra- and extracellular calcium. It i1s so vital to the body’s normal functioning
that if the plasma level of ionized calcium falls below 0.6 to 0.7 mmol/l (normal
range 1.10 to 1.30 mmol/l) then the neuromuscular system ceases to function
normally and bone fails to mineralize properly. Abnormally high concentrations
of ionized calcium (>1.6 mmol/l), on the other hand, are toxic to many enzyme
systems so that the level must also be kept below this critical upper limit to
ensure the continuance of normal cellular function. Thus a finely tuned
mechanism for calcium homeostasis has evolved to maintain a constant
extracellular fluid (ECF) concentration of the cation (Nordin 1976).

In practice, ECF calcium homeostasis is achieved by the steady-state control
of calcium fluxes into and out of the ECF by a number of hormones, mainly
parathyroid hormone, and the active metabolites of vitamin D (but also, in the
view of some workers, calcitonin). These act on the main target organs for
calcium, namely, kidney, intestine and bone, of which the kidney is by far the
most important regulatory organ for calcium homeostasis (Nordin and Peacock
1969). Deviations from the normal ECF level of calcium occur in certain disease
states, particularly those involving alterations in the circulating concentrations of
the hormones mentioned above.

\



Composition of human body

/ )

Others Element Symbol Percentage in
| Body
) Oxygen 0 65.0
8% Nitrogert Carbon C 185
Hydrogen — 10% HYdrogen H 9.5
Nitrogen N 3.2
Calcium Ca 1.5
Carbon —— 18%
Phosphorus P 1.0
65% Potassium K 0.4
Sulfur S 0.3
Sodium Na 0.2
Oxygen Chlorine Cl 0.2
Magnesium Mg 0.1
Trace elements include boron (B), chromium (Cr),
cobalt (Co), copper (Cu), fluorine (F), iodine (1),
iron (Fe), manganese (Mn), molybdenum (Mo), less than 1.0
selenium (Se), silicon (Si), tin (Sn), vanadium (V),
and zinc (Zn).




In order to fulfil 1ts various functions, calcium must often be transferred from
one body compartment to another or from one cellular compartment to another.
The cells involved in the translocation of calcium must be able to protect
themselves against a surfeit of the ion, which, although necessary for some
intracellular activities, is toxic to many others. To achieve both objectives,
highly specific transport and buffering mechanisms for calcium have had to be
developed within these cells.

The universality of calcium within the various organs and compartments of the
body and the large variety of roles which this cation seems to play lead to the
intriguing question — why is it calcium that plays these roles and not one of the
other biological cations?



Evolutionary Aspects of Calcium
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Animal life arose in the sea where calcium i1s also the fifth most abundant
element, paralleling its relative frequency of occurrence in the Earth’s crust

(Table 1.3). The total concentration of the ion in present-day oceans is relatively
high (about 10 mmol/l) compared with that in the ECF (2.5 mmol/l). Although
the calcium level of primaeval seas may not have been as high as 10 mmol/l,
evolution of organisms from salt water, firstly to fresh water (where the calcium
concentration may range from 0.1 to 3 mmol/l) and then to dry land, required
adaptation from a high to a low calcium environment. To ensure a sufficient
supply of calcium during periods of low availability of the ion, it was necessary
for mammalian vertebrates to develop the ability not only to accumulate and
store calcium but also to release it again when required. These transfers had to
be made while at the same time maintaining constant concentrations of ionized
calcium within both intracellular and extracellular fluids.

Table 1.3. The main elemental composition of the Earth’s crust and of sea water (after Lehninger

1975 and Weast and Astle 1980)

Element Earth’s crust Sea water

%0 No. of atoms Weight (99) Element Weight (%)
O 47.0 3l.6 Cl 58.2
Si 28.0 33.1 Na 3i2.4
Al 7.9 9.0 Mg 3.90
Fe 4.5 10.6 S 2.71
Ca 35 59 Ca 1.23
MNa 2.5 2.4 K 1.17
K 2.5 4.1 Br 0.20
Mg 2.2 2.3 C {inorganic) 0.09
Ti .46 0.9 Sr (.10
H 0.22 =230} 5i .02
C 0.19 0.1 B

.01
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~—  An evolutionary basis for the development of specific transport systems has
been proposed by Rasmussen (1972). He suggested that the first simple
biochemical reactions probably occurred in a primordial sea rich in K" and
Mg”" ions (these being the cations derived from the most soluble rock salts of
the time). The first primitive cells probably possessed membranes that lacked
the various ion pumps which became characteristic of later animal cells.
Following various geological changes, the composition of the sea changed,
becoming richer in Na’ and Ca’* ions (Table 1.3), and the primitive cells
had to adapt to this new environment. The evolutionary response was for cells to
develop semipermeable membranes which incorporated ion-selective pumps to
limit the accumulation of Na* and Ca’" inside, but at the same time retain
K* and Mg’" ions. This enabled the original “primordial sea” to be
preserved as the normal intracellular ionic environment and the younger
Na*-and Ca’*-rich sea to be adopted as the new extracellular environment.
The relative roles of these four cations in the various biochemical and
physiological processes of the body stem partly from the chronological order of
their evolutionary incorporation into living matter, partly from their prevailing
availability at a particular point in the evolutionary time scale and partly from
their respective physical and chemical properties.




_Chemical Properties
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_— Electrostatic Properties

Calcium belongs to the divalent metals in group Ila of the periodic table. This
group, which includes beryllium (Be), magnesium (Mg), calcium (Ca),
strontium (Sr), barium (Ba) and radium (Ra), has two valency electrons which
are lost when the metals ionize. Both calcium and magnesium have highly
negative electrode potentials (Table 1.4) indicating that they have a very strong
tendency to 1onize in aqueous solution, as do their corresponding alkali metal

ions in group I, potassium and sodium. In the ionic form, Na® and Mg"™"
have the same electronic configuration with full 2s and 2p shells. K™ and
Ca’* exhibit the equivalent correspondence with complete 3s and 3p shells.
Mg®* and Ca®* ions, however, have a much smaller crystal ionic radius than
their group I counterparts because the doubly positive charge on the nucleus
pulls the outer electronic shells into a more tightly bound configuration (Table
1.4). Overall, the ionic radius follows the order: Mg®* < Na' < Ca’* <
K™*. In turn, the lower ionic radii of the divalent cations produce a much
higher charge density (or ionic potential) on the divalent compared with the
monovalent ions. This is defined by Ze/r, where Ze is the electronic charge and r
is the ionic radius of the ion. The order of increasing charge density is now the
reverse of that for ionic radii such that K < Na® < Ca’"™ < Mg*"
(Table 1.4). As we shall see, it is this sequence which to a large extent defines the
properties of these ions in aqueous solution and their relative activities in various
biological processes.




Some physical and chemical properties of cations (after Weast and Astle 1980)

Cation Charge lonic radius [onic potential Electrode potential
(A) (Zelr) (E” volts)

Li +1 (.68 1.47 -3.045

Na +1 (.95 1.05 -2.714

K +1 1.33 (.75 -2.925

Mg +2 (.65 3.08 =237

Ca +2 0.99 2.02 -2.87

Ba +2 1.35 1.48 =-2.90




Binding properties of

Most of the binding properties between calcium and various anionic ligands
can be explained on the basis of mutual electrostatic attraction. Williams (1976),
In his analysis of this phenomenon, has concluded that it is the ratio of cation/
anion radii which dominates the strength of the association. As an approximate
generalization, anions and cations of similar size tend to associate more strongly
than 1ons of different sizes. Thus with small 1ons, such as OH™, the smaller
Mg** ion forms a more stable complex than does the larger Ca** ion (Table
1.8). In fact, it i1s the size of the anionic ligand relative to the number of water
molecules displaced in the process of forming the complex which is one of the
critical factors in determining the resultant stability of a given complex. Strong
acid anions, such as sulphate, cannot displace sufficient inner sphere water
molecules from around Mg®* ions but, instead, tend to form weak outer
sphere complexes. In contrast, Ca** allows the sulphate anion to enter its
inner coordination sphere where it displaces many more water molecules than
from Mg** and forms a more stable complex. This difference is largely due to
the relative amounts of energy required to dehydrate the ions which is in the
order: Mg** > Ca’* >> Na™ > K", as shown in Table 1.5.



——

~—— Ligand (L) Log Kugar Log K¢y

HPO,*" 3.00 2.83
SO 2.27 2.36
OH 2.58 1.36
F~ 1.50 1.00
C.0,° 3.60 3.43
PO, 7.20 5.75
AMP 1.95 1.76
ADP 3.15 2.82
ATP 4.75 3.77
EDTA 8.7 10.6

EGTA 5.2 11.0

——— = =

With weakly acidic electron donors [for example RCO,  and
RO-(POs)*"] both Mg** and Ca*' form inner sphere complexes. When
these complexing agents are multidentate molecules, thermodynamic and steric
factors play a major part in determining the strength of the stability and
solubility constants. Since Ca**, but not Mg®*, has a more flexible
coordination number, 1t can more readily form multipoint links or chelates with
the extra donor groups possessed by these molecules (Levine and Williams
1982a. h).
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TOTAL BODY CALCIUM

/ Approximately 1,000 grﬁms\

G5%
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/ \ Extracellular Intracellular
95%
Crystalline Form E!Dne Fluid / \

Bloadstream Interstitial Fluid
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= Different Forms of Calcium

“*Most of the calcium in the body exists as the mineral
hydroxyapatite, Ca (PO,);(OH),.

4 Calcium in the plasma:

45% in ionized form (the physiologically active form)
45% bound to proteins (predominantly albumin)

10% complexed with anions (citrate, sulfate, phosphate)



Age (in years) Calcium Requirement
1-3 s00mg

4 -8 doomg

g -18 1300mMg

19 - 50 1000mg

51+ 1500mMg

“Pregnant and lactating women are recommended
a daily calcium intake of 1000 mg.
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e source

Calcium is found in milk and dairy products,
Green leafy vegetables,
seafood,

almonds,
blackstrap molasses,

broccoli,

enriched soy and rice milk products, figs,
soybeans and tofu.



Absorption

° Absorption is taking place from the first and second part of duodenum
against concentration gradients

* Absorption required a carrier protein , helped by Ca-dependent ATPase
* Increased absorption-

- calcitriol , active form of Vit-D e

% PTH - = 4 ——- Rl
- acidic pH '
- Lys and Arg

* Inhibiting absorption -
- phytic acid
- oxalates
- phosphate
-Mg
- caffeine

| Emwdicodiary
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Biological functions of Calcium

Bone and teeth mineralization

Regulate neuromuscular excitability

Blood coagulation

Secretory processes

Membrane integrity

Plasma membrane transport

Enzyme reactions

Release of hormones and neurotransmitters
Intracellular second messenger



Physiological Importance.of Calcium _—
Ca salts in bone provide structural integrity of the

skeleton.

/

Ca is the most abundant mineral in the body.

The amount of Ca is balance among intake, storage, and
excretion.

This balance is controlled by transfer of Ca among 3
organs: intestine, bone, kidneys.

Ca ions in extracellular and cellular fluids is essential to
normal function of a host of biochemical processes

e Neuoromuscular excitability and signal transduction
* Blood coagulation

e Hormonal secretion

e Enzymatic regulation

e Neuron excitation



Intake of Calcium

About 1000 mg of Ca is ingested per day.
About 200 mg of this is absorbed into the body.

Absorption occurs in the small intestine, and requires
vitamin D (stay tuned....)
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/ Storage of Calcium

The primary site of storage is our bones (about 1000 grams).

Some calcium is stored within cells (endoplasmic reticulum
and mitochondria).

Bone is produced by osteoblast cells which produce collagen,
which is then mineralized by calcium and phosphate
(hydroxyapatite).

Bone is remineralized (broken down) by osteoclasts, which

secrete acid, causing the release of calcium and phosphate
into the bloodstream.

There is constant exchange of calcium between bone and

blood.
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Excretion of Calcium

The major site of Ca excretion in the body is the
kidneys.

The rate of Ca loss and reabsorption at the
kidney can be regulated.

Regulation of absorption, storage, and
excretion of Ca results in maintenance of
calcium homeostasis.



Reg/ulatlon of [Caleium] —

/

The important role that calcium plays in so many
processes dictates that its concentration, both
extracellularly and intracellularly, be maintained
within a very narrow range.

This is achieved by an elaborate system of controls



~Regulation of Intracetiviar {Calcium] I—

Control of cellular Ca homeostasis is as
carefully maintained as in extracellular fluids

[Ca**],,, is approximately 1/1000"" of
extracellular concentration

Stored in mitochondria and ER
“pump-leak” transport systems control [Ca**],,

e Calcium leaks into cytosolic compartment and is
actively pumped into storage sites in organelles to
shift it away from cytosolic pools.



[Ca?*] = 1000 pM

Figure 3-14. Four mechanisms for the elimination of Ca’™ from the cy-
toplasm: C2+-ATPase-mediated pumping into (1) the extracellular space
as well as (2) the endoplasmic reticulum (ER) and ion-gradient—driven
transport into (3) the extracellular space (by the Ca’*/Na™ exchanger)
e well as (4) the mitochondria (M; by the Ca’™ uniporter).
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Extracellular Calcium

When extracellular calcium falls below normal, the

nervous system becomes progressively more excitable
because of increase permeability of neuronal
membranes to sodium.

Hyperexcitability causes tetanic contractions

e Hypercalcemic tetany [Ca“]cyt
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—Extracellular Calcium

Three definable fractions of calcium in serum:
e Jonized calcium 50%

e Protein-bound calcium 40%
» 90% bound to albumin
« Remainder bound to globulins

e Calcium complexed to serum constituents 10%
» (Citrate and phosphate



—Extracellular Calcium

Binding of calcium to albumin is pH dependent

Acute alkalosis increases calcium binding to
protein and decreases ionized calcium

Patients who develop acute respiratory alkalosis
have increased neural excitability and are prone to
seizures due to low ionized calcium in the
extracellular fluid which results in increased
permeability to sodium ions




= Calcium\and\P\WBphorous

Ca is tightly regulated with P in the body.

P is an essential mineral necessary for ATP, cAMP 2nd
messenger systems, and other roles



Skeleton

o 500 mg
; Bone
{ remodeling

500 mg

__________

1,000,000
mg

Secretion N
150 mg

2% of
filtered load

Fecal Urinary
excretion excretion
800 mg 200 mg



