The Flow of Energy in Living Things

Energy is defined as the capacity to do work. It can be con-

sidered to exist in two states. Kinetic energy is the energy
of motion (figure 8.2). Moving objects perform work by
causing other matter to move. Potential energy is stored
energy. Objects that are not actively moving but have the
capacity to do so.possess potential energy. A boulder
perched on a hilltop has potential energy; as it begins to
roll downhill, some of its potential energy is converted into
kinetic energy. Much of the work that living organisms
carry out involves transforming potential energy to kinetic
energy. ~
Energy can take many forms: mechanical energy, heat,
sound, electric current, light, or radioactive radiation. Be-
cause it can exist in so many forms, there are many ways to
measure energy. The most convenient is in terms of heat,
“ because all other forms of energy can be converted into
heat. In fact, the study of energy is called thermodynamics,
meaning heat changes. The unit of heat most commonly
employed in biology is the kilocalorie (kcal). One kilocalorie
is equal to 1000 calories (cal), and one calorie is the heat re-
quired to raise the temperature of one gram of water one
degree Celsius (°C). (It is important not to confuse calories
with a term related to diets and nutrition, the Calorie with
a capital C, which is actually another term for kilocalorie.)
Another energy unit, often used in physics, is the joule;
one joule equals 0.239 cal.

Oxidation-Reduction

Energy flows into the biological world from the sun, which
shines a constant beam of light on the earth. It is estimated
that the sun provides the earth with more than 13 x 1023
calories per year, or 40 million billion calories per second!
Plants, algae, and certain kinds of bacteria capture a frac-
tion of this energy through photosynthesis. In photosyn-
thesis, energy garnered from sunlight is used to combine
small molecules (water and carbon dioxide) into more com-
plex molecules (sugars). The energy is stored as potential
energy in the covalent bonds between atoms in the sugar
molecules. Recall from chapter 2 that an atom consists of a
central nucleus surrounded by one or more orbiting elec-
trons, and a covalent bond forms when two atomic nuclei
share valence electrons. Breaking such a bond requires en-
ergy to pull the nuclei apart. Indeed, the strength of a cova-
lent bond is measured by the amount of energy required to
break it. For example, it takes 98.8 kcal to break one mole
(6.023 x 1023) of carbon-hydrogen (C—F) bonds.

During a chemical reaction, the energy stored in
chemical bonds may transfer to new bonds. In some of
these reactions, electrons actually pass from one atom or
molecule to another. When an atom or molecule loses an
electron, it is said to be oxidized, and the process by
which this occurs is called oxidation. The name reflects
the fact that in biological systems oxygen, which attracts
electrons strongly, is the most common electron acceptor.

FIGURE 8.2 .
Potential and kinetic energy. (#) Objects that have the capacity to maove but are not moving have potential energy. The energy required,
to move the ball up the hill is stored as potential energy. (#) Objects that are in motion have kinetic energy. The stored energy is released as

kinetic energy as the ball rolls down the hill.
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Energy-rich molecule

i .1. Enzymes that harvest hydrogen

Product

atoms have a binding site for NAD*
located near another binding-
site. NAD* and an energy-rich
molecule bind to the enzyme.

2. In an oxidation-reduction reaction,
a hydrogen atom is transferred 10
NAD*, forming NADH.

< FIGURE 8.3
. An oxidation-reduction reaction.
. éften paired with a proton as a hydrogen atom.

"Conversely, when an atom or molecule gains an elec-

" trom, it is said to be reduced, and the process is called
“weduction. Oxidation and reduction always take place to-
ether, because every electron that is lost by an atom
hrough oxidation is gained by some other atom through
eduction. Therefore, chemical reactions of this sort are
alled oxidation-reduction {redox) reactions (figure
'18.3). Energy is transferred from one molecule to another
"wia redox reactions. The reduced form of a molecule thus
~ihas a higher level of energy than the oxidized form

(figure 8.4).

" Oxidation-reduction reactions play a key role in the flow
“iof energy through biological systems because the electrons
“ithat pass from one atom to another carry energy with

‘them. The amount of energy an electron possesses depends

.on how far it is from the nucleus and how strongly the nu-

‘cleus attracts it. Light (and other forms of energy) can add
~ “energy to an electron and boost it to a higher energy level.
. When this electron departs from one atom (oxidation) and
" Yinoves to another (reduction), the electron’s added energy

is transferred with it, and the electron orbits the second
atom’s nucleus at the higher energy level. The added en-
ergy is stored as potential chemical energy that the atom
can later release when the electron returns to its original

energy level.

3. NADH then diffuses away and
is available to other molecules.

Cells use a chemical called NAD* to carry out oxidation-reduction reactions. Energetic electrons are
Molecules that gain energetic electrons are said to be reduced, while ones that lose
“‘énergetic electrons are said to be oxidized. NAD* oxidizes energy-rich molecules by acquiring their hydrogens (in the figure, this proceeds
" J~32-+3) and then reduces other molecules by giving the hydrogens to them (in the figure, this proceeds 3—52-1}.

Loss of electron (oxidation)

Gain of electron {reduction)

EE¥ Low energy
W High energy

FIGURE 8.4
Redox reactions. Oxidation is the foss of an electron; reduction is

the gain of an electron. In this example, the charges of molecules
A and B are shown in smal circles to the upper right of each
molecule. Molecule A loses energy as it loses an electron, while
molecule B gains energy as it gains an electron.

Energy is the capacity to do work, cither actively
(kinetic energy) or stored for later use (potential
energy). Energy is transferred with elecerons. Oxidation
is the loss of an electron; reduction is the gain of one.
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Disorder happens “spontaneously”

The Laws of
Thermodynamics

Running, thinking, singing, reading these
words—all activities of living organisms
involve changes in energy. A set of univer-
sal laws we call the Laws of Thermody-
namics govern all energy changes in the
universe, from nuclear reactions to the
buzzing of a bee.

The First Law of Thermodynamics

The first of these universal [aws, the
First Law of Thermodynamics, con-
cerns the amount of energy in the uni-
‘verse. It states that energy cannot be cre-
ated or destroyed; it can only change
from one form to another (from potential
to kinetic, for example). The total
amount of energy in the universe remains
constant.

The lion eating a giraffe in figurg 8.1
is in the process of acquiring energy.
Rather than creating new energy or cap-
turing the energy in sunlight, the lion is
merely transferring some of the potential
energy stored in the giraffe’s tissues to its
own body (just as the giraffe obtained the
potential energy stored in the plants it
ate while it was alive). Within any living
organism, this chemical potential energy can be shifted to
other molecules and stored in different chemical bonds,
or it can convert into other forms, such as kinetic energy,
light, or electricity. During each conversion, some of the
energy dissipates into the environment as heat, a measure
of the random motions of molecules {(and, hence, a mea-
sure of one form of kinetic energy). Energy continuously
flows through the biological world in one direction, with
new energy from the sun constantly entering the system
to replace the energy dissipated as heat.

Heat can be harnessed to do work only when there is a
heat gradient, that is, a temperature difference between two
areas (this is how a steam engine functions). Cells are too
small to maintain significant internal temperature differ-
ences, so heat energy is incapable of doing the work of
cells. Thus, although the total amount of energy in the uni-
verse remains constant, the energy available to do work de-
creases, as progressively more of it dissipates as heat.

FIGURE 8.5

The Second _Law of Thermodynamics

The Second Law of Thermodynamics concerns this
transformation of potential energy into heat, or random
molecular motion. It states that the disorder (more formally
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Organizatiori requires energy

Entropy ini action. As time elapses, a child’s room becomes more disorganized. It takes
effort to clean it up.

called entropy) in the universe is continuously increasing.
Put simply, disorder is more likely than order. For example,
it is much more likely that a column of bricks will tumble
over than that a pile of bricks will arrange themselves
spontaneously to form a column. In general, energy trans-
formations proceed spontaneously to convert matter from
a more ordered, less stable form, to a less ordered, more

stable form (figure 8.5).

Entropy

Entropy is a measure of the disorder of a systern, so the
Second Law of Thermodynamics can also be stated simply
as “entropy increases.” When the universe formed, it held
all the potential energy it will ever have. It has become pro-
gressively more disordered ever since, with every energy
exchange increasing the amount of entropy.

The First Law of Thermodynamics states that energy
cannot be created or destroyed; it can only undergo
conversion from one form to another. The Second Law:
of Thermodynamics states that disorder (entropy) in
the universe is increasing. As energy is used, more and
more of it is converted to heat, the energy of random
molecular motion.




free Energy

takes energy to break the chemical bonds that hold the
sms in a molecule together. Heat energy, because it in-
ases atomic motion, makes it easier for the atoms to pull
part. Both chemical bonding and heat have a significant
Jyence on a molecule, the former reducing disorder and
Jatter increasing it. The net effect, the amount of en-
rv actually available to break and subsequently form
jer chemical bonds, is called the free energy of that
lecule. In a more general sense, frec energy is defined as
. energy available to do work in any system. In a mole-
ile within a cell, where pressure and volume usually do
¢ change, the free encrgy is denoted by the symbol G
r “Gibbs’ free energy,” which limits the system being
onsidered to the cell). G is equal to the energy contained
w2 molecule’s chemical bonds (called enthalpy and desig-
ed H) minus the energy unavailable because of disorder
led entropy and given the symbol 8) times the absolute
perature, T, in degrees Kelvin (K = °C + 273):

G=H-TS§

Chemical reactions break some bonds in the reactants

and form new bonds in the products. Consequently, reac-

fons can produce changes in free energy. When a chemical

reaction occurs under conditions of constant temperature,

- pressure, and volume——as do most biological reactions—
the change in free energy (AG) is simply:

AG=aH-T AS

T

Ergrgy

Energy released

{a) Endergonic

FIGURE 8.6

The change in free energy, or AG, is a fundamental
property of chemical reactions.

In some reactions, the AG is positive. This means that
the products of the reaction contain more free energy than
the reactants; the bond energy (H) is higher or the disorder
(S) in the system is lower. Such reactions do not proceed
spontancously because they require an input of energy. Any
reaction that requires an input of energy is said to be
endergonic (“inward energy”).

In other reactions, the AG is negative. The products of
the reaction contain less free energy than the reactants; ei-
ther the bond energy is lower or the disorder is higher, or
both. Such reactions tend to proceed spontaneously. Any
chemical reaction will tend to proceed spontaneously if the
difference in disorder (T AS) is greater than the difference
in bond energies between reactants and products (AH).
Note that spontaneous does not mean the same thing as in-
stantaneous. A spontaneous reaction may proceed very
slowly. These reactions release the excess free energy as
heat and are thus said to be exergonic (“outward energy™).
Figure 8.6 sums up these reactions.

Free energy is the energy available to do werk. Within
cells, the change in free energy (AG) is the difference
in bond energies between reactants and products (AH),
minus any change in the degree of disorder of the
system (T AS). Any reaction whose products contain
less free energy than the reactants (AG is negative) will
tend to proceed spontancously.

o) Exergonic

Energy in chemical reactions. (4) In an endergonic reaction, the products of the reaction contain more energy than the reactants, and the
extra energy must be supphied for the reaction to proceed. (&) In an exergonic reaction, the products contain less energy than the reactants,

and the excess energy is released.
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Activation Energy

If all chemical reactions that release free énergy tend to
occur spontaneously, why haven’t all such reactions already
occurred? One reason they haven’t is that most reactions -
require an input of energy to get started. Before it is possi-
ble to form new chemical bonds, even bonds that contain
less energy, it is first necessary to break the existing bonds,
and that takes energy. The extra energy required to desta-
bilize existing chemical bonds and initiate a chemical reac-
tion is called activation energy (figure 8.74).

The rate of an exergonic reaction depends on the activa-
tion energy required for the reaction to begin. Reactions
with larger activation energies tend to proceed more
slowly because fewer molecules succeed in overcoming
the initial energy hurdle. Activation energies are not con-
stant, however. Stressing particular chemical bonds can
make them easier to break. The process of influencing
chemical bonds in a way that lowers the activation en-
ergy needed to initiate a reaction is called catalysis, and
substances that accomplish this are known as catalysts
(figure 8.75).

Catalysts cannot violate the basic laws of thermody-
namics; they cannot, for example, make an endergonic re-
action proceed spontaneously. By reducing the acuvation
energy, a catalyst accelerates both the forward and the re-
verse reactions by exactly the same amount. Hence, it
does not alter the proportion of reactant ultimately con-
verted into product.

Energy supplied

Energy released

&)

FIGURE 8.7
Activation energy and catalysis. («) Exergonic reactions do not ne

existing chemical bonds. This extra energy is the activation energy fo

the amount of activation energy required to initiate the reaction.
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To grasp this, imagine a bowling ball resting in a shal-
low depression on the side of a hill. Only a narrow rim of
dirt ‘below the ball prevents it from rolling down the hill.
Now imagine digging away that rim of dirt. If you remove
enough dirt from below the ball, it will start to roll down
the hill——but removing dirt from below the ball will never
cause the ball to roll UP the hill! Removing the lip of dirt
simply allows the ball to move freely; gravity determines
the direction it then travels. Lowering the resistance to the
ball’s movement will promote the movement dictated by its
position on the hill.

Similarly, the direction in which a chemical reaction
proceeds is determined solely by the difference in free en-
ergy. Like digging away the soil below the bowling balf on
the hill, catalysts reduce the energy barrier preventing the
reaction from proceeding. Catalysts don’t favor endergonic
reactions any more than digging makes the hypothetical
bowling ball roll uphill. Only exergonic reactions can pro-
ceed spontaneously, and catalysts cannot change that.
What catalysts can do is make a reaction proceed much

faster.

The rate of a reacton depends on the activation energy
necessary to initiate it. Catalysts reduce the activation
energy and so increase the rates of reactions, although
they do not change the final proportions of reactants
and products.

{5}

cessarily proceed rapidly because energy must be supplied to destabilize
r the reaction. () Catalysts accelerate particular reactions by lowering




