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The Biological Importance of Water

Water (H,0) is the most abundant molecule in cells, whole organisms and on earth. This is a consequence of the unique physical and
chemical properties of water. This Factsheet will briefly explain the significance of these physical and chemical properties, then discuss

the primary roles of water in animals and plants.

Water is a polar molecule i.e. it has both positively charged and negatively
charged areas. Water is made up of two positively charged hydrogen atoms
and one negatively charged oxygen atom (Fig 1).

Fig 1. The polarity of water molecules
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As a result of this polarity (the uneven distribution of charges), adjacent
water molecules are attracted to and become bonded to each other. The
slight positive charge of a hydrogen atom of one molecule is attracted to the
slight negative charge of an adjacent oxygen atom. A hydrogen bond forms
between them (Fig 2).

Fig 2. Hydrogen bond between two water molecules
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The individual hydrogen bonds are weak but collectively they make water
very stable i.e. it remains a liquid over a huge range of temperatures (0-
100°C). This is vital in living organisms.

1. Solvent properties

Polar molecules and ionic compounds such as sodium chloride dissociate in
water. Sodium chloride (NaCl or ‘salt’) is made up of a positively charged
sodium ion (Na*) and a negatively charged chloride ion (Cl ). As aresult of
the opposite charges, the two ions are attracted to each other and a bond
forms between them. When the salt is added to water the sodium and
chloride ions split apart (dissociate). They do this because the force of
attraction between the negatively charged part of the water molecule and
the positively charged sodium ion is greater than the forces of attraction
between the Na* and the Cl-ion. The negative part of the water molecule
attracts and pulls away the positive part of the salt molecule. Similarly, the
positive part of the water molecule attracts and pulls away the negatively
charged chloride ion. Both the Na * and CI- become surrounded by water
molecules; in other words they become hydrated. Polar substances which
dissociate in water in this way are said to be hydrophilic.

Some large molecules have strong intramolecular forces and do not
dissociate or dissolve in water. However, some of these molecules do have
charged areas on their surface, which attract a layer of water around the
molecules.

This layer of water means that the molecules remain dispersed, which
prevents them joining together and settling out. This is known as a colloid
or colloidal suspension; the water molecules which surround the large
molecule are weakly bound to the molecule and cannot move away from its
surface. This is important because such molecules provide an osmotic
effect, helping to draw water into the blood vessels, for example.

The fact that water is an extremely effective solvent is of great biological
importance. All of the substances which are essential for the functioning of
cells and whole organisms (glucose, amino acids, fats, vitamins,
respiratory gases etc.) are transported around in solution. Similarily, all
metabolic reactions, catalysed by enzymes, occur in solution.

To summarise, the charged nature of the water molecule (i.e. its polarity),
gives it stability and allows it to act as a solvent - both essential properties
to living organisms.

2. Thermal properties

The hydrogen bonding between water molecules is also responsible for the
unique thermal properties of water. Water has a high specific heat capacity
i.e. it takes a lot of energy to raise the temperature of water or conversely,
a lot of energy can be lost before the temperature of water starts to fall.
This is crucial for living organisms which need to maintain particular
temperatures in order to optimise enzyme activity. The high water content
of cells and tissues helps them to maintain a constant temperature. In this
way water acts as a temperature buffer.

Hydrogen bonding is also responsible for the fact that ice is less dense than
water and therefore floats. As the temperature of water decreases, the
kinetic energy of the individual molecules decreases and the molecules
slow down. This allows each molecule to form the maximum number of
hydrogen bonds with other water molecules (Fig 3).

Fig 3. The stable structure formed by hydrogen bonds in ice
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To achieve this structure, the water molecules spread out i.e. expand to
accommodate more bond formation. Because ice floats i.e. water freezes
from the top down, many organisms are able to survive below the surface
of the ice.

Conversely, when water molecules do escape from the water surface during
evaporation, a lot of energy is released with them. As a result, evaporation
(e.g sweating or panting) is an efficient cooling mechanism, allowing living
organisms to maintain a constant body temperature. The properties and
functions of water in living systems are summarised overleaf.
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WATER AS A SOLVENT

Many substances, such as household sugar, dissolve in water. That is, their
molecules separate from each other, each becoming surrounded by water molecules.

—_—
sugar
dissolves

water
molecule

sugar crystal

sugar molecule

When a substance dissolves in a
liquid, the mixture is termed a solution.
The dissolved substance (in this case
sugar) is the solute, and the liquid that
does the dissolving (in this case water)
is the solvent. Water is an excellent
solvent for many substances because
of its polar bonds.

ACIDS

Substances that release hydrogen ions into solution
are called acids.

HCl _— H* + cr
hydrochloric acid hydrogen ion chloride ion
(strong acid)

Many of the acids important in the cell are only partially
dissociated, and they are therefore weak acids—for example,
the carboxyl group (-COOH), which dissociates to give a
hydrogen ion in solution

O O
—C/ AF H* + —C/
\OH \O
(weak acid)

Note that this is a reversible reaction.

[

HYDROGEN ION EXCHANGE

Positively charged hydrogen ions (H*) can spontaneously
move from one water molecule to another, thereby creating
two ionic species.

H\ /H H\ ® Q /H

olliH—0" = O=H + O
/ 7/
H H
hydronium ion hydroxylion

(water acting as (water acting as
a weak base) a weak acid)

often written as:  H,0 = H" + OH~

hydrogen hydroxyl
ion ion

Since the process is rapidly reversible, hydrogen ions are
continually shuttling between water molecules. Pure water
contains a steady state concentration of hydrogen ions and
hydroxyl ions (both 107 M).

~ | == |
pH BASES
H* Substances that reduce the number of hydrogen ions in
conc. pH solution are called bases. Some bases, such as ammonia,
The acidity of a moles/liter combine directly with hydrogen ions.
. . . — 1
solution is defmet_i 1072 1 NH, + H* NH,*
by the,congentra“on o 10 2 ammonia hydrogenion ammonium ion
of H ions it possesses. a 1073 3
For convenience we e 104 4 Other bases, such as sodium hydroxide, reduce the number of
use the pH scale, where 10°% 5 H*ions indirectly, by making OH™ ions that then combine
. directly with H* ions to make H,0.
PH = ~logyo[H*] L 10 6 )
— 107 7 NaOH —— Na* + OH"
10 _— 8 sodium hydroxide sodium hydroxyl
109 ——— 9 (strong base) ion ion
For pure water = 1010 1o
= . Many bases found in cells are partially dissociated and are termed
< 107" — 11
[H*] =107 moles/liter = T weak bases. This is true of compounds that contain an amino
= :g“ 1?2 group (-NH,), which has a weak tendency to reversibly accept an
= 13 H*ion from water, increasing the quantity of free OH™ ions.
L 10 .. 14

- NH, + H =

= NH;"
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HYDROGEN BONDS

Because they are polarized, two
adjacent H,0 molecules can form
alinkage known as a hydrogen
bond. Hydrogen bonds have
only about 1/20 the strength

of a covalent bond.

hydrogen bond

}@-f

Hydrogen bonds are strongest when
the three atoms lie in a straight line.

bond lengths

hydrogen bond

H 0.27 nm
AN
Qi H—Q—
/ -
H 0.10 nm

covalent bond

e
WATER

Two atoms, connected by a covalent bond, may exert different attractions for
the electrons of the bond. In such cases the bond is polar, with one end
slightly negatively charged ( —) and the other slightly positively charged ( ¥).

electropositive
region

electronegative
region

Although a water molecule has an overall neutral charge (having the same
number of electrons and protons), the electrons are asymmetrically distributed,
which makes the molecule polar. The oxygen nucleus draws electrons away
from the hydrogen nuclei, leaving these nuclei with a small net positive charge.
The excess of electron density on the oxygen atom creates weakly negative
regions at the other two corners of an imaginary tetrahedron.

WATER STRUCTURE

Molecules of water join together transiently
in a hydrogen-bonded lattice. Even at 37°C,
15% of the water molecules are joined to
four others in a short-lived assembly known
as a “flickering cluster.”

The cohesive nature of water is
responsible for many of its unusual
properties, such as high surface tension,
specific heat, and heat of vaporization.

D
HYDROPHILIC MOLECULES

Substances that dissolve readily in water are termed hydrophilic. They are
composed of ions or polar molecules that attract water molecules through
electrical charge effects. Water molecules surround each ion or polar molecule
on the surface of a solid substance and carry it into solution.
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lonic substances such as sodium chloride H/O\H

dissolve because water molecules are
attracted to the positive (Na*) or negative
(CI) charge of each ion.

Polar substances such as urea
dissolve because their molecules
form hydrogen bonds with the
surrounding water molecules

HYDROPHOBIC MOLECULES

Molecules that contain a preponderance of non-
polar bonds are usually insoluble in water and are
termed hydrophobic. This is true, especially, of
hydrocarbons, which contain many C-H bonds.
Water molecules are not attracted to such
molecules and so have little tendency to surround
them and carry them into solution.
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