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Unit
Preview
H
In this Unit, you will
discover

= what molecules are
necessary for metabolic
functions in cells,

= which major reactions
occur in cells,

= how thermodynamic
principles maintain
metabolic function,

= which processes are
involved in cellular
respiration and
photosynthesis, and

= how knowledge of
metabolic processes can
contribute to technological
development.
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Look ahead to
pages 98-99.

= You can start planning
your investigation well in
advance by organizing
what you will need.

= As you work through the
unit, watch for ideas and
materials that will help you
prepare your experimental
design.
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Metabolic Processes

Like large emeralds encrusted with gold, thousands
of chrysalides (cocoons) hang from milkweed
plants in southern Ontario. Within each of these
chrysalides, a monarch butterfly caterpillar will
undergo a metamorphosis to become an adult
butterfly. This process requires much energy to fuel
the tremendous changes that occur in a caterpillar’s
physical appearance and abilities.

All organisms require energy to survive. Cells
in a eukaryotic organism contain organelles, such as
the mitochondria shown below, that transform the
energy in food into energy that can be used for
various cellular processes. Without mitochondria,
organisms such as the monarch caterpillar would
not be able to perform the metabolic processes they
need for metamorphosis. Metabolic processes involve
all the chemical reactions that take place in cells,
as well as the chemical reactions that need energy
to transport molecules and build the cellular
structures necessary for all life processes.

In this unit, you will learn about the chemical
reactions that form molecules and see how the laws
of thermodynamics govern all reactions between
molecules. You will discover how special proteins
are essential to metabolic processes in the cell.

You will explore the series of metabolic reactions
that take place in cells and learn how energy is
transformed and used in these reactions. Finally,
you will explore how the study of cell biology
relates to your life and lifestyle.

How do organisms obtain the energy they
need for life processes?






Reflecting
Questions

= How are bonds formed
between atoms?

= What is ATP, and what
reactions within the cell
govern its formation?

= What reactions build and
break down molecules?

= Why are large molecules
essential for life?

The Chemistry of Life

Within each living cell, chemical
reactions take place millions of times
every second. These reactions involve
the transport of material, the removal
of wastes, and the formation of
structures, such as the molecule of
protein shown in the image on the
facing page. How do these reactions
proceed and where are they carried
out? Questions such as these

have been at the centre of many
investigations into metabolic processes
in unicellular and multicellular
organisms. Knowing how metabolic
reactions take place and understanding
the intricacies of the key steps

in those reactions have helped
researchers further their knowledge
of metabolic processes.

In the field of human biology, for
example, radiologists have been using
radioactive isotopes since the 1930s
to treat and diagnose disease. The
electron micrograph on the right
shows healthy human thyroid tissue.
Radioactive iodine is used as a
marker to locate thyroid tissue that
may be cancerous. lodine can only
be utilized in thyroid tissue. If the
machine tracing the radioactive
iodine shows that some of it remains
in the patient’s body, doctors and
technicians know that cancerous
tissue remains to be removed. How
are substances, like iodine, that are
part of the non-living world related to
substances that are part of the living
world? What chemical processes are
involved and what molecules play
key roles in these processes?

In this chapter, you will explore
the basis for biochemical processes.
Although biologists are not usually
concerned with individual atoms,
they must know how atoms combine
to form the molecules that animals
and plant cells need to perform daily
body functions such as growth,
maintenance, and repair. Metabolic
processes involve the interactions
of electrons and the formation or
breaking of bonds between atoms to
produce or break down molecules.
Understanding the chemistry of
metabolism is key to understanding
its many reactions and the products
of those reactions.

How do biologists use their
knowledge of molecules and
chemical reactions in order to
understand metabolic processes?
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EXPECTATIONS

m Explain the term electronegativity.

@ Atoms and Bonding

m Express the relationship between electronegativity, bonding, and the polarity

of molecules.

Living things are unique among all forms of matter.

Unlike non-living things, all living things — from
single-celled organisms such as the Euglena in
Figure 1.1 to multicelled organisms such as whales
and redwood trees — interact with and manipulate
matter and energy. For example, all cells take in
essential substances such as oxygen, water, and
nutrients from their external environment. Inside
cells, these substances undergo chemical reactions
of several types. These reactions may be used to
break down substances, synthesize others, and
repair defective structures. Chemical reactions also
provide energy for these life-sustaining activities,
as well as others such as reproduction. Unneeded
(or harmful) products of the reactions are
eliminated as wastes.

Collectively, these processes — intake of
substances, processing of substances, and
elimination of wastes — are called metabolic
processes, or metabolism. The substances involved
in metabolism are molecules. The bonds that form
between atoms define the structure and properties
of these molecules. In this section, you will review
several key ideas about atoms and bonding.

Figure 1.1 Euglena, a unicellular freshwater organism,

carries out the same metabolic processes that your cells do.
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Atoms and Elements

As you have learned in previous studies, all matter
is formed of atoms. The atom is the smallest unit
of matter involved in chemical reactions. Although
tiny, atoms are complex structures, composed of
even smaller subatomic particles. Most students

of chemistry still study the model of the atom that
Danish physicist Niels Bohr presented in the early
twentieth century (see Figure 1.2). In this model,
an atom consists of a small, dense core called a
nucleus. It is composed of two kinds of subatomic
particles — the positively (+) charged protons and
the uncharged, or neutral, neutrons. Also in the
Bohr model, negatively (-) charged electrons orbit
the nucleus in one or more energy levels, or shells.

o= protons ~ shells
@ = neutrons \

nucleus
O = electrons K

Figure 1.2 Niels Bohr’s model of the neon atom

An element is a substance that cannot be broken
down into simpler substances by chemical means.
Substances such as calcium, oxygen, potassium,
iron, and carbon are all elements. A few elements,
such as helium, occur as single atoms. Several
elements, such as hydrogen, nitrogen, and oxygen,
occur as molecules made up of two atoms. Such
molecules are called diatomic. Other elements such
as phosphorus and sulfur occur as molecules made
up of more than two atoms.

All atoms of an element have the same number
of protons in their nuclei. This number, called the
atomic number, is different for every element. The
nuclei of carbon atoms, for example, each contain
six protons. Because the nuclei of most atoms also
contain neutrons, another important characteristic
of an atom is its mass number. The mass number
of an atom is the total number of protons and



Carbon-14
6 protons

8 neutrons
6 electrons

Figure 1.3 Carbon, one of the most important elements in
living matter, has three naturally occurring isotopes. The
nucleus of each isotope contains 6 protons, but the number

neutrons in its nucleus. Atoms of the same element
that contain different numbers of neutrons are
called isotopes of that element. Refer to Figure 1.3
to see the numbers of protons, neutrons, and
electrons in three isotopes of carbon. Their names
include the mass number of each isotope:
carbon-12, carbon-13, and carbon-14.

Some isotopes are stable, whereas others are
unstable and break down (decay). The unstable
isotopes are known as radioactive isotopes.
Carbon-12 and carbon-13 are both stable isotopes,
whereas carbon-14 is unstable and decays. Many
radioactive isotopes decay at known rates. The rate
at which a radioactive isotope decays may be used
scientifically. The decay of carbon-14 can be used
by archeologists, in a process called radiocarbon
dating, to find the ages of some objects up to about
50 000 years old.

Table 1.1
The most abundant elements in living organisms

(u) (% by mass)
oxygen 0 16.0 62.0
carbon C 12.0 20.0
hydrogen H 1.0 10.0
nitrogen N 14.0 383
calcium Ca 401 2.5
phosphorus P 31.0 1.0
sulfur S 32.1 0.25
potassium K 391 0.25
chlorine Cl 355 0.2
sodium Na 23.0 0.1
magnesium Mg 24.3 0.07
iron Fe 55.9 0.01

proton ” neutron

Carbon-12 Carbon-13
6 protons 6 protons

6 neutrons 7 neutrons
6 electrons 6 electrons

of neutrons in the nucleus is 6, 7, or 8. In each isotope,
6 electrons exist outside the nucleus.

Table 1.1 shows the atomic masses of the
elements that are most abundant in living
organisms. Notice that, unlike atomic numbers and
mass numbers, some atomic masses are not whole
numbers. This is the case because the atomic mass
of an element is the average mass of all the
naturally occurring isotopes of that element.
Chlorine, for example, naturally occurs as a
mixture of two isotopes: chlorine-35 and chlorine-
37. There are three chlorine-35 atoms for every
chlorine-37 atom. Therefore, the average mass of
chlorine atoms is closer to 35 than to 37. The
atomic mass of chlorine is, in fact, 35.5 u (atomic
mass units). Appendix 7 provides atomic masses
for all the known elements.

Electron Energy

Biologists usually study the groups of atoms that
make up molecules rather than atoms and
subatomic particles themselves. All cells obtain the
energy to function from chemical reactions that
involve molecules. The actions of electrons are key
to this process.

According to the Bohr model, electrons orbit the
nucleus of an atom within energy levels, or shells.
An electron in the first shell (nearest the nucleus)
has the lowest amount of potential energy. Any
electrons in the remaining shells have more
potential energy. Each shell can hold a maximum
number of electrons. The first shell, for example,
can hold a maximum of two electrons, while the
second shell can hold a maximum of eight. Refer to
Figure 1.2, which shows that in a neon atom the
first two shells are filled. In general, the maximum
number of electrons that a shell can hold is given
by the formula 2n?, where n is the number of the
shell. For example, the third shell can hold a total
of 2(3)% = 18 electrons.

Chapter 1 The Chemistry of Life e MHR ® 7



The chemical properties of atoms rely mostly on
the number of electrons in the outermost, occupied
shell of an atom in its lowest energy state. This
shell is known as the valence shell. The electrons
that occupy the valence shell of any atom are
called valence electrons. The elements in the
periodic table that are least reactive are the noble
gases, such as neon, found in group 18(8A) (see
Appendix 7). Atoms of the other elements in the
periodic table are more reactive than the noble
gases. These elements can form chemical bonds
with each other. The MiniLab examines safety
issues involving the use of chemicals and how they
react with each other during chemical bonding.

lonic and Covalent Bonds

Most atoms can form chemical bonds with other
atoms. These bonds are the forces that hold the
atoms together in the form of compounds. For
example, two chlorine atoms can combine
(chemically react) to form a diatomic molecule of
the element chlorine (Cl;). Atoms of sodium and
chlorine can combine to form the ionic compound
sodium chloride (NaCl).

There are two general types of chemical bonds.
One type involves the sharing of electrons between
atoms, and is known as a covalent bond. The other
type involves the transferring of one or more
electrons from one atom to another, and is called
an ionic bond. How are these bonds formed?

Using Chemicals Safely

Throughout this course, you will use solutions of chemicals
such as hydrochloric acid and sodium hydroxide to help
you isolate, identify, or investigate the properties of various
substances. Understanding how to use these chemicals
properly, and what to do in case of an emergency, is vital to
ensure your safety as well as the safety of your classmates.
Obtain a copy of an MSDS (Materials Data Safety Sheet) for
the following:

® hydrochloric acid ® sodium hydroxide

m Benedict’s solution ® Bjuret solution
(reagent)

® | ugol’s solution | silver nitrate

Copy the chart below into your notebook, and use the
MSDS information to complete it.

Sodium hydroxide

Hydrolochloric acid

Benedict’s solution

Analyze
1. When you use these chemicals for a laboratory activity,
what personal safety supplies will you need? Explain
your choices.

2. What concentration of substance are you likely to use
in your laboratory activities?

3. (a) Substance A is a clear, colourless liquid. How could
you safely determine the identity of this liquid and/or
its components?

(b) Substance B is a blue liquid. How could you safely
determine the identity of this liquid and/or its
components?

4. Write a short scenario that involves a materials spill for
dilute hydrochloric acid. Explain how to respond safely
to the spill.

Biuret’s solution | Lugol’s solution | Silver nitrate

Physical/Chemical
Properties
® Appearance?

= Odour?

® Solubility in Water?
m Toxicity?

Health Hazard Data

m |jst three health
hazards.

Safety

| |dentify three safety
precautions related
to the health hazards
listed above.

= Spill Procedure?

m Neutralizing Agent?

8 e MHR e Unit 1 Metabolic Processes



lonic Bonding one electron in outermost 8 electrons in outermost

occupied shell occupied shell
/)/v\‘\ /el_;:tron /)/V\‘\ 11 protons (+) _ one
given up \\/j 10 electrons (-) + charge
sodium atom (Na) sodium ion (Nat)

Q When a sodium atom gives up an
electron, it becomes a positive ion.

7 electrons in outermost 8 electrons in outermost
occupied shell occupied shell
electron 17 protons (+) _ one
accepted 18 electrons (-) - charge
chlorine atom (Cl) chloride ion (CI7)

e When a chlorine atom gains an
electron, it becomes a negative ion.

NN AN
@r @

Cl NaCl
sodium chloride

Na*
CI-

arrangement of sodium
and chloride ions in one
salt crystals salt crystal

|

0 When sodium reacts with chlorine,
sodium chloride (NaCl) is formed.

0 In a sodium chloride crystal, ionic
bonds between Na* and CI~ create
a three-dimensional lattice. Each
sodium ion is surrounded by six
chloride ions, and each chloride ion
is surrounded by six sodium ions.

Figure 1.4 Reaction between sodium and chlorine to form ionic sodium chloride

Chapter 1 The Chemistry of Life e« MHR ® 9



Any atom has the same number of electrons and chloride ion, with 17 protons and 18 electrons.

protons. Therefore, the atom has no charge and is This number of electrons is arranged in the same
said to be neutral. However, if an atom loses or way as the 18 electrons in an argon (Ar) atom.
gains electrons, that atom becomes an ion. If an Because the sodium ion is positively charged and
atom loses electrons, the ion formed has more the chloride ion is negatively charged, they attract
protons than electrons and therefore has a positive each other to form an ionic bond.

charge. A positively charged ion is called a cation. The tendency of chlorine to gain electrons is

In contrast, if an atom gains one or more electrons characteristic of atoms with a few electrons less
the ion formed has a negative charge. A negatively than a noble gas atom. For example, atoms of
charged ion is called an anion. When sodium (Na) fluorine and oxygen also tend to gain electrons
and chlorine (Cl) atoms react, they form an ionic when they form ionic bonds. One way to understand
bond, as shown in Figure 1.4. The sodium atom which elements form ionic bonds when they react
gives up its only valence electron and becomes a is to use the principle of electronegativity.

sodium ion, with 11 protons and 10 electrons. This Electronegativity is a measure of the relative
number of electrons is arranged in the same way abilities of bonding atoms to attract electrons. The
that the 10 electrons are arranged in the neon atom.  Pauling scale is the most commonly used measure
The chlorine atom gains an electron and becomes a of electronegativities of atoms. Fluorine, the most

Covalent Bonding

m+®%

%}
©

Cl Cl—ClI
chlorine chlorine chlorine gas (Cl)
Q
Sp' + Bp' [ Sp’ Q [ Bp'
-‘\/\J\/“
(0] (0} 0=0
oxygen oxygen oxygen gas (0,)

2

—_—
(0]
0)
oxygen “H
hydrogen water (H20)

Figure 1.5 In a covalent bond, electrons are shared between atoms.
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electronegative element, is found near the top

right corner of the periodic table and has an
electronegativity value of 4.0. Both cesium and
francium, the least electronegative elements, are
found near the bottom left corner of the periodic
table and each has an electronegativity value of 0.7.
Elements that are most likely to form ionic bonds,
such as sodium and chlorine, are far apart in the
periodic table and have a large difference in their
electronegativity.

Elements that are close together in the
periodic table have a small difference in their
electronegativity. If two of these elements react to
form a compound, their similar abilities to attract
electrons results in the formation of a covalent
bond, in which electrons are shared. In a covalent
bond, atoms share two valence electrons. An
example of this is the covalent bonding of two
chlorine atoms, as shown in Figure 1.5, top. Double
covalent bonds involve the sharing of two pairs
of shared valence electrons. The two oxygen atoms
in an oxygen molecule are joined by a double
covalent bond, as shown in Figure 1.5, middle.

The shared electrons in covalent bonds belong
exclusively to neither one nor the other atom.
However, by sharing these valence electrons, both
atoms appear to have the same number of valence
electrons as a noble gas atom. In a covalent bond
formed by two atoms of the same element, the
electronegativity difference is zero. Therefore, the
electrons in the bond are shared equally between
the two atoms. This type of bond is described as
non-polar covalent. Examples of non-polar
covalent bonds are found in chlorine and carbon
dioxide molecules.

A covalent bond is said to be polar covalent when
the electronegativity difference between the atoms
is not zero and the electrons are therefore shared
unequally. In a water molecule (see Figure 1.5,
bottom), oxygen is more electronegative than is
hydrogen. The shared electrons spend more of
their time near the oxygen nucleus than near the
hydrogen nucleus. As a result, the oxygen atom
gains a slight negative charge and the hydrogen
atoms become slightly positively charged.

Chemists represent molecules formed through
covalent bonds with various formulas, such as
those in Figure 1.6. Electron-dot and structural
formulas are simplified ways of showing what
electrons are being shared.

Electron-Dot
formula

0 mC: O
carbon dioxide

H
‘N:H
H

ammonia

H
:Q:H

water

Structural formula

0=C=0
carbon dioxide

i

lil—H

H
ammonia

H

I
O—H

water

Molecular formula

CO,

carbon dioxide

NH3;

ammonia

H,O

water

Figure 1.6 In an electron-dot formula, only the electrons in

the valence shell are shown. In a structural formula, each
line represents a pair of electrons shared by two atoms. A
molecular formula shows only the number of each type of
atom in a molecule.

;i ELECTRONIC LEARNING PARTNER

To learn more about ionic and covalent bonding, go to your
Electronic Learning Partner now.

Hydrogen Bonds and the
Properties of Water

Some molecules with polar covalent bonds are
known as polar molecules. A polar molecule has
an unequal distribution of charge as a result of its
polar bonds and its shape. More information about

polar molecules is provided in Appendix 6. Water

is a common example of a polar molecule. In a
water molecule, as shown in Figure 1.7, the

slightly negative end of each bond can be labelled

0— and the slightly positive end can be labelled d+.
These two ends, with slightly different charges, are
sometimes referred to as “poles.” Because a water
molecule is polar, it can attract other water
molecules, due to the attraction between negative
poles and positive poles (see Figure 1.7). The
attractions between water molecules are called
hydrogen bonds. Hydrogen bonds can also be
found between other molecules that contain
hydrogen atoms bonded covalently to atoms of a
much more electronegative element. Examples
include ammonia (NH3) and hydrogen fluoride
(HF) in their liquid states.

Chapter 1 The Chemistry of Life e MHR ®
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A hydrogen bond is a force between molecules,
not a chemical bond within a molecule. Hydrogen
bonds are usually weaker than chemical bonds. For
instance, a hydrogen bond may be only five percent
the strength of a covalent bond, but it is sufficient
to hold one water molecule to another in liquid
water or ice. Under normal conditions, water
molecules are attracted to each other in such a way
that they are neither attracted too strongly (to form
a solid) nor too weakly (allowing water to become a
vapour). For this reason, under normal conditions
on Earth, water exists as a liquid.

‘ hydrogen

bond

Figure 1.7 Hydrogen bonding (shown via dotted lines)
between water molecules

Solubility of Substances in Water

All cells depend on liquid water. In fact, living
organisms contain more molecules of water than
any other substance; water comprises as much as
90 percent of a typical cell. Water is a perfect fluid
environment through which other molecules can
move and interact.

Sodium chloride (table salt), and many other
ionic compounds or salts, dissolve readily in water.
This occurs because the positively charged poles of
the water molecule are attracted to the anions
(chloride ions) in the salt. The negatively charged
pole of the water molecule is similarly attracted to
the cations (sodium ions) in the salt as shown in
Figure 1.8. These two attractions pull the sodium
ions and chloride ions away from each other. The
salt is now dissociated, which means that the
sodium ions and chloride ions have separated
and have dissolved in the water.

12 e MHR e Unit 1 Metabolic Processes
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v G\« ‘G‘

Figure 1.8 The salt NaCl dissolves in water because
chloride ions and sodium ions attract water molecules.

Compounds that interact with water — for
example, by dissolving in it — are called
hydrophilic. In contrast, compounds that do not
interact with water are called hydrophobic. Non-
polar compounds are hydrophobic. They cannot
form hydrogen bonds with water in the same way
that ionic or polar compounds can. Therefore,
hydrophobic molecules are insoluble in water. For
example, when you place a drop of oil (a non-polar
compound of carbon and hydrogen) into water,
the oil does not mix with the water — they
remain separate.

In this section, you have learned that the type of
chemical bond that joins individual atoms together
determines whether the resulting compound is
ionic or covalent. Covalent molecules may be polar
or non-polar, depending on the electronegativities
of the bonded atoms and shape of the molecule.
You have learned that hydrogen bonds form
between molecules in water, which interacts very
differently with hydrophobic and hydrophilic
compounds. Hydrophobic interactions especially
have a great effect on many biological molecules.
For instance, many protein molecules have
hydrophobic regions in portions of their structure.
Interactions of these regions with water cause
the molecules to adopt specific shapes. You will
see examples of this in the next section, which
reviews the four main kinds of molecules that
make up all cells.

COURSE CHALLENGE

What you have learned about molecules and polarity may
be useful in preparing your Biology Course Challenge. How
could you use this knowledge to help you prepare for your
science symposium?




]
L] SECTION REVIEW

1. Is this atom chemically unreactive or chemically
reactive? Explain your answer in terms of valence

©

2. Use examples of ionic, covalent, and polar

covalent bonds to help explain how they are different.

3. Describe a polar covalent bond using the term
“electronegativity.”

4. How is a hydrogen bond different from other
bonds described in this chapter?

5. @ Explain why hydrophobic and hydrophilic
compounds behave differently in water.

6. @D If you pour a few drops of oil into water, you

will notice that the oil forms a thin layer at the surface
of the water almost immediately. Based on your
knowledge of hydrophobic and hydrophilic
compounds and bonding, form a hypothesis as

to why oil and water interact in this way. How would
you test your hypothesis?

7. I A graduated cylinder with 10 mL of dilute

sodium hydroxide solution is accidentally spilled onto
your work surface. List the steps you will follow in
response to this spill.

8. M If the spill in question 7 came in contact with

human skin, how would your list of steps change?

UNIT INVESTIGATION PREP

The reactivity of atoms is a concept central to metabolic
processes. How might this knowledge help you plan an
experiment to study a metabolic process?

Chapter 1 The Chemistry of Life e« MHR e 13



EXPECTATIONS

@ Biological Macromolecules and Their Subunits

m Identify functional groups and explain their effect on the properties

of molecules.

m Review the types of macromolecules.

= Explain the meaning of the term isomer, with examples.

The atoms of four elements make up roughly

99 percent of the mass of most cells: hydrogen,
nitrogen, carbon, and oxygen. With only a few
exceptions, molecules that contain carbon atoms
are called organic compounds. There are millions
of different organic compounds. Nearly all organic
compounds contain hydrogen as well as carbon,
and most of these also include oxygen. Pure carbon
and carbon compounds that lack hydrogen — such
as carbon dioxide and calcium carbonate — are
considered inorganic. Inorganic compounds are,
nevertheless, integral components of living systems.
See Figure 1.9. For example, water — an inorganic
compound — provides a medium in which various
substances may be dissolved and transported
within and between cells.

Figure 1.9 In what ways do living and non-living systems,
and organic and inorganic compounds interact?

14 e MHR e Unit 1 Metabolic Processes

The Central Atom: Carbon

The diversity of life relies greatly upon the
versatility of carbon. Recall that a carbon atom in
its most stable state has two occupied energy levels,
the second of which contains four valence electrons.
This means that, in covalent molecules, a carbon
atom can form bonds with as many as four other
atoms. In biological systems, these atoms are mainly
hydrogen, oxygen, nitrogen, phosphorus, sulfur,
and — importantly — carbon itself. Carbon’s ability
to bond covalently with other carbon atoms enables
carbon to form a variety of geometrical structures,
including straight chains, branched chains, and
rings. Figure 1.10 shows the shapes of several
simple organic molecules that contain only carbon
and hydrogen atoms. These molecules, called
hydrocarbons, comprise the fossil fuels that serve
as the main fuel source for much of the world’s
industrial activities. Hydrocarbons are themselves
not components of living systems. However,

Name Molecular formula Structural formula
H
methane CHq H—(l)—H
}
H H
gthane CoHs H_(l;_(|3_H
b
H
H H
benzene CgHg
H H
H

Figure 1.10 Carbon atoms can bond in several ways —
from the simple tetrahedral structure of methane, to the
short chain of carbon atoms in ethane, to the ring of carbon
atoms in benzene.



substantial portions of many biological molecules
consist of bonded chains of carbon and hydrogen.

Molecular Isomers

Because carbon can form so many compounds with
SO many elements, it is common to encounter
several organic compounds with the same
molecular formula but different structures. Such
compounds are known as isomers. For example,
two isomers of glucose, a six-carbon sugar, are
fructose and galactose. Glucose, fructose, and
galactose all have the same molecular formula
(CeH1206). However, they differ in their molecular
structures, as shown in Figure 1.11.

H2('|JOH

OH H

fructose

H OH
glucose

||
H OH
galactose

Figure 1.11 The different ways in which the same atoms
are arranged in glucose, galactose, and fructose make
them isomers.

There are two main types of isomers. Structural
isomers are two or more compounds with the same
atoms bonded differently. Glucose and fructose, for
example, are structural isomers. Notice that a
glucose molecule contains a ring of five carbon
atoms and an oxygen atom, whereas a fructose
molecule contains a ring of four carbon atoms and
an oxygen atom. Because their structures are
different, glucose and fructose have different
properties, and cells metabolize them differently.

Stereoisomers are two or more compounds with
their atoms bonded in the same way, but with
atoms arranged differently in space. Stereoisomers
may be geometrical or optical. Geometrical isomers
can have very different physical properties (such
as different melting points), but they tend to have
the same chemical properties. Glucose and
galactose are examples of geometrical isomers.

Optical isomers, shown in Figure 1.12, are non-
superimposable mirror images of each other. They

usually have similar chemical and physical
properties, but enzymes or proteins on the cell
membrane can distinguish between them. Usually,
one optical isomer is biologically active and the
other biologically inactive. In some cases however,
this is not always true. For example, sometimes
one optical isomer of a drug is not as effective as
the other or can even cause complications. In the
early 1960s, many pregnant women were prescribed
a drug called thalidomide for morning sickness.
Thalidomide is a mixture of two optical isomers; one
produced the desired effect, but the other caused
major birth defects. As the thalidomide example
demonstrates, organisms can be very sensitive to
minute variations in molecular geometry.

. "
. _ 9 ¢ ®
@ @

|
o o—‘—;
o o
v"_v e
o -

A
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Noid | W
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Figure 1.12 Optical isomers, such as these molecules of
the amino acid, alanine, are identical in their structures
except that they are non-superimposable mirror images
of each other. Your left and right hands are also
non-superimposable images of each other.

The Functional Groups

Chemical reactions involve breaking or forming
chemical bonds. These processes can transform
simple molecules such as glucose into complex
molecules such as starch or cellulose. Many of
these complex molecules contain groups of atoms
with characteristic chemical properties. These
groups of atoms, known as functional groups,
include hydroxyl, carbonyl, carboxyl, amino,
sulthydryl, and phosphate groups, as shown in
Figure 1.13 on page 16. Many compounds have
more than one functional group in their structure.
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These functional groups are hydrophilic. Except
for the phosphate group, they are polar and so
they increase the solubility in water of the organic
molecules to which they are attached. Each
functional group also has capabilities to change
the chemical properties of the organic molecules to
which it bonds. For example, if a hydrogen atom in
ethane is replaced by a sulthydryl group, the result
is ethanethiol, also known as ethyl mercaptan.
While ethanethiol in small amounts stabilizes
protein structures, it is also a dangerous neurotoxin
and respiratory toxin.

Functional

group Formula Name of compound

hydroxy! —O0H alcohols

carbonyl = aldehydes

I ketones

40
carboxyl —C< —C\
OH 0-

(non-ionized)

carboxylic acids

(ionized)

H H
N —+N\—H
H H

(non-ionized)

amino amines

(ionized)

sulthydryl —SH thiols

phosphate organic phosphates

Each functional group has a specific role in
cell metabolism. Phosphates are essential to the
metabolic processes of photosynthesis and cellular
respiration. For example, the transfer of a phosphate
group from ATP (adenosine triphosphate) begins
the very important process of glycolysis — the first
step in cellular respiration. You will discover more
about this process in Chapter 3.

While amino and phosphate groups contribute to
energy transactions in the cell, the sulthydryl (-SH)
group is essential to protein stabilization. Amino
acids with —SH groups form bonds called disulfide
bridges (S—S bonds) that help protein molecules to
take on and maintain a specific shape.

Structural example
H H
H—{— 0B
o
ethanol

acetone

A
H—(ll—C\
H

acetic acid

OH

I
H 0-

3-phosphoglyceric acid Figure 1.13 Functional groups of

organic compounds
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Monomers and Macromolecules Table 1.2

L. Macromolecules and their subunits and functions
As you know, atoms can join together — bond — to

form small compounds called molecules. Similarly, Macromolecule Sub-unit Function
molecules can join together to form large structures Carbohydrates
called macromolecules. The small, molecular glucose - energy storage
subunits that make up macromolecules are called (monosaccharide)
monomers. The macromolecules themselves are starch, glycogen | glucose energy storage
built up of long chains of monomers. These chains (polysaccharides)
cellulose glucose component of plant cell
are called polymers. (polysaccharide) walls
Table 1.2 lists the main types of macromolecules chitin modified glucose | cell walls of fungi; outer
and their monomer subunits. Figure 1.14 depicts (polysaccharide) skeleton of insects and
the subunits that comprise carbohydrates, selected related groups
lipids, proteins, and nucleic acids. Chemical B
reactions in cells synthesize macromolecules from globular amino acids catalysis
these subunits, and break the molecules apart to structural amino acids support and structure
release their subunits. Refer to Figure 1.14 often as Lipids
you examine these chemical reactions in the final fats alycerol + three fatty | energy storage
section of this chapter. acids
phospholipids glycerol + two fatty | component of cell
(wesunk e tngs | mesg
steroids four carbon rings message transmission
www.mcgrawhill.ca/links/biology12 (hormones)
To learn how researchers use molecular models to help them terpenes long carbon chains | pigments in photosynthesis
investigate the structure of complex molecules, go to the web Nucleic acids
site above, and click on Web Links. Identify a scientific DNA nucleotides encoding of heredity
discovery in which molecular modelling played a significant information
role. What techniques or technologies were used in the RNA nucleotides blueprint of heredity
construction of the model? Present your findings in a class information
workshop on methods of molecular modelling.
CH20H A glucose molecule, the phosphate
c—o subunit for carbohydrates group
|'|| / IL \|'|| Cl) nitrogen base
N1/ T
HO \.__ /" OH (|)
|'|| AH CH; (o) o
glucose |
H H |
H
| | A nucleotide
molecule, the
OH H subunit for
sugar nucleic acids

(deoxyribose)

glycerol H H H H Glycerol and three fatty acid molecules,
3 fatty acids the subunits for fats (triglycerides)

Figure 1.14A Notice the prevalence of carbon, hydrogen, and oxygen atoms
in the monomers that comprise the macromolecules of life.
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H

H

H

| P | P | P | P | P
H3N+—C—C/ HsNt—C —C< HsNt—C —C/ H3N+—(i2 —C/ H3N+—(i: —C/
(on (o (on (on (on
H CHs CH CHa H;C—CH
/ N\ | |
glycine alanine CH; CHs; CH CH,
valine CH/ \C?H |
3 3 CH3
leucine isoleucine
E H H H H
o)
Qo 0] 0] (0} (0]
: | 7 |/ |/ |/
o HsNt*—C —C HsNt*—C —C HsNt*—C —C H3N* c—C
< AN AN AN AN
| o | o | o- o
Cl)Hz CH. CH, ch\ CH,
?Hz CH2
proline
Sl NH
CHs
methionine phenylalanine \ /
tryptophan
H H H H H
P 0 0 A A
HsNt*—C —C HsN*—C —C HsN*—C —C HsN*—C —C HsN*—C —C
| No | No | No No- | No-
(i‘,Hz (|:H2 CH, CH, CH,
& OH H SH C CH
E - | oyt N &
o3 serine o C/ cysteine NH, O 5
HsNt—C —
o asparagine NI-{ \O
/CH\ )
Ol CHs OH glutamine
threonine tyrosine
H H H H H
| P ° | P | P P
H3;Nt*—C —C HsNt*—C —C HsN*—C —C HsNt—C —C HsNt—C —C
- L o No- L. Yo L. o No-
g ?Hg CH, ?Hg ?Hg CH,
5 ———NH
S C CH; CH., CH,
> & % | | |
E /C\ CH, CH,
s aspartic acid o- \O | |
2 CH, NH L RNhe
J glutamic acid | | histidine
NH,* C==NH,"
lysine
yst NH,
‘ ‘ arginine ‘
acidic basic

The 20 major amino acids, the subunits for proteins. Notice

that each amino acid has one

both an amino group and a carboxyl group. Notice also that

carbon that is bonded to

is highlighted in colour. Biologists refer to this group as a

side-chain or an R-group. The R-group is different for each

bonded to this same carbon atom is a molecular group that

Figure 1.14B Notice that each amino acid has an amine at one end and a carboxyl

group at the other.
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amino acid, and is responsible for its chemical properties.
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The Thalidomide Dilemma chemical is made by blood cells as part of the body’s
immune response. However, large quantities of TNF

result in harmful inflammation — a common symptom
of autoimmune disorders such as rheumatoid arthritis,
AIDS, and lupus. Thalidomide is the most effective drug
known to relieve this symptom.

In the late 1950s, a new drug called thalidomide was
widely sold as a sleeping pill and cure for morning
sickness during pregnancy. Research had shown that
thalidomide is remarkably non-toxic, even in very high
doses. Tragically, tests did not show that the drug affects
the normal development and growth of a fetus. As a
result, thousands of women who had taken thalidomide
when pregnant gave birth to babies with missing or
malformed limbs, facial deformities, and defective internal
organs. The drug was banned for general use in 1964.

In the years since the catastrophe caused by thalidomide,
researchers have discovered more effects that the drug
has on the body. Not only does thalidomide induce

sleep and reduce nausea, but also it is a powerful anti-
inflammatory agent. It can also moderate extreme and
damaging reactions of the immune system. These effects
make it a valuable tool for treating leprosy, rheumatoid
arthritis, lupus, certain conditions associated with AIDS,
and other diseases. The dilemma is how to control and

market the use of a drug that can cause great damage, Thalidomide can be used to prevent the growth of
yet has great benefits as well. cancerous tumours.

One Drug, Many Effects

It is quite common to find that pharmaceuticals developed The _BOttom Lmle_ . o
for one purpose have other applications. For example, W|th ||tt|§ orlno toxicity and a wide range of applications,
Aspirin™ was originally prescribed as a painkiller, but thalidomide is a valuable drug for medical use. However,

much later was found to help prevent the formation of the drug’s effect on babies born a generation ago still
blood clots. Prozac™ was marketed as an appetite makes its use controversial. The Thalidomide Victims
suppressant before it was recognized as an effective Association of Canada is a group of individuals born with
antidepressant. Minoxidil™, used to control hypertension, physicalldefects caused by this drug. They lobby drug

is now used to treat baldness. The interactions between companies and governments to help ensure that another
a particular drug and the body’s cells and organ systems generation does not experience the same effects as

are often complex and poorly understood, even after a they did.

drug has been in use for many years. Follow-up

Thalidomide and Disease 1. Debate in class the arguments for and against

How does thalidomide produce its effects? Since the prescribing a therapeutic drug that has been proven
mid-1990s. scientists have learned that: to pose serious health risks. Who should decide on

its use? What might be the view of a person who has
physical disabilities that were caused by thalidomide?
What might be the view of a person who suffers from
life-threatening symptoms of a disease (such as
AIDS) that thalidomide can relieve?

® Thalidomide inhibits the movement of cells needed to
form new blood vessels. This is the property of the
drug that affects fetal development and results in
malformed limbs and organs. However, inhibition of
blood vessel growth also has important clinical value.

For example, cancerous tumours can only grow by 2. Thalidomide is dangerous to fetal development for
developing new blood supplies to provide them with only a very short time in early pregnancy, three to
oxygen and nutrients and to carry away wastes. By five weeks after conception. Other approved drugs
preventing the growth of new blood vessels, on the market, including an acne drug, also have side
thalidomide starves tumours and stunts their growth. effects that include producing fetal malformations.

m Thalidomide suppresses the production of a chemical What other examples can you think of where lack
messenger called tumour necrosis factor, or TNF. This of complite information might distort the evaluation

of a drug”
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Reviewing Macromolecules

You have studied carbohydrates, lipids, proteins, and
nucleic acids in previous science courses. Use the
molecules shown in Figure 1.14 as a starting point for
designing a reference resource on the structure and
function of these four main types of macromolecules. Your
reference resource can incorporate one or several media,
and should include the following information, as well as any
additional details you deem appropriate:

m types of polymers formed from the monomer subunits
shown in Figure 1.14

m principal functions of these polymers in living systems

B sources in nature from which cells and other living
systems may obtain these essential compounds

Analyze
1. Cells metabolize macromolecules in a fluid environment.
Why is water necessary for metabolic processes?
Would these processes be possible in a non-fluid
environment? Defend your answer.

]
[ SECTION REVIEW

1. @ Biologists usually consider inorganic compounds
as part of the non-living world and organic
compounds as part of the living world.

(a) What property of water makes it an inorganic
compound?

(b) Why is water, nevertheless, an essential
component of all living systems?

2. @ In this section you read, “The diversity of life relies
greatly upon the versatility of carbon.” Explain your
understanding of the significance of this statement.
Use examples to support and enhance your
explanation.

3. Explain why glucose, fructose, and galactose
are isomers.

4, Describe the differences between a
stereoisomer and a structural isomer. Give
an example of each.

20 e MHR e Unit 1 Metabolic Processes

5. What is a functional group? State two
characteristics of a functional group that make
it important to biological systems.

6. @ Name three macromolecules and sketch the
monomer subunit for each.

7. D Like carbon, atoms of the element silicon
can form bonds with as many as four other atoms.
Ammonia is a more polar substance than water. In
your opinion, why is life on Earth based on carbon
chains in water, instead of silicon chains in ammonia?

8. @D Examine the carbon “skeletons” shown below.
How many additional atoms can bond with the
highlighted carbon atom in each case?

Cc

|
c—© c—¢—c c¢c—€—Cc c=C
C

|
(A (B) (C)

o



EXPECTATIONS

u |ldentify and describe the four main kinds of biochemical reactions.

m Use molecular models to infer the polarity of molecules.

= Investigate the structures and properties of macromolecules and functional

groups using models.

Large molecules can be broken down to release
energy. Alternatively, they can be formed to build
cellular structures or store information. In
biological systems there are four major types of
chemical reactions involved in breaking apart and
building molecules:

® acid-base or neutralization reactions, which
transfer hydrogen ions between molecules,

® redox, or oxidation-reduction reactions, which
transfer electrons between molecules,

® hydrolysis reactions, in which molecules react
with H,0O to form other molecules, and

m condensation reactions, in which molecules react
to form H,O and other molecules.

These types of chemical reactions are described
below.

Acids, Bases, and
Neutralization Reactions

Acids and bases are compounds that may be
inorganic or organic. Hydrochloric acid, found in
the mammalian stomach, is an inorganic acid.
Acetic acid and amino acids are examples of
organic acids. Sodium hydroxide, a key component
of oven cleaners, is an inorganic base. Purines and
pyrimidines, the molecules that form part of the
subunits of nucleic acids, are examples of organic
bases; they are often referred to as nitrogenous
bases, because they include the nitrogen-containing
amine group.

What is it, however, that makes one substance an
acid and another a base? In biology, acids and bases
are understood in relation to their behaviour in
water. Under normal conditions, pure water exists
in the form of H,O molecules. A small number of
these molecules dissociate, which means that they
break up into ions. When a water molecule
dissociates, it forms a positively charged hydrogen
ion, H*, and a negatively charged hydroxide ion,
OH". Since very few water molecules dissociate,

@ Making and Breaking Macromolecules

the concentration of these ions is low. In pure water
at 25°C, the concentration of each of these ions is
the same: 1 x 1077 mol/L. Because hydrogen and
hydroxide ions are very reactive, changes in their
concentrations can drastically affect cells and the
macromolecules within them. Acids and bases, and
more specifically the concentrations of hydrogen
and hydroxide ions within cells, determine how
effectively cellular processes are carried out.

pH
14 11 mol/L NaOH (14.0)
13 —lye (sodium hydroxide)
(13.0)
12
— household ammonia
(11.9)
) 11
2 |1 milk of magnesia
o (antacid) (10.5)
o 10 — detergent solution
g (approximately 10)
9
8 [—ocean water (7.0-8.3)
—{ blood (7.4)
7 NEUTRAL
—{ milk (6.4)
6 [ urine (4.8-7.5)
—{ rain water (5.6)
S) 5
=]
2 E|~ tomatoes (4.2)
w 4
2
©} =l
b= 3 vinegar (2.4-3.4)
lemon juice (2.2-2.4)
2
1
0

Figure 1.15
Substances that
are acidic have a
pH less than 7,
while substances
that are basic
have a pH
greater than 7.

Chapter 1 The Chemistry of Life ¢« MHR o 21



An acid is any substance that donates H" ions
when it dissolves or dissociates in water. Therefore,
acids increase the concentration of H* ions in water
solutions. Bases, on the other hand, decrease the
concentration of H* ions in solution. Usually this
occurs because bases attract H" ions, thus reducing
their concentration. As a result, the concentration
of OH™ ions increases when bases dissolve or
dissociate in water. The pH scale, shown in
Figure 1.15, is a means for ranking substances

Investigation

Acids, Bases, and Cellular pH

according to the relative concentrations of their
hydrogen and hydroxide ions. Water, with equal
concentrations of these ions, is considered neutral
and has a pH of 7. Substances with a pH that is
lower than 7 have higher concentrations of H* ions
(and lower concentrations of OH™ ions), so they are
acids. Substances with a pH that is higher than 7
have lower concentrations of H* ions (and higher
concentrations of OH™ ions), so they are bases.
When acids and bases react, they produce two
products: water and a salt (an ionic compound). This

Predicting

Performing and recording

The pH value indicates whether a substance is acidic or basic. Acids have a pH

value less than 7 and bases have a pH value greater than 7. Most cells function
at around pH 7, which is considered to be a neutral environment. To maintain

Analyzing and interpreting

Communicating results

this neutral environment, cells must control, or buffer, the pH level so it does not
become too acidic or too basic. In this investigation you will determine the effects
of adding an acid and a base to several solutions. You will use a commercially
prepared buffer solution and a solution made from living cells.

Pre-lab Questions

m What factors might influence the pH of cells?

® Why might cells need to maintain a constant pH
environment?

® How do cells regulate pH?

Problem

How do acids and bases affect living cells?

Prediction

Make a prediction about how cells maintain a
constant pH.

CAUTION: Acids and bases are corrosive and

caustic substances. Avoid any contact with skin,

eyes, or clothes. If contact does occur, rinse

thoroughly with water and inform your teacher.

Clean up any spill immediately. Dispose of any
materials as instructed by your teacher. Wash
your hands before leaving the laboratory.

Bl = R W

Materials

universal indicator paper or pH meter
forceps
pH scale
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0.1 mol/L HCI

0.1 mol/L. NaOH

commercial buffer solution, pH 7
10% homogenized potato solution
50 mL beaker

distilled water in squirt bottle
medicine dropper

tap water

graphing paper

Procedure

1. Work in a small group. Read steps 2 to 7, then
design a data table to record your results.

2. Add 20 mL of tap water to a clean beaker, and
measure the pH of the water. If you are using
universal indicator paper, use only a small piece.
Immerse the paper into the water using the forceps.
Compare the colour of the paper against the pH
chart and determine the pH.

3. To the 20 mL of tap water, add one drop of the
HCI solution. Gently swirl the contents, and then
measure the pH. Continue adding drops of the HCI
solution to the beaker, recording the pH after each
drop, until a total of five drops has been added.
Gently swirl the contents of the beaker after each
drop is added.




chemical process in which acids and bases react to
product a salt and water is called a neutralization
reaction. In such a reaction, the acid no longer acts
as an acid and the base no longer acts as a base;
their properties have been neutralized.

Buffers

Many biological processes require specific pH levels
in order to function properly. For example, pH and
the control of pH play an integral role in both
photosynthesis and cellular respiration. Many

. Dispose of the contents of the beaker. Rinse the
beaker, medicine dropper, forceps, and pH meter
(if used) with distilled water.

. Repeat step 3 using the NaOH solution instead of
HCI. Record the results in your data table.

. Add 20 mL of commercial buffer to a clean beaker.
Repeat steps 3 to 5 using the commercial buffer
solution. Measure the pH of the buffer solution
before you start to add drops of HCI or NaOH.
Record the results in your data table.

7. Add 20 mL of potato solution to a clean beaker, and
measure the pH of the solution.

. Repeat steps 3 to 5 using the potato solution.
Record the results in your table.

Post-lab Questions

1. Which do you think gave more accurate measures
of pH, the universal indicator paper or the pH meter?

2. What was the total change in pH for the buffer and
potato solutions?

3. How does this differ from the results you obtained
using tap water? How do you account for these
differences?

4. How do you account for the differences you
observed between the buffer and potato solutions?

proteins require a certain pH in order to take on
their characteristic shapes. Therefore, it is important
for pH in organisms to be maintained at specific
levels. Certain chemicals or combinations of
chemicals known as buffers minimize changes in
pH. Buffers maintain pH levels by taking up or
releasing hydrogen ions or hydroxyl ions in
solution. You will investigate the effect of a buffer
in living cells in the next investigation. In Chapter
4, you will see how buffers play an important role
in maintaining blood pH.

Conclude and Apply

5.

10.

Make line graphs showing the relationship between
pH and added drops of HCI or NaOH. What will be
your dependent variable? What will be your
independent variable? For ease of comparison, use
one set of axes to draw three graphs showing the
effect on pH of adding HCI in each solution. Use
another set of axes for the addition of NaOH. Label
each line and your axes.

. Describe and explain the trends you observe for

each line.

. Which solutions show the greatest similarity in

change of pH? Explain briefly.

. In terms of the pH changes you observed, how do

living cells compare with the commercial buffer
solution?

. How might cells regulate pH?

What is the advantage of a buffering capacity in
cells?

Exploring Further

11.

12.

Make a prediction about how the trend in each
graph would continue if more drops of HCI or NaOH
were added to each solution. Design an experiment
to test your prediction. Based on your knowledge of
buffers and acid-base reactions, account for the
trends you observe.

Test the effects of adding drops of HCI and NaOH
to solutions made from other plant material or from
animal tissues such as liver or muscle tissue. Graph
your results and compare these trends to what you
obtained using the potato solution. Account for any
similarities or differences you observe in trends of
pH among the solutions tested.
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Redox Reactions The addition of two electrons has decreased the
charge of the oxygen atom by two. The gain of
electrons is referred to as reduction. The calcium
loses electrons and forms positively charged ions,
as shown here:

Almost every element on Earth can react with
oxygen. For instance, if oxygen combines with
calcium, the oxygen receives electrons and forms

negatively charged ions.

o o> Ca — Ca?
calcium atom losestwo charge of atom

oxygen atom  gains two charge of atom no charge electrons increased by two

no charge electrons decreased by two

The loss of electrons is called oxidation.

Investigation

Initiating and planning
Finding the Products of Hydrolysis Predicting

Indicators are often used to test for the presence of certain compounds. For
example, Benedict’s solution is a reagent that can be used to test for the presence
of monosaccharides, such as glucose. The free aldehyde group, which is present Communicating results
only in the ring form of glucose, reduces the copper (Il) ion (Cu?*) ion in Benedict’s

solution. Thus, monosaccharides are referred to as “reducing sugars.” As more

copper ions are reduced, the colour of the Benedict’s solution changes, thus

confirming the presence of glucose in a test solution. The ring structure configuration

of glucose forms only in solution (when glucose molecules are dissolved in water).

In a similar way, Lugol solution can be used to test for the presence of starches.

In this investigation, you will conduct an experiment to identify the products

formed by the hydrolysis of disaccharide and polysaccharide molecules.

Pre-lab Questions

® How does the starch molecule change as a result of

Analyzing and interpreting

hydrolysis? Materials
® \What products are formed by the complete hydrolysis test tubes distilled water
of polysaccharides? test tube markers 1 mol/L HCI solution
® What test can be used to identify these products? Tt WloE [oTUEn EEnSEIEts Seiliton
test tube rack Lugol solution
Problem test tube holder potato stgroh
. spot plates 1% solutions of glucose,
How can the products of hydrolysis of carbohydrates beaker for hot water bath fructose, sucrose, and
be identified? hot plate lactose
L beaker tongs labels
Predictions 30 mL graduated cylinder marker
Predict which factors will affect the rate of carbohydrate medicine droppers
hydrolysis. Also, predict what types of products are
formed by the hydrolysis of disaccharide and Procedure
polysaccharide molecules. Part A: Testing for the Presence of
Monosaccharides
CAUTION: Hydrochloric acid is very corrosive. 1. Add 3 mL of each of the following 1% solutions to
Other chemicals are toxic. Avoid any contact separate test tubes: glucose, fructose, sucrose, and
with skin, eyes, or clothes. Flush spills lactose. Add 3 mL of distilled water to a fifth test tube.

immediately with copious amounts of cool water
and inform your teacher. Exercise care when
heating liquids and using a hot plate. Wash your
hands before leaving the laboratory.

2. Add five drops of Benedict’s solution to each test
tube.
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The terms “oxidation” and “reduction” are
applied to many reactions involving ions whether
or not oxygen is involved. For instance, in the
reaction Na + Cl — NaCl, chlorine is reduced
(gains an electron to form Cl7) and sodium is
oxidized (Na loses an electron to form Nat).
Because reduction and oxidation are both involved
in the process, the entire reaction is called a redox
reaction. Figure 1.16 is a generalized schematic
representation of a redox reaction.

3. Shake each test tube gently to mix the solutions,
and place them in a hot water bath for 5-10 min.
Note any change in the colour of the solutions.

Part B: Testing for the Presence of
Polysaccharides

1. To one test tube, add 5 mL of starch and 5 mL of
cold, distilled water.

2. To another test tube, add 10 mL of cold, distilled
water.

3. Add three drops of Lugol solution to each test tube.
Note any changes in the colour of the solutions.

Part C: Hydrolysis of Disaccharides

1. Add 3 mL 1% solution of sucrose to each of two
test tubes, labelled 1 and 2.

2. Add 3 mL of distilled water to a third test tube,
labelled 3.

3. Add five drops of Benedict’s solution to each test
tube. Note any changes in the colour of the
solutions in your data chart.

4. Repeat steps 1 and 2 using clean test tubes.

5. Add three drops of hydrochloric acid (HCI) to test
tubes 1 and 3.

6. Heat the test tubes in hot water for about 3 min.
7. Add five drops of Benedict’s solution to each test

tube. Note any changes in the colour of the solutions.

Part D: Hydrolysis of Polysaccharides

1. To one test tube, add 5 mL of potato starch and
5 mL of water. Shake gently.

2. Now add 3 mL of concentrated hydrochloric acid to
this test tube, and stir the solution.

.~
'

oxidation reduction

Figure 1.16 Oxidation is the loss of one or more electrons.

Reduction is the gain of one or more electrons.

3. To a second test tube, add 5 mL of potato starch to
8 mL of water. Shake gently.

4. To a third test tube, add 13 mL of distilled water.
5. Place the three test tubes in a hot water bath.

6. Using a clean dropper each time (or one rinsed with
distilled water), remove five drops of solution from
each test tube. Place each sample in a separate
well in the spot plate.

7. Immediately add one drop of Lugol solution to each
sample. Note any changes in colour.

8. Repeat steps 6 to 9 every minute, until no further
colour changes are observed for three consecutive
tests.

Post-lab Questions

1. What do these laboratory procedures indicate about
the composition of polysaccharide molecules such
as starch?

2. How does the presence of HCI change the structure
of polysaccharide molecules?

3. What do the colour changes observed in the Lugol
and Benedict’s solution indicate about the
concentrations of the various substances tested?

Conclude and Apply

4. What environmental factors cause hydrolysis? What
evidence did you use to determine this?

5. Find the structural formula for starch. Use diagrams
to show how hydrolysis changed this molecule.

6. Identify other molecules that could react in a similar
way with these environmental conditions.
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Cellular respiration is an important example
of a redox reaction that takes place in biological
systems. The overall reaction is:

CeH1206 + 60, — 6CO,

glucose

+ 6HO + energy

In cellular respiration, high-energy electrons are
removed from food molecules, which oxidizes
them. These high-energy electrons are transferred
to increasingly electronegative atoms, and help the
cell manufacture energy-rich molecules used by
cells to do work.

Hydrolysis and
Condensation Reactions

Macromolecules in living systems are built and
broken down by hydrolysis and condensation
reactions (see Figure 1.17). In condensation (or
dehydration synthesis), the components of a water
molecule are removed to bond two molecules
together. Because the organic molecule formed is
bigger than the two organic molecules that reacted,
condensation is an anabolic process. In the process
of hydrolysis, the components of a water molecule
are added to a molecule to break it into two
molecules. Because the organic molecules
produced are smaller than the organic molecule
that reacted, hydrolysis is a catabolic process. Read
on to see how hydrolysis and condensation work to
break down and build carbohydrates, nucleic acids,
proteins, and lipids.

condensation

CH,OH
condensation
synthesis
+ 4—’
hydrolysis
glucose glucose
C6H1205 CSH1206

Making and Breaking
Carbohydrates

Carbohydrates are important macromolecules
because they store energy in all organisms.
Carbohydrates are groupings of C, H, and O atoms,
usually in a 1: 2 : 1 ratio. Often, carbohydrates are
represented by the chemical formula (CH,0),,
where n is the number of carbon atoms in the
carbohydrate.

Carbohydrates can be simple, such as the
monomer glucose. Glucose is a hexose (six-carbon)
sugar with seven energy-storing C-H bonds. If
the number of carbon atoms in a carbohydrate
molecule is low (from three to seven), then it is a
monosaccharide. Greek prefixes for the numbers
three through seven are used to name these sugars.
For example a five-carbon sugar is a pentose, and a
six-carbon sugar is a hexose. The glucose, fructose,
and galactose isomers you studied in the previous
section are all hexoses. Glucose is the primary
source of energy used by cells.

Two monosaccharides can bond to form a
disaccharide. For example, two glucose molecules
can join to form the disaccharide maltose, as
shown in Figure 1.18.

Organisms store energy in molecules known as
polysaccharides. Polysaccharide molecules, such as
starch and glycogen, are polymers made up of chains
of linked monosaccharides. The long chains of
glucose molecules, which make up starch, glycogen,

f

W

H

Figure 1.17 Condensation

hydrolysis and hydrolysis

CH,OH

CH,OH

+ H,O

maltose
C12H22011

water

Figure 1.18 Maltose is a disaccharide. During condensation synthesis of maltose,
a bond forms between the two glucose molecules and the components of water
are removed. During hydrolysis, the components of water are added, and this

bond is broken.
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and some other polysaccharides, are formed by

a condensation reaction, which removes water
from 2 —OH functional groups or neighbouring
monosaccharides. Because of its chemical
composition, cellulose (a polysaccharide found in
all plants) is indigestible for animals. The bonds in
cellulose are difficult to break by normal metabolic
means. In contrast, other polysaccharides, such as
the amylopectin found in potatoes, rice, and wheat,
serve as convenient and accessible forms of stored
energy. The bonds that bind their high-energy
glucose molecules together are easily broken and
easily formed.

In living cells and tissues, polysaccharides and
disaccharides can be broken into smaller units by
the process of hydrolysis. The complete hydrolysis
of most forms of starch produces a form of glucose,
which is a simple sugar that cannot be decomposed
by hydrolysis. In the investigation on page 24, you
can determine the products of hydrolysis reactions.

Nucleotides and Nucleic Acids

Nucleic acids such as DNA and RNA are huge
polymers of nucleotides. These are molecules
composed of one, two, or three phosphate groups,

a five-carbon sugar (deoxyribose or ribose), and a
nitrogen-base (see Figure 1.19). DNA contains
genetic information about its own replication and
the order in which amino acids are to be joined to
form a protein. RNA is the intermediary in the
process of protein synthesis, conveying information
from DNA regarding the amino acid sequence in a
protein. There are four different bases in DNA —
adenine, thymine, guanine, and cytosine. In RNA,
uracil replaces thymine as a base. Adenine not only
helps code genetic material and build proteins, but
it also has important metabolic functions. You will
investigate the structure and functions of nucleic
acids further in Unit 3.

phosphate

nitrogen-
containing
base

pentose sugar

Figure 1.19 Structure of a nucleotide

ATP, adenosine triphosphate, is composed of
adenosine (adenine joined to ribose, as in RNA)
and three phoshate groups (see Figure 1.20). The
hydrolysis of ATP results in the formation of ADP
and a phosphate (P;), and in the release of a large
quantity of energy for cellular work. After ATP
breaks down, it can be rebuilt by the addition of
the phosphate to ADP by condensation.

Condensation Synthesis and
Hydrolysis of Proteins

Proteins are important as structural components,
sources of nutrition, and for their role in speeding
up metabolic processes in the cell. Peptide bonds
formed in condensation reactions link amino acids
in proteins (see Figure 1.21). Each amino acid is
composed of a carbon atom bound to a hydrogen
atom and three additional groups — an amino
group, -NHj,, a carboxyl group, -COOH, and an
R-group that is different in each amino acid. When
two amino acids join, they become a dipeptide. A
chain of amino acids is called a polypeptide. Try the
Thinking Lab to model a polypeptide. Polypeptides
may join to form proteins. The sequence of these
polypeptides, their particular orientations in space,
and their three-dimensional shapes determine the
type of protein they form. Enzymes, essential to
metabolism (as you will see in Chapter 2), are
proteins that are shaped in different ways depending

adenosine triphosphate
+ H20
_—
—O-EE)| ——
- H.0

adenosine diphosphate phosphate

O® |+ + oneay

ATP

ADP

Figure 1.20 When cells require energy, ATP undergoes hydrolysis, thereby

producing ADP, a phosphate, and energy.
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on their function. Some proteins are composed of
many polypeptides. These polypeptides can be
broken during metabolism by hydrolysis.

Breaking Lipids

Lipids include fats and phospholipids (such as
those in the cellular membrane), steroids, and
terpenes (lipid pigments that operate during
photosynthesis). Fats are composed of glycerol and
three fatty acids; steroids and terpenes are composed
of carbon rings and carbon chains respectively.

Fat is usually of animal origin and is solid at
room temperature. Within animal bodies it is used
for long-term energy storage. Fat also insulates
against external heat and cold and protects major
organs. Oil, the plant equivalent to fat, is liquid at

room temperature. Fats and oils are often called
triglycerides because of their structure. Fats
and oils are insoluble in water because they are
non-polar.

Both fats and oils are composed of two types of
molecules: glycerol and fatty acids. Glycerol is a
three-carbon alcohol in which each carbon is
attached to a hydroxyl group (-OH), as shown
in Figure 1.22. This three-carbon molecule is the
core of the fat or oil molecule. In a condensation
reaction, three fatty acids are attached to this core
to form a fat. A fatty acid is a hydrocarbon chain
that ends with the carboxyl group (~COOH). Most
of the fatty acids in cells contain 16 or 18 carbon
atoms per molecule. Saturated fatty acids have no
double bonds between their carbon atoms; the
carbon chain is “saturated” with as many hydrogen

Q During condensation, two amino acids

join, a peptide bond is formed and a
water molecule is produced.

acidic group

[

amine group

[

condensation synthesis

peptide

H H R . R
1,0 | | JOH - | | OH
H—N—-C—C + N—C—C . H—N—-C—C-N—-C—C + H0
I \OH H/ I \\o hydrolysis I T \O
R H R H H
amino acid amino acid e During hydrolysis, water dipeptide water

is added and the peptide

bond is broken.

Figure 1.21 Condensation synthesis and hydrolysis of a dipeptide

ST |7

Polypeptides and Polarity

Background

A protein is composed of a chain of amino acids connected
together by peptide bonds. This forms a structure known
as a polypeptide. In total, there are 20 different amino acids
that make up proteins. The diagram shows a polypeptide
made of three amino acids: alanine, serine, and glutamic
acid. The R-groups are highlighted.

The molecule is held together with covalent bonds, which
involve shared electrons. You have learned that some
covalent bonds can be polar, based on how electrons are
distributed between atoms. These polar bonds may result
in polarity of the molecule or portions of the molecule.

You Try It
1. Working in a small group, use a model kit to construct
the polypeptide shown in the diagram.

2. Where would you expect to find polarity in the
molecule? Explain briefly.
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3. Where might you expect hydrogen bonds to form with
another molecule? Explain briefly.

4. Share your molecule with another group. Arrange the
two molecules to show attraction through hydrogen
bonding.

5. Notice how the R-groups are arranged in the molecule.
How might this arrangement affect how the R-groups
react with adjacent molecules?

6. Which R-group(s) would be most reactive? Explain
briefly.

7. How would substituting valine for glutamic acid affect
the properties of the polypeptide?

O\\ /O—H
H C
s |
m Bl e
H—C—H HH—-C—H HH—C—H
H_ | | | | P
A i
5 H O H O H o=l
Alanine Serine Glutamic Acid



atoms as it can hold. Saturated fatty acids are
generally solid at room temperature. In contrast,
unsaturated fatty acids have one or more double
bonds between carbon atoms. Therefore, the fatty

acid is not saturated with hydrogen atoms. Fat

molecules are split by hydrolysis for use in cells.
Figure 1.23(a) shows another lipid

macromolecule with a different function in cells.

H H H H H OH HHH H
Oy | R I I [ O
/C—C— =C—C—C—H H—-C—-0—-C—-C—C=C—C—C—H
HO I [ I [
H H H H H H
HHHBHH y COndensation OHHHHHMH
(O [ O B synthesis S [ (A I
ST e e g v o
HHHHHH hydrolysis HHHHHH
H HH H O HHHH
O« | I [ O I B
R e
H
- H HH H H H HHH
glycerol 3 fatty acids fat 3 waters
Figure 1.22 Condensation and hydrolysis of a fat molecule. When a fat molecule
forms, three fatty acids combine with glycerol and three water molecules are produced.
Unsaturated fats have double bonds (shown in yellow) between carbon atoms.
water
it
;'r;zge" hydrophilic
heads f
hydrophilic
phosphate (polar) head hydrophobic
group group tails ﬂyuﬂ
hydrophilic
glycerol | | heads interior of cell

O head

tail

hydrophobic
(nonpolar)
tail group

fatty acids
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I
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o

o Each of the units in the bilayer is a phospholipid molecule.
Each individual circle represents the negatively charged
phosphate group, while the tails are two non-polar
hydrocarbon chains. The negatively charged phosphate
groups are hydrophilic, and the hydrocarbon chains are
hydrophobic.

G The tails of the phosphate groups in the phospholipid
bilayer of the cell membrane point toward each other,
creating a hydrophobic environment within the cell
membrane. The charged phosphate groups face out
into the hydrophilic environment surrounding the cell.

Figure 1.23 Phospholipid structure and shape
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Called a phospholipid, this molecule interacts with
water in a way that spontaneously results in the
structure shown in Figure 1.23(b). This
phospholipid bilayer is the foundation for the
semi-permeable membrane that surrounds cells.

Some molecules can pass freely through the
membrane, while others require assistance to enter.
The phospholipid bilayer is virtually impermeable
to macromolecules, relatively impermeable to
charged ions, and quite permeable to small, lipid-
soluble molecules. Molecules that move through
the membrane do so at differing rates, depending
on their ability to enter the hydrophobic interior
of the membrane bilayer.

Many small, non-polar solute molecules, such
as oxygen and carbon dioxide, pass through the
bilayer of the cell membrane with least resistance.
They enter by means of diffusion, a form of passive
transport. As you learned in previous studies, in
this method of cellular transport, molecules move
from regions of high concentration to those of low
concentration. Water, a small polar molecule, can
travel through the cell membrane freely in the
process of osmosis. This process involves the
movement of the solvent water from an area of
higher concentration of water to an area of lower
concentration of water.

Some molecules are too large to diffuse
unassisted across the cell membrane. These
molecules enter the cell by means of specialized
proteins called carrier proteins — they move and
change shape to create an opening into the cell.
Large uncharged hydrophilic molecules such as

glucose make use of these proteins in order to enter
cells (see Figure 1.24). No cellular energy is
required for this facilitated diffusion process, so it
is a form of passive transport. Appendix 5 shows
several other examples of passive transport through
the cell membrane. In the next chapter, you will
see how cells use energy to move larger molecules
across the cell membrane.

glucose —O

carrier
protein

Figure 1.24 Molecules such as glucose move into the cell
when carrier proteins in the cell membrane change shape.

BIO FACT

There may be a new way to move peptides and nucleic
acids in synthetic DNA through the hydrophobic inner
region of the cell membrane. Researchers in Pennsylvania
have created hydrocarbon “umbrellas” that close around
molecules when they are within the hydrophobic area of the
membrane, but open in the hydrophilic areas, helping to
move the molecules into the cell where they can do their
work. This development holds promise for medical
procedures such as gene therapy.

]
] SECTION REVIEW

1. @ Describe a redox reaction. Draw a simple diagram
of such a reaction between a sodium atom and a
chlorine atom. Provide an example of a redox
reaction that takes place in all cells.

2. I Explain how molecular models have helped us
to better understand atoms, bonds, and molecules.
Prepare a list of possible applications of molecular
modelling in scientific research.
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3. Identify the functional group involved in the
condensation reaction that forms the long chains
of glucose molecules that make up starch.

4. What is the monosaccharide product of the
hydrolysis of starch?

5. @ Explain what happens in a neutralization reaction.

6. What are buffers, and why are they important
for cellular processes?



CHAPTERREVIEW

Summary of Expectations

Briefly explain each of the following points.

¢ Chemical bonds join atoms to form molecules.
(1.1)

e The core of every organic molecule contains
carbon. (1.2)

e Functional groups attach to carbon cores of
biological molecules and contribute to their
function. (1.2)

e Acid-base reaction (neutralization) is one of
the four major biochemical reactions in cells.
(1.3)

e Redox reactions are important to cellular
metabolism. A redox reaction involves:
oxidation (the loss of electrons) and reduction
(the gain of electrons). (1.3)

* Metabolic processes require a fairly constant
pH. (1.3)

e Hydrolysis is a reaction that splits
macromolecules through the addition of a
water molecule. (1.3)

e Condensation is a reaction that removes water
from monomers, synthesizing a polymer. (1.3)

Language of Biology

Write a sentence including each of the following

words or terms. Use any six terms in a concept map
to show your understanding of how they are related.

e metabolism

® atom

e nucleus

® protons

® neutrons

e ¢clectrons

e clement

e jsotopes

e valence shell

e valence electrons
e chemical bonds
e covalent bond

e jonic bond

e jon

e ¢clectronegativity
® non-polar covalent
e polar covalent

e polar molecule
® hydrogen bonds
® hydrophilic

e hydrophobic

® organic

e isomers

e structural isomers
e stereoisomers

e functional groups
e macromolecules
® monomer

e polymer

® organic acids

e organic bases

e neutralization

e puffers

e reduction

e oxidation

e redox reaction

e condensation

® hydrolysis

® monosaccharide
e disaccharide

e polysaccharides
e nucleic acid

e peptide bonds

® polypeptides

e |ipid

UNDERSTANDING CONCEPTS

1.

Proteins perform many functions in biological
systems. Identify one protein and its function.

. A protein is a polymer or chain of sub-units.
(a) What is the subunit of a polymer?
(b) What kind of bond links these subunits
together?

. Which is smaller, a hydrogen atom or a
hydrogen molecule? Explain briefly.

. How is a molecule of carbon dioxide different
from a molecule of oxygen gas?

. Define the word “isotope.”

. Which part of the atom is most involved in
chemical reactions?

. What is a valence electron?

. Describe the structure and function of a
chemical bond.

. Use examples to explain how an ionic bond is
different from a covalent bond.

10.

11.

12.

13.

14.

15.

16.

17.

18.

How does the polarity of water molecules
account for the ability of water to dissolve
many substances?

(a) What is a hydrogen bond?
(b) Identify one case where hydrogen bonds
are important to a biological system.

Define the terms “hydrophobic” and
“hydrophilic,” and provide an example of each.

What role do buffers play in a cell?

Identify two isomers of glucose. How are these
molecules similar? How are these molecules
different?

How do functional groups change the nature of
hydrocarbon chains?

What is meant by oxidation?

Define the terms “polymer” and “monomer.”
Use these terms in a description of
carbohydrates.

Identify two nucleic acids.
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19. Copy and label this diagram of condensation
synthesis and hydrolysis.

H—D—OH H-{}-OH

H—E-OH
{H—D OH;

H-EH:H:IEI—OH

INQUIRY

20. Scientists must pay close attention to the
concentration of solutions when reproducing
conditions for living systems in an experiment.
To make 1 L of a 1 mol/L solution of glucose,

1 mol of glucose (180.18 g) is added toa 1 L
volumetric flask. Some distilled water is added
and the contents swirled to dissolve the
glucose. More distilled water is added up to
the etch line of the volumetric flask.

(a) What mass of glucose (in grams) should be
used to make a 0.5 mol/L solution using the
same volumetric flask?

(b) What mass of glucose (in grams) should be
used to make a 0.5 mol/L solution using a
500 mL flask?

(c) What mass of glucose (in grams) should be
used to make a 0.1 mol/L solution using a
500 mL flask?

21. Cellular respiration uses O, and releases COy.
Released into water, CO, forms carbonic acid
(H2COs3), which dissociates to produce a
hydrogen (hydronium) ion. To determine the

22,

quantity of CO, produced by germinating
seeds, a titration can be performed that
neutralizes the hydronium ions produced.

A 0.01 mol/L solution of NaOH is used to
neutralize the acid. In one trial, 9.7 mL of
NaOH was added to neutralize the water
containing germinating seeds. Outline how to
set up a control for this experiment and the
results you would expect.

Dialysis tubing is a cellulose material used to
make model cells for experiments in osmosis
and diffusion. These model cells do not use
living cell membranes. A student made a
model cell by pouring distilled water into some
dialysis tubing. The student placed the model
cell in a salt solution and waited 10 minutes.
The cell was then removed from the salt
solution and the contents poured into a test
tube. The student added silver nitrate to the
test tube and a white precipitate formed. This
indicated that chloride ions had entered the
cell. Would this be true for living cell
membranes? Design an experiment to test this.

COMMUNICATING

23. Use Internet resources to find the chemical
make-up of a heme, a key component of
hemoglobin.

24. Create a chart to summarize the bonds between
atoms studied in biological systems.

25. Make a series of diagrams (similar to a cartoon
strip) showing how buffers help maintain a
near-constant environment in the cell.

26. Draw diagrams of two amino acids. Circle the
R-group for each. Make a generalized diagram
for all amino acids.

MHR e Unit 1 Metabolic Processes

27.

Some molecules can exist in different
configurations that are important in a variety
of metabolic processes. For example, glucose,
a common monosaccharide, occurs in open
chain and ring-shaped forms. The flexible
nature of the chain form allows glucose to
twist into a ring shape. The ring structure
forms when the carbonyl functional group
reacts with one of the alcohol groups within a
single glucose molecule. In this reaction, one
hydrogen atom is transferred from an alcohol
group to the carbonyl group. This process



28.

29.

results in the formation of a chemical bond
between the oxygen of the alcohol and the
carbon of the carbonyl group. This new bond
creates the ring structure of the glucose
molecule. Glucose molecules constantly change
back and forth from the ring to the chain form.
To keep track of which carbons are involved,
each carbon in the chain is assigned a number.
With a partner, use a molecular model kit to
construct models of the two isomers of the
glucose molecule — chain and ring-shaped.
Refer to the diagrams to help you plan and
construct your models. Begin by constructing
two identical chain versions of the glucose
molecule. Make the appropriate changes to
one of the chain models to transform it into
the ring version.

Note that the carbon ring that forms the
backbone of the glucose molecule is not a flat
structure. Two of the carbons in the molecule
are either above or below the other four. This
will be apparent when you have completed
your models.

6
H,COH

O—OI
O—Ox
O—OI
O—Ox

oO—I

=0=0
s
IOTD
=
=
=

MAKING CONNECTIONS

Develop a series of questions that should be
asked and answered before a new drug is
approved for public use.

Lysosomal diseases, such as Tay-Sachs disease,
are linked to large macromolecules called
muccopolysaccharides that are produced in
growing children. Defective enzymes in the
lysosomes do not break down these
macromolecules, which then accumulate in
cells. The result is a deterioration of cell
function. Use Internet resources to identify
three other lysosomal diseases. Prepare a brief
outline of each.

30. Many people who avoid eating beef or pork
because they contain fats will eat cold-water
fish (such as salmon or Arctic char), which
have high levels of lipids. Why are these fish
considered to be part of a healthy diet?
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Reflecting

Questions

= How do biological N
processes follow the laws
of thermodynamics?

= How do enzymes catalyze
reactions and reduce the
amount of energy required
to fuel them?

= How are enzymes
used in industry and
pharmaceutical research?

Prerequisite
Concepts
and Skills

|

Before you begin this chapter,
review the following concepts
and skills:

= explaining how a redox
reaction works (Chapter 1,
section 1.3), and

m describing the structure
and function of ATP
(Chapter 1, section 1.3).
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Enzymes and Energy

In the summer of 2001, a forest fire
that had been started by a lightning
strike raged through Kootenay
National Park in British Columbia.
Park officials allowed the fire to
progress because the area was
scheduled for a prescribed burn. Fires
are a natural part of forest ecology and
are important in forest regeneration.
For example, some species of pine,
such as the jack pine, drop cones that
need the heat from a fire to open them
and release their seeds. The Kootenay
fire quickly consumed the dry grasses
and trees; it soon spread beyond the
area park officials could manage,
threatening nearby communities.

Many firefighters risked their lives
to control the spread of the flames. By
the time the fire was contained and
eventually extinguished, thousands
of hectares of forest had burned.

The chemical reaction that occurred
in the fire involved oxygen and the
wood that formed the trees. While the
forest fire was an example of a reaction
that occurred with oxygen outside
cells, reactions with oxygen also
occur inside cells.

Energy is necessary to perform all
cellular reactions, including redox,
hydrolysis, and condensation
reactions. Enzymes aid reactions
within cells. Enzymes are necessary
because they speed up the synthesis
of energy-rich molecules needed for
cellular processes.

In this chapter, you will learn how
chemical reactions within cells are
used to make energy-rich molecules.
Energy from these molecules is used

for various cellular processes. The
bonds that hold atoms together store
energy in molecules. This energy can
be used by a cell to do work. You will
explore various factors that influence
how molecular bonds are formed and
broken. You will also discover which
molecules are involved in cellular
processes and how the energy from
one reaction can be used to drive
another reaction.

How do these heart muscle cells
obtain energy to keep the heart
beating?
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EXPECTATIONS

m Describe the flow of energy in biological systems.

@ Thermodynamics and Biology

= Apply the laws of thermodynamics to the transfer of energy in the cell.

m Interpret quantitative data to learn how energy can be used in living

systems.

Many reactions occur inside every cell. These
reactions, collectively known as metabolism, have
been at the centre of much scientific investigation.
For example, manufacturers of dietary supplements
for athletes seek to isolate chemicals that increase
metabolic activity. Creatine phosphate is one such
chemical — it is a nitrogenous molecule that is
stored in muscle cells. Enhanced stores of creatine
phosphate in muscles have been shown to increase
muscle mass and efficiency. The compound was
synthesized and used in the former Soviet Union
by elite athletes in the 1960s to increase their
metabolic activity and performance. What are
metabolic reactions, and why are they important?
To understand this, you must first understand how
energy flows through systems.

Figure 2.1 Metabolic reactions make possible all functions
of cells. Some of these reactions fuel the mechanical work
that a cell undertakes.

Energy and the Laws
of Thermodynamics

To survive, all living things require energy, which
is the capacity for doing work. Energy comes in
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different forms. For instance, energy comes from
the Sun as light, and thermal energy from a furnace
can be used to heat a home. All moving objects,
such as falling water and pistons in an internal
combustion engine, have kinetic energy. Energy
can also be stored as potential energy. A molecule
of glucose has potential energy. The potential
energy stored in the bonds of a molecule is called
chemical energy. If a molecule of glucose is broken
down into carbon dioxide and water, the energy
released can be used to do work. If a phosphate
group is removed from a molecule of ATP, the
chemical energy can be used to fuel various
cellular processes.

Energy continually flows through living and
non-living systems. The study of this flow of
energy is called thermodynamics. Physicists and
chemists have studied thermodynamics since the
days of Sir Isaac Newton. Biologists also apply
thermodynamics when they study metabolic
processes and the energy transformations that take
place within living systems. Scientists use the term
system to identify a process under study, and they
refer to it in relation to the rest of the universe. For
instance, a hot drink in a sealed vacuum bottle is
considered a closed system because the liquid is
isolated from its surroundings — thermal energy
cannot move from the liquid to outside the bottle.
Removing the lid from the bottle results in an open
system, because energy (thermal, in this case) can
now move between the liquid and its surroundings
— it moves from the liquid to outside the bottle.

All living organisms are open systems; energy
moves two ways, both in and out of cells. For
example, a green plant absorbs energy from the
Sun and uses this energy for building structures,
transporting materials, growth, and reproduction.
The plant also releases energy into the environment
in the form of thermal energy when the plant is
forming metabolic products, such as water and
carbon dioxide.



How energy flows between organisms and
the environment is governed by the laws of
thermodynamics. You have already encountered
these laws in previous studies. The first law, or law
of conservation of energy, states that energy can
neither be created nor destroyed, but can be
transformed from one form to another. For
example, during photosynthesis, a green plant
absorbs light energy from the Sun. This energy is
transformed into chemical energy, which is stored
in bonds that hold together atoms in a molecule of
sugar. An internal combustion engine converts the
chemical energy stored in gasoline molecules into
kinetic energy — the motion of the car.

Some chemical reactions, such as burning a fuel,
release energy. Some of this energy is useful
because it is available to do work. The energy
available to do work is known as free energy. Free
energy can be used to do the work of building
molecules in a cell. However, whenever energy is
transformed from one form to another, some of it is
lost. This lost energy is the portion that is not free
energy and therefore is not available for useful work.
The amount of free energy that can be harnessed by
a green plant or car is much less than the total
amount of light or chemical energy present in the
sunlight or gasoline. This fact is the basis of the
second law of thermodynamics, which states that
energy cannot be transformed from one form to
another without a loss of useful energy. The energy
that is lost eventually escapes into the atmosphere
largely as waste thermal energy. There are many
transformations of energy that occur inside a cell.
During each transformation, some energy is lost as
thermal energy. Eventually, all forms of useful energy
are transformed into thermal energy. After thermal
energy dissipates, it can never be transformed back
into a useful form, such as chemical energy, that
can be used to do work. Therefore, biological
systems require a constant supply of energy from
the Sun to function.

A measure of the tendency of a system to
become unorganized is called entropy. Every
transformation of energy creates more disorder in
the universe. Therefore, we can restate the second
law of thermodynamics as follows: every energy
transformation increases the entropy of the universe.

The conversion of chemical energy into
thermal energy does not violate the first law of
thermodynamics. If thermal energy is produced
during a chemical reaction, it is still a form of
energy. Although some of this energy is not
available to do work, energy is still conserved.

Consider the following example as a case study
of thermodynamic principles. Stacked beside the
fire pit at your campsite are a stack of newspapers
and a bundle of kindling that you intend to ignite
to start a fire. The stack of paper and the wood
are composed of cellulose, which is made up of
complex carbon-based molecules. These molecules
contain potential chemical energy. When you light
the paper, the chemical bonds in the molecules are
broken in a reaction with oxygen. During the
reaction, thermal energy and light are released.
Recall from your study of Chapter 1 that this is
a redox reaction. Once the reaction begins, the
paper quickly burns, forming the products of the
oxidation of cellulose: carbon dioxide and water. If
energy is released from the reaction of paper with
oxygen, the paper and oxygen must contain more
chemical energy than the products (see Figure 2.2).

\@ \©@

paper + oxygen

paper + oxygen

Energy
Energy

COg + H20 N
Reaction progress "

COg + H20 N
Reaction progress "

Figure 2.2 (A) Products (carbon dioxide and water) contain
less energy than the reactants in a reaction between paper
and oxygen. (B) An activation energy, Ea, is needed to
initiate the reaction.

During the reaction, the chemical energy stored
in the paper and in the oxygen molecules is
transformed into thermal energy and light energy.
You can feel the thermal energy that is released if
you reach toward the fire to warm your hands.

Why does the paper require an initial input of
energy to start the fire? Chemical bonds hold atoms
and molecules together. These bonds maintain the
chemical energy in the molecules. In order to
destabilize the bonds, and thereby release the energy
they hold, an initial input of extra energy is needed.
This extra energy is known as activation energy.
Figure 2.2 shows the activation energy required to
ignite paper. Different substances require different
amounts of activation energy to start a reaction. The
activation energy needed to start a reaction within
cells is governed by special proteins. Without these
proteins, metabolic processes could not occur. Next,
you will examine two types of metabolic reactions
that occur within cells.
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Exothermic and Endothermic Complex carbohydrates, fats, and proteins can be
Metabolic Reactions broken down in catabolic reactions, thereby forming

molecules such as simple sugars and amino acids.
Anabolic processes then join up these products
and their functional groups to form various
macromolecules needed by cells for maintenance
and growth.

Recall that metabolic reactions encompass all the
reactions that occur within cells, including anabolic
reactions (such as condensation) and catabolic
reactions (such as hydrolysis), and redox reactions.

Investigation

Predicting
Exothermic and Endothermic Changes e e

The living processes of cells involve numerous chemical reactions involving a wide
variety of reactants and products that involve the making and breaking of bonds.
Such chemical reactions can be exothermic and release energy or they can be Communicating results
endothermic and absorb energy. Within the cell, there appears to be no net

change. In isolation, you can observe how each reaction exchanges energy with

the external environment. In this investigation, you will observe energy changes

that are characteristic of these reactions.

Analyzing and interpreting

Pre-lab Questions barium hydroxide ammonium nitrate
m Before a chemical change occurs, where is energy (octahydrate) i sod|'um Chlor',de
ammonium chloride calcium chloride
stored?
®m How is a cell an open system with respect to energy? Procedure
® How is a reaction in an Erlenmeyer flask an open Part A
P
SRR 1. Measure 9 g of barium hydroxide (octahydrate) and
add it to a 250 mL Erlenmeyer flask.
Problem

2. Insert an alcohol thermometer into the solid barium

What energy changes can you observe during different i
hydroxide and record the temperature.

chemical reactions?
3. Measure 3 g of ammonium chloride and add it to a

CAUTION: The reactants and products formed in 50 mL beaker.
this experiment may be toxic. Avoid any contact
with skin, eyes, or clothes. Flush spills on your
skin immediately with copious amounts of water
and inform your teacher. Exercise care when
handling very hot or very cold objects. Handle
thermometers with care. Wash your hands
before leaving the laboratory.

7 6. Add the ammonium chloride to the Erlenmeyer flask
containing the barium hydroxide and stir ger{tly to

thoroughly mix the ingredients.

4. Using the thermometer or temperature probe,
record the temperature of the ammonium chloride.

5. Use a squirt bottle to squirt a few drops of water
onto the external surface of the flask. Observe any
change in appearance of the water as you continue
with the procedure.

Materials

7. Immediately insert the thermometer or probe into
test tubes stirring rods the mixture and record the temperature. Note any
test tube markers balance changes in the appearance of the materials in the
test tube brush beaker tongs flask or any other evidence of a chemical reaction
test tube rack alcohol thermometer occurring in the mixture.
test tube holder or temperature probe
250 mL Erlenmeyer flask  squirt bottle 8. Record the temperature every 30 s until there is no
50 mL beaker distilled water change for at least three minutes.
250 mL beaker ammonium thiocyanate
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A reaction can be classified based on whether
it releases or uses energy. A reaction that is
accompanied by a release of energy is called an
exothermic reaction, as shown in Figure 2.3 on the
next page. For example, recall the overall reaction
for cellular respiration:

CgH1206 + 60, — 6CO, + 6H.O + energy (useful

and waste)

glucose oxygen carbon water

dioxide
For each molecule of glucose oxidized in
cellular respiration, energy is released. Some of
this energy is useful and available to do work and

Post-lab Questions

9. Record the temperature and observational data in

o el 1. Describe the energy change of each reaction.

10. After all measurements and other observations have 2. Which reaction is endothermic? Which reaction is

been completed, dispose of any chemicals
according to your teacher’s instructions.

11. Clean flasks, beakers, and thermometers thoroughly
with distilled water to remove all traces of chemicals
used in this procedure.

Part B

1. Using the balance, measure 3 g of sodium chloride.

2. Pour a small amount of water into a test tube.
Record the temperature of the water.

3. Pour the sodium chloride into the test tube and
gently swirl the contents until the sodium chloride
dissolves in the water.

4. Immediately insert the thermometer into the solution
and record the temperature. Note any changes in
the appearance of the substances in the test tube
or any evidence of a chemical reaction occurring in
the mixture.

5. Record the temperature every 30 s until there is no
change for at least three minutes.

6. Repeat steps 1 to 5, first using an equal mass of
ammonium chloride, and then using an equal mass
of calcium chloride. These steps may be performed
by other class members or groups.

7. Record your data in a table. Include data of other
class members who performed the investigation
using the alternate chemical compounds.

8. After all measurements and observations have been
completed, dispose of all chemicals according to
your teacher’s instructions.

9. Clean flasks, beakers, and thermometers thoroughly
with water to remove all traces of the chemicals
used in this procedure.

exothermic?

. In a cell, energy from one reaction is often used to

do work within the cell. Which of these reactions
can be used to do work? Justify your choice.

. The temperature of the surrounding environment

may have had an effect on the rate of each reaction.
If the temperature in the surrounding environment
were very cold, as in a refrigerator, which reaction
would be most affected? Justify your response.

Conclude and Apply

5. As mentioned before, cells can maintain a near-

constant temperature despite a wide variety of
reactions that take place. Some reactions release
thermal energy to the surrounding environment, and
others absorb thermal energy from the surrounding
environment. Design a model cell that incorporates
both reactions safely to demonstrate this.

Extend Your Knowledge

6. Examine a “heat pack” and a “cold pack.” Identify

the chemicals contained in each package. Follow
the instructions on the package label to initiate the
reaction. Measure the temperature change and time
required to attain the maximum or minimum
temperature. Observe and record any other change
in the properties of the substances in the package.
If you know the chemicals involved, write out the
endothermic or exothermic chemical reactions that
occurred in each package.
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some is waste thermal energy. This means that the
products (carbon dioxide and water) contain less
energy than the reactants (glucose and oxygen).

In contrast, an endothermic reaction involves an
input of energy. For example, the synthesis of glucose
by plants during photosynthesis is as follows:

6CO, + 6H,O + energy — GCgHi20¢ + 60,
carbon  water (sunlight)  glucose oxygen
dioxide

Synthesis involves building molecules — it uses
more energy than it gives off (see Figure 2.3). For
example, green plants require energy in the form
of sunlight to produce glucose. Because this

endothermic reaction stores chemical energy in
molecules, there is a gain in energy.

As you can see in the two equations above,
oxidation and synthesis of glucose are two
reactions that are the reverse of each other. If two
reactions are the reverse of each other, one reaction
is endothermic and the other is exothermic.

Exothermic and endothermic reactions both
involve energy transformations. How do cells
control the flow of energy so that they do not
overheat and destroy themselves? In the next
section, you will learn how cells are able to lower
the amount of activation energy necessary to carry
out a variety of metabolic reactions.

T |
S ..
Q2 J
oy product
S b
2, ‘ 5 Figure 2.3 In an
g energy exothermic reaction (A),
S must be the reactants contain
supplied | more chemical energy
P * Y A | B -V A i than do the products, so
- Q there is a release of
reactant energy is o reactant energy. In an endothermic
released 3 reaction (B), the reactants
g contain less energy than
@ - .
product o o do the products, so
@ :Cj energy must be added for

Q Exothermic

(B

Endothermic the reaction to proceed.

]
] SECTION REVIEW

1. How is energy important to a living organism?

2. A molecule of glucose has potential energy.
(a) What does this mean to a cell?
(b) Where is the energy in the glucose molecule?

3. Why is a living cell considered to be part of
an open system?

4. @ Draw diagrams to show how energy flows in
an open system and in a closed system.

5. Define the term “free energy.”

6. @ You turn on a CD player and the disc begins
to rotate. How is this an example of energy
transformation?

7. Define and provide examples of exothermic and
endothermic reactions.

8. @© An endothermic reaction is often referred to as an
“uphill” process. Use an analogy from everyday life to
explain why this is a good description.

9. @ Make a chart to contrast exothermic and
endothermic reactions in terms of energy.
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10. Suppose you start a fire by using a magnifying
glass to focus the Sun’s image on a piece of paper.
What is the source of activation energy for this
reaction? What is the source of activation energy after
the fire has started and the magnifier is taken away?

11. @D A research scientist wishes to study the
breakdown of glucose in a solution to form carbon
dioxide and water. Design an investigation to
determine if this is an exothermic or an endothermic
reaction.

12. @ Create a flowchart that shows the series of steps
that take place starting with reactants and ending
with products formed in a chemical reaction. Indicate
where energy is involved in the reaction.

UNIT INVESTIGATION PREP

In the investigation at the end of the unit, you will

design your own experiment. Be familiar with correct
experimental procedure. How will you form your
hypothesis? How will you plan your procedure? How will
you determine your dependent and independent variables?



EXPECTATIONS

@ Enzymes as Catalysts

m Describe the structure and function of enzymes in cellular respiration.

= Design and carry out an experiment involving enzyme activity.

m Describe the use of enzymes in the food and pharmaceutical industries.

Metabolic reactions need activation energy to
either build or break down molecules. Cells also
use special proteins that aid metabolic reactions.
These proteins, called enzymes, work by speeding
up a chemical reaction. This chemical activity
increases the reaction rate, or rate at which a
reaction occurs, measured in terms of reactant used
or product formed per unit time (while existing
conditions remain unchanged). Some of the earliest
studies on enzymes were performed in 1835 by
Swedish chemist Jon Jakob Berzelius, who termed
their chemical action “catalytic.”

Enzymes and the Catalytic Cycle

The acceleration of a chemical reaction by some
substance, which itself undergoes no permanent
chemical change, is called catalysis. The catalysts
of metabolic reactions are enzymes, which are
involved in almost all chemical reactions in living
organisms. Without enzymes, metabolic reactions
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would proceed much too slowly to maintain normal
cellular functions. Consider the hydrolysis of
sucrose, an exothermic reaction. A solution of
sucrose dissolved in water could sit for years
without showing signs of hydrolysis. If the enzyme
sucrase is added to the solution, the enzyme speeds
up the reaction millions of times, so that all of the
sucrose will be hydrolyzed in several seconds.
Enzymes speed up reactions by lowering the
amount of activation energy needed. Thus, less
energy is required for the reaction to begin. The
action of an enzyme on an exothermic reaction is
illustrated in Figure 2.4.

Cells carry out a large number of different
biochemical reactions; many of these reactions
require a specific enzyme in order to take place.
Different sets of enzymes are responsible for
catalyzing different chemical reactions. Oxidative
enzymes (oxidoreductases) work to catalyze
oxidation-reduction reactions. Hydrolytic enzymes

/ uncatalyzed

catalyzed

activation

energy

2

reactant

o

G product

Figure 2.4 (A) Activation energy is required to initiate either an exothermic or
an endothermic reaction. (B) Enzymes catalyze certain reactions by lowering

the activation energy needed to start the reaction.
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(hydrolases) catalyze the addition of water in
reactions and split molecules into simpler forms.
These simpler molecules may be used to build
other molecules or may be excreted from the cell.
For example, the lysosomes of cells contain many
hydrolytic enzymes. Tasks such as breaking down
nucleotides, proteins, lipids, and phospholipids are
each carried out by a specific hydrolytic enzyme.
Other enzymes remove carbohydrate, sulfate, or
phosphate groups from molecules.

Synthesis reactions that build structures such as
proteins, nucleic acids, hormones, glycogen, and
phospholipids all require the use of enzymes. The
enzyme DNA polymerase, for example, is needed
for DNA replication, which precedes mitosis. Each
chemical reaction in cellular respiration requires a
specific enzyme. Deaminases remove the amino
groups from amino acids so the remainder of the
molecule can be used as an energy source. Enzymes
also help to split long-chain fatty acids into smaller
compounds, which are used as an energy source and
broken down by the process of cellular respiration.
Blood clotting, the formation of angiotensin II to
increase blood pressure, and the transport of
carbon dioxide in the blood all require specific
enzymes. Tables 2.1 and 2.2 show categories of
enzyme specificity and modes of action.

Table 2.1
Categories of enzyme specificity

Enzyme specificity Action

absolute catalyzes only one reaction

group acts only on molecules that have specific
functional groups

linkage acts only on a particular chemical bond,

regardless of the rest of the molecular structure

acts only on a particular optical isomer

stereochemical

A reactant in any given enzymatic reaction
is called a substrate for that specific enzyme.
Some enzymes catalyze one individual reaction;
this is the case with peroxidase, an enzyme that
decomposes hydrogen peroxide into water and
oxygen. Reactions within cells, however, are often
part of a metabolic pathway (series of linked
reactions), beginning with one substrate and ending
with a product. Such metabolic pathways can
involve many reactions, which often include other
pathways. Each step of a metabolic pathway, or
each constituent reaction of the pathway, needs its
own specific enzyme.

42 e MHR e Unit 1 Metabolic Processes

Table 2.2

Enzymes are classified (by an International Classification
of Enzymes) according to the kind of chemical reactions
they catalyze. The six classes of enzymes and their actions
are given.

Action Type of enzyme Examples

add or remove water | hydrolases and hydrolases: esterases,

(hydrolysis or hydrases carbohydrases, nucleases,

condensation) deaminases, amidases,
proteases
hydrases: fumarase, enolase,
aconitase, carbonic anhydrase

transfer electrons oxidoreductases | oxidases, dehydrogenases

(redox reactions)

splitorforma C—-C | transferases desmolases

bond

change geometry or | isomerases glucose phosphate

structure of a molecule

form carbon to ligases pyruvate carboxylase, DNA

carbon, carbon to ligases

sulfur, carbon to

0xygen, or carbon

to nitrogen bonds

by condensation and

hydrolysis reactions

coupled to ATP

add groups to a lyases aldolase, decarboxylases

C=C double bond

or remove groups to

forma C=C double

bond

To understand how enzymes work, consider that
the key to enzyme function is enzyme structure.
Enzymes are globular proteins with depressions
on their surfaces, as shown in Figure 2.5. These
depressions are called active sites. Active sites are
places where substrates fit and where catalysis
occurs. Active sites are not static receptacles.
Substrates fit closely into active sites because
enzymes can adjust their shapes slightly to
accommodate the substrate. This process involves a
subtle change in conformation, or three-dimensional
shape, of the enzyme when the substrate binds to
it. Multiple weak bonds between the enzyme and
the substrate are involved in this process. The
change in shape of the active site to accommodate
the substrate is called induced fit. This process
may bring specific amino acid functional groups on
the enzyme into the proper orientation with the
substrate to catalyze the reaction (see Figure 2.5 on
the next page).



d this model of a the active site and
active site G' e lysozyme appears induces the enzyme

1 as a depression ’ to alter its shape and
through the middle . i embrace the substrate
of the enzyme. more tightly. This
process enables the
enzyme to interact
chemically with the

o The active site in ‘? I3 I - e The substrate fits within
substrate 'k o
(i F

substrate.
Figure 2.5 The induced-fit model of enzyme action
The combination of the substrate and the the substrate is subject to necessary collisions,
enzyme itself forms a compound called an bond breaks, and bond formations that must take
enzyme-substrate complex. Swedish chemist place to form the product molecule. This reaction
Svanté Arrhenius first hypothesized about the can be anabolic or catabolic, depending upon the
enzyme—substrate complex in 1888, proposing that enzyme. Once the product molecule has been
there must be a stage during catalysis when the formed, it is released from the enzyme—substrate
enzyme and the substrate join together. Modern complex. The enzyme is now able to accept
laboratory experiments have confirmed his another substrate, and begin the process anew. This
hypothesis. In many cases, the enzyme—substrate cycle is known as the catalytic cycle. Figure 2.6
complex is held together by such bonds as shows the catalytic cycle involving sucrose and the
hydrogen bonds and weak ionic bonds. The polar enzyme sucrase.
and non-polar groups of the active site attract There are several methods by which enzymes
compatible groups on the substrate molecule. reduce the activation energy needed to break the
These attractions effectively lock the substrate bonds in a substrate. In the enzyme—substrate
molecule in the active site. Once in the active site, complex, the substrate molecules experience
G The products are released and
0 The substrate, sucrose, the enzyme is free to bind
is made of glucose and another sucrose substrate.

fructose, which are glucose fructose

bonded together. a
G Water is
added. / ’

® The bond
between
glucose and
e The substrate binds to fructose is
the enzyme, sucrase. broken.

enzyme

Figure 2.6 The catalytic cycle of this enzyme splits the sugar sucrose into two
simpler sugars, glucose and fructose.
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physical stress. The R-groups in the active site of an
enzyme are able to stress the bonds of the substrate.
There is bending and stretching of bonds that hold
the molecule and the active site together. In this
case, the activation energy is lowered because the
bonds within the molecule have become weaker,
reducing the amount of energy needed to break them.

Another way in which the active site of an
enzyme may lower activation energy involves
special amino acids that line the active site. These
amino acids have reactive R-groups that can aid in
the transfer of hydrogen ions to or from the substrate.
For example, the active sites of hydrolytic enzymes,
such as those within the lysosome, often provide
acidic and/or basic amino acid groups at precisely
the correct orientations required for catalysis. The
yeast enzyme, intertase (also known as beta-
fructofuranosidase), is a hydrolytic enzyme that
speeds up the breakdown of sucrose into the
products glucose and fructose.

Some other enzymes provide amino acid groups
at their active sites that can accept electrons, while
others are attracted to atomic nuclei of the substrate.
This process can form a temporary attraction with
the substrate. In this state, the substrate is less
stable and can more easily react to form the product.
Some enzymes may facilitate the correct reaction
by bringing two different substrates together in the
appropriate orientation to each other.

An oxidative enzyme (such as cytochrome P450s)
catalyzes the transfer of electrons from substrates to
oxygen molecules. Substrates for these enzymes are
often referred to as hydrogen donors because
hydrogen ions along with electrons are taken from
the substrate. Cytochrome P450s is most common in
the endoplasmic reticulum of liver cells. In these
cells, the enzyme helps to metabolize toxins, as
well as fat-soluble vitamins such as A, D, and E.

www.mecgrawhill.ca/links/biology12

To find out more about lysosomal enzymes, go to the web site
above, and click on Web Links. Prepare a three-column chart
with the following headings: enzyme, substrate, product of
reaction. Fill in your chart as you read about enzymes and their
function. Predict what would happen if any of the lysosomal
enzymes did not function properly.
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Enzyme Activity

As you have learned, enzymes lower the activation
energy required to start a chemical reaction. The
activity of enzymes, however, can be influenced by
environmental factors, such as pH and temperature.

The shape of an enzyme is determined by
hydrogen bonds, which hold peptide chains in the
enzyme in a specific orientation. (See Appendix 5,
“Shapes of Selected Macromolecules,” on page 559.)
As well, all enzymes contain segments that are
hydrophobic. The hydrogen bonds in an enzyme
and any hydrophobic interactions that parts of the
enzyme may experience are easily affected by
changes in temperature. Enzyme activity increases
as temperature increases, but only up to a
maximum point. If the temperature increases
beyond a critical point, enzyme activity declines
rapidly (see Figure 2.7). When this occurs the
enzyme has been denatured. When an enzyme is
denatured by excessive heat, its shape changes and
it can no longer bind to its substrate.

Rate of reaction

0 10 20 30 40 50 60
Temperature (°C)

Figure 2.7 Rate of an enzymatic reaction as a function of
temperature. The rate of the reaction shown here approxim-
ately doubles with every 10°C increase in temperature. For
this reaction, the maximum rate occurs at 42°C; the rate
then decreases and the reaction eventually stops.

Most human enzymes function best between
35°C and 40°C. Below this temperature range,
enzymes are less flexible and therefore less able
to provide an induced fit to substrates. Above this
range, the bonds become weaker and less able to
hold the peptide chains in the enzyme in the
proper orientation. Some bacteria, however, can
function at temperatures as high as 70°C. These
bacteria live in and around hydrothermal vents,
which are fissures in the Earth’s crust on the ocean
floor that release hot water and gases. The bacteria
are able to survive in these environments because



the bonds between peptide chains in their enzymes
are relatively strong and able to withstand the
extreme temperatures. These enzymes are therefore
called thermostable enzymes.

Thermostable enzymes could operate above the
growth temperature for pathogens that otherwise
can contaminate foods. Potential applications of
this knowledge might include development of food
products that could be processed at higher
temperatures, and are more resistant to microbial
contamination (such as E. coli). Thermostable
enzymes may also be useful in drug synthesis.

Enzymes and Diet
ol ¥

Background

In 1963, Lithuanian-American Ann Wigmore spearheaded a
dietary movement in the United States called Living Foods.
She based her teachings about diet on her belief that cooked
foods cause most mental and physical illnesses, saying that
proteins and enzymes are destroyed during the cooking
process. The diet she recommended is a vegetarian one,
including sprouted grains and beans, vegetables, fruits,
nuts, wheatgrass juice, and dehydrated snacks.

Wigmore’s philosophy found an appreciative audience in
North America. Bookstores now carry many raw foods diet
cookbooks, restaurateurs have set up cafés serving raw
foods, and alternative health-care practitioners often
recommend raw food diets to help people lose weight and
prevent disease. The raw foods diet has been extended to
apply to pets — some veterinarians insist that dogs and cats
are unhealthy because they do not eat enough raw foods.
Vancouver veterinarian Julie-Anne Lee says, “Dogs and cats
eat raw food in the wild and hunting cats naturally eat raw
meat.” She argues that only a raw foods diet produces the
anti-bacterial enzymes in the gut and mouth that domestic
animals such as dogs and cats need to be healthy.

Such enzymes may be able to catalyze reactions
more effectively, affording higher productivity.
They may also last longer and could possibly be
re-used. In the next Thinking Lab, you will conduct
research into the sources of enzymes in foods.

COURSE CHALLENGE

Perhaps the Thinking Lab on enzymes and diet can help
you select a topic for the Biology Course Challenge. Look
ahead to page 544 to see how you can start preparing for
the Challenge.

While some, such as Dr. Lee, extol the virtues of raw foods
for people and animals, others scoff at the idea, saying
that people have been eating cooked foods for centuries.
Skeptics point out that although people do need enzymes
to digest their food, cells make enzymes for that very
purpose. Some veterinarians also dismiss the need for raw
foods for pets, saying that pets have become accustomed
to a “domestic” diet, and would not function well on a
“wild” one.

You Try It

1. Find out more about the Living Foods diet. Research
web archives and dietary journals, and try to interview
dietitians and health-care practitioners. Summarize the
main concepts behind the raw foods diet.

2. Using your knowledge of the properties and functions
of enzymes, review what you learned in your research.
Prepare a report answering the following questions: Is a
diet of raw food healthy for people? for dogs and cats?
Why or why not?

3. Investigate a particular food and the enzymes it
contains to ascertain whether it would be more
beneficial to eat this food raw rather than cooked.
Examples could be pineapples (containing the enzyme
bromelain), tomatoes, soybeans, or broccoli. Consider
also raw meats and fish.

4. Some enzymes break down as soon as they enter
the digestive system. For example, lactose-intolerant
people, who must ingest a lactase enzyme preparation
before consuming dairy products (which contain
lactose), should not do so too far in advance of eating
a dairy product. This is because our own digestive
enzymes begin to break down the lactase enzyme as
soon as it enters the digestive system. Apply this
knowledge, as well as a basic review of the digestive
process, to the information you found for question 3.
Do the enzymes in the raw food that you researched
break down before they have a chance to work in the
digestive process?
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Each enzyme also works optimally (best) at a
specific pH. Figure 2.8 shows the activity ranges
for the enzymes pepsin and trypsin at different
pH levels. At pH values where the enzymes
work optimally, the enzymes have their normal
configurations. The bonds that hold peptides in
position in the enzyme are sensitive to hydrogen
ion concentrations. A change in pH can alter the
ionization of these peptides and disrupt normal
interactions. Under extreme conditions of pH, the
enzyme will eventually denature. Most enzymes
function best in the pH range of 6 to 8. Pepsin,
which digests proteins in the human stomach,
works best under very acidic conditions (pH of 2).

In the next investigation, you will design an
experiment to study the effects of temperature and
pH on enzyme activity.

pepsin trypsin

Rate of Reaction

0 2 4 6 8 10 12
pH

Figure 2.8 Rate of an enzymatic reaction as a function of
pH. The maximum rate of reaction for the enzyme pepsin,
which is found in the stomach, occurs at a pH of about 2.
Trypsin, an enzyme found in the small intestine, performs
best at a pH of about 8.

DESIGN YOUR OWN

Investigation

Initiating and planning
Affecting Enzyme Activity

The compound hydrogen peroxide, H>Oo, is a by-product of metabolic reactions
in most living organisms. However, hydrogen peroxide is damaging to delicate
molecules inside cells. As a result, nearly all organisms produce the enzyme
peroxidase, which breaks down H,O» as it is formed. Potatoes are one source of
peroxidase. Peroxidase speeds up the breakdown of hydrogen peroxide into water
and gaseous oxygen. This reaction can be detected by observing the oxygen
bubbles generated.

Predicting
Analyzing and interpreting

Communicating results

46

Problem

How effectively does the enzyme peroxidase work at
different temperatures and pH values?

Hypotheses

Make hypotheses about how you think temperature and

Materials

test tubes

test tube markers

test tube brush

test tube rack

beaker for hot water bath

clock or timer

ice

thermometer or probe

pH indicator paper or probe
0.1 mol/L hydrochloric acid

pH will affect the rate at which the enzyme peroxidase hot plate (HC) _ _
breaks down hydrogen peroxide. Consider both low and ~ 0€aker tongs 0.1 mol/L sodium hydroxide
high temperatures and pH values. medicine droppers (NaOH)
distilled water 3% hydrogen peroxide
scalpel or sharp knife (H205)

CAUTION: Hydrochloric acid and sodium
hydroxide are corrosive chemicals. Avoid any
contact with skin, eyes, or clothes. Flush spills
on your skin immediately with copious amounts
of cool water and inform your teacher. Exercise
care when heating liquids and using a hot plate.
Take care when using sharp instruments. Do not
taste any substances in the laboratory. Wash
your hands before leaving the laboratory.

&l & | 7] 7>
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ruler
forceps

Experimental Plan

raw peeled potato

1. Examine the materials provided by your teacher. As
a group, list ways you might test your hypotheses.

2. Agree on a method(s) your group will use to test

your hypotheses.



! ELECTRONIC LEARNING PARTNER

To learn more about the function of enzymes, go to your
Electronic Learning Partner now.

Enzyme Inhibitors and
Allosteric Regulation

In addition to the environmental factors of pH and
temperature, various substances can inhibit the
actions of enzymes. Inhibitors are chemicals that
bind to specific enzymes. This results in a change
in the shape of the enzyme that causes the enzyme
to shut down its activity. In cells, enzyme inhibition
is usually reversible; that is, the inhibitor is not
permanently bound to the enzyme. Inhibition of

3. Your experimental design should use a control and
test one variable at a time. Will you be collecting
quantitative or qualitative data?

4. Write a numbered procedure for your experiment
that lists each step, and prepare a list of materials
that includes the amounts you will require.

Checking the Plan

1. What will be your independent variable? What will
be your dependent variable? How will you set up

your control?

. How will you determine peroxidase activity? How
will you measure the amount of oxygen produced?
Have you designed a table for collecting data?

. Will you conduct more than one trial? How long will
you allow each trial to run?

. How will you analyze your data?

. Before beginning the experiment, have your teacher
check your plan.

Data and Observations

Conduct your experiments, record your data, and
complete your data table. Design and complete a chart
to present your results.

Analyze

1. What do these laboratory procedures indicate about
the activity of peroxidase?

enzymes can also be irreversible. For example,
hydrogen cyanide, a powerful toxin, is an inhibitor
for the essential enzyme cytochrome c oxidase.
Toxins, such as hydrogen cyanide, typically bind
(either covalently or non-covalently) so strongly
with an enzyme that the enzyme cannot bind
with its substrate. Some poisons that result in
irreversible enzyme inhibition do not combine with
the enzyme; instead, they destroy enzyme activity by
chemically modifying critical amino acid R-groups.
Other toxins, such as venom from the Malayan
pit viper (Calloselasma rhodostoma) (shown in
Figure 2.9 on the next page), are enzyme inhibitors
that can help people overcome the effects of a
stroke. Strokes are caused by blood clots in the
brain, which can result in mental and physical
debilitation. A substance called ANCROD, derived

. Make graphs showing the relationship between
temperature and oxygen produced and between
pH and oxygen produced.

. How does the presence of HCI affect the activity
of peroxidase?

. How does the presence of NaOH affect the activity
of peroxidase?

Conclude and Apply

5. Do your data support or reject your hypotheses?

6. At what temperature did peroxidase work best? at
what pH?

7. What was the purpose of using control samples?

8. If you have ever used hydrogen peroxide as an
antiseptic to treat a cut or scrape, you know that it
foams as soon as it touches an open wound. How
can you account for this observation?

Exploring Further

9. You may wish to use hydrogen peroxide to test for
the presence of peroxidase in other foods, such as
pieces of other vegetables or of meat. Which food
shows the greatest peroxidase activity? How could
you explain differences in enzyme activity among
different foods?

Probeware — .

If you have access to Probeware, do the activity
“Enzymes and Rates of Reaction.”
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from this venom, contains enzyme inhibitors that
prevent blood clots from forming. In 1999,
pharmaceutical researchers found that more than
40% of stroke patients who received ANCROD
recovered all of their mental faculties. Other
venom, such as scorpion venom, is being used

to treat autoimmune disorders.

Figure 2.9 Venom from this Malayan pit viper can be used
to treat patients who have had a stroke.

There are two kinds of inhibition that can affect
the activity of enzymes. In non-competitive
inhibition, an inhibitor molecule binds to the
enzyme at a site known as the allosteric site. As a
result, the three-dimensional structure of the enzyme
is altered, which prevents the substrate from binding
to the active site (see Figure 2.10). Most metabolic
pathways are regulated by feedback inhibition. This
is a type of non-competitive inhibition in which the
end product of the pathway binds at an allosteric
site on the first enzyme of the pathway. In this way,
non-competitive inhibitors can play a key role in
the normal functioning and regulation of metabolic
pathways. Study Figure 2.11 to learn how a metabolic
pathway is regulated by feedback inhibition.

Substrate
can no
longer fit
into the
active site

Shape of
the active
site is
altered

@ Inhibitor binds to the
enzyme at the allosteric site

Figure 2.10 Non-competitive inhibition
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O The substrate binds to the
active site of the enzyme.

The pathway is now active.
active as long as there is

first
reactant
A
insufficient end product.

\: \: \h \: \:

View of active pathway

@

reactant

Q View of active pathway
The pathway remains

View of inhibited
pathway Once there is
sufficient end product,
the product binds with
the enzyme, changing
the shape of the active
site. This prevents the
stop enzyme from binding
with additional
substrate and inhibits
the pathway.

View of inhibited pathway

Overall view of pathway

Q Overall view of pathway Once enough end product
has been produced, it binds to the allosteric site of
the enzyme. The pathway is no longer active and the
end product is no longer produced.

Figure 2.11 This hypothetical metabolic pathway is
regulated by feedback inhibition.

Molecules that promote the action of enzymes
can also bind to the allosteric site. These molecules
are known as activators. The activity of any
enzyme can change, depending on the number of
activators and inhibitors in its environment. The
regulation of enzyme activity by inhibitors and
activators is known as allosteric regulation.

Competitive inhibition involves chemical
compounds that bind to the active site of the
enzyme and inhibit enzymatic reactions. The
compounds compete with the true substrate for
access to the active site. This competition is
possible because competitive inhibitors are very
similar in shape and structure to the enzyme’s



substrate. The metabolic pathway can only be
restored if the substrate concentration is increased
so that the substrate is more likely to enter the
active sites than is the inhibitor. Penicillin is a
commonly used competitive inhibitor. It works by
bonding to the active site of transpeptidase, the
enzyme involved in bacterial cell wall construction.
When penicillin transpeptidase inhibits, a bacterial
cell cannot divide successfully, and infection

is prevented.

Protease inhibitors are a relatively new class of
competitive inhibitors that interfere with the normal
activity of protease enzymes. Molecular modelling
played a major role in the research and design of
effective protease inhibitor molecules. Figure 2.12
shows the general appearance and behaviour of
protease and protease inhibitors. These inhibitors
have been used to dramatically reduce the level of
human immunodeficiency viruses (HIVs) in AIDS
patients. HIVs infect host cells, such as the T-cells
of the human immune system. The virus does this
by injecting its genetic material into the host cell.
The virus DNA then commandeers the cell’s
cellular processes to make polyproteins. The
protease HIV enzyme then cuts these polyproteins
into smaller structural proteins and enzymes that
will be used to make new HIVs. The snipping or
cleavage of polyproteins involves a hydrolysis

reaction that uses a water molecule for every bond
that is broken in the substrate molecule.

HIV protease inhibitors are similar in chemical
composition and structure to the HIV polyprotein.
The inhibitor molecules bind tightly to the active
site of HIV protease enzymes. This process
prevents the enzymes from cutting the actual HIV
polyproteins to form new HIVs. The HIV protease
enzyme is composed of two identical peptide
halves. The enzyme’s active site is located in the
depression formed where the two halves join.

Cofactors and Coenzymes:
Non-protein Helpers

The final manner in which enzymes are regulated
comes in the form of cofactors. Cofactors are
inorganic ions and organic, non-protein molecules
that help some enzymes function as catalysts. The
inorganic ions are metals such as copper, zinc, or
iron. Located in the active sites of enzymes, these
ions attract electrons from substrate molecules. For
instance, carboxypeptidase breaks down proteins
using a zinc cofactor. This cofactor draws electrons
away from bonds, which causes them to break. If
cofactors are organic, non-protein molecules, they
are also called coenzymes. Many vitamins, small
organic molecules that the human body requires in
trace amounts to function, are parts of coenzymes.

Figure 2.12

Protease and protease
inhibitor molecules.

(A) Polyprotein blocked
from the active site of a
protease enzyme by a
protease inhibitor molecule.
(B) Protease enzyme
approaching an HIV
polyprotein.

(C) Polyprotein that has
been split by the protease
enzyme.

(D) Polyprotein within

the active site of a
protease enzyme.
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Table 2.3 shows vitamins necessary to the
formation of specific coenzymes.

Deficiencies in any of these vitamins can affect
the enzymatic reactions in cells. For example, lack
of niacin may result in a lack of NAD* (nicotinamide
adenine dinucleotide), which can affect enzymatic
reactions in cellular respiration. Niacin deficiency
can cause a skin disease called pellagra. At one time
this disease was often mistaken for leprosy, but in
the early 1900s American researcher Dr. Joseph
Goldberger determined that pellagra is caused by
a nutritional deficiency. To treat the disease, he
recommended a diet that included meat, milk, fish,
or a small portion of dried brewer’s yeast.

Table 2.3
Coenzymes associated with some common vitamins

Vitamin Coenzyme

niacin NAD* (nicotinamide adenine dinucleotide)
B, (riboflavin) FAD (flavin adenine dinucleotide)

B (thiamine) thiamine pyrophosphate

pantothenic acid Coenzyme A (CoA)

B+ (cobalamin) By, coenzymes

Both coenzymes NAD* and FAD (flavin adenine
dinucleotide) serve as electron acceptors in redox
reactions. They carry electrons from one active site
to another. Once the electrons have been released,
the coenzymes return to the original enzyme for
another complement of electrons.

The NAD* coenzyme takes the energy from the
oxidation of nutritive molecules digested by
animals to form NADH, a molecule with more
chemical energy. NADH is then oxidized into
NAD* again in order to collect more electrons.
NAD" is the principal carrier of electrons in the
oxidation of molecules that are used as an energy
source in the cell. For example, NAD" accepts
electrons from the products of the breakdown of
glucose in one stage of cellular metabolism, and
then transports them to a metabolic pathway that
reduces oxygen to water. During such reactions,
NAD* accepts two electrons, but only one hydrogen
ion, as shown in the following equation:

NAD' + H* + 2e- — NADH
When NADH is oxidized back into NAD*, energy
is released. Similar in function to NAD*, NADP*

(NAD* plus an additional phosphate group) is a
coenzyme in photosynthetic reactions.
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Enzymes and Coenzymes for
Human Health and Industry

Enzymes and coenzymes have proven useful in
medical and industrial applications. Medical
researchers have been conducting tests using NADH
on patients with Alzheimer’s disease or Chronic
Fatigue Syndrome (CFS). In a study conducted

in the 1990s at Georgetown University Medical
Center, CFS patients who received injections

of NADH experienced only one quarter of the
symptoms experienced by patients who were given
a placebo (a substance with no medical value).

At the end of the twentieth century, six out of

10 individuals who were taking NADH used it to
improve their energy level; two out of 10 used it

to control Alzheimer’s symptoms; and one out of
10 took it to relieve CFS.

Enzymes are also used in the process of DNA
fingerprinting, which you will learn more about in
Chapter 9. DNA fingerprinting has been used in a
variety of circumstances, including paternity tests,
murder trials, and identifying people. In one step
of the DNA fingerprinting process, special enzymes
called restriction enzymes are used to cut the
DNA at specific places. DNA restriction enzymes
recognize short, spe