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Chapter 13

Nutrients of Life
THE MAIN IDEA

There are four main classes  
of biomolecules.

13.1 Biomolecules
13.2 Carbohydrates
13.3 Lipids
13.4 Proteins
13.5 Nucleic Acids
13.6 Vitamins and Minerals
13.7 Metabolism
13.8 A Healthy Diet

13.4 Proteins

Proteins are large polymeric biomolecules made of mono-
mer units called amino acids. An amino acid consists of an 
amine group and a carboxylic acid group bonded to the same 
carbon atom, as shown in Figure 13.15. A side group is also 
attached to the same carbon. All proteins are made from 
some number and combination of 20 different amino-acid 
building blocks. These 20 amino acids differ from one another 
by the chemical identity of their side groups, as shown in 
Figure 13.16.

Amino acids are linked together by peptide bonds 
formed in a condensation reaction between the carboxylic 
acid end of one amino acid and the amine end of a second 
amino acid, as illustrated in Figure 13.17. (Recall from Section 
12.8 that condensation reactions are marked by the loss of 
a small molecule, such as water.) A collection of amino acids 
linked together in this fashion is called a peptide. The number 
of amino acids in a peptide is indicated by a prefix. A dipep-
tide is made from two amino acids, a tripeptide from three, 
a tetra- peptide from four, and so on. Peptides of ten or more 
amino acids are called polypeptides. Proteins are naturally 
occurring polypeptides that have some biological function, 
and they consist of large numbers of amino acids, often up to 
several hundred. For example, the molecular formula of one 
of the proteins found in milk, casein, is C1864H3012O576N468S21, 
which gives you an idea of the size and complexity of some 
protein molecules.

^  Figure 13.15
The general structure of an amino acid, 
with R representing the side group that 
makes each amino acid different from all 
others.
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^  Figure 13.16
These 20 amino acids are the building blocks of proteins. The side groups are highlighted in green, and the names 
printed in red indicate the nutrition- ally essential amino acids, discussed in Section 13.8.
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^  Figure 13.17
(a) Formation of a peptide bond 
from the condensation of two 
amino acids. The resulting dipep-
tide contains an amide group. 

(b) A polypeptide is ten or more 
amino acids linked together by 
peptide bonds.

Plant and animal tissues contain proteins in both dissolved 
and solid forms. Dissolved proteins reside in the liquid found inside 
cells and in other liquids in the body, such as blood. Solid proteins 
form skin, muscles, hair, nails, and horns. The human body contains 
many thousands of different proteins, such as those in Figure 13.18.

^  Figure 13.18
The variety of proteins in the human body.
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What is a protien’s primary 
structure?

READING CHECK

Protein Structure Is Determined by Molecular 
Attractions
The structure of proteins determines their function and can be 
described on four levels, illustrated in Figure 13.19. The primary 
structure is the sequence of amino acids in the polypeptide chain. 
The secondary structure describes how various short portions of a 
chain are either wrapped into a coil called an alpha helix or folded 
into a thin pleated sheet. The tertiary structure is the way in which 
an entire polypeptide chain may either twist into a long fiber or 
bend into a globular clump. The quaternary structure describes 
how separate protein chains may join to form one larger complex. 
Each level of structure is determined by the level before it, which 
means that, ultimately, it is the sequence of amino acids that cre-
ates the overall protein shape. This final shape is maintained both 
by chemical bonds and by weaker molecular attractions between 
amino acid side groups.

  Figure 13.19
Four levels of protein structure.

^
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In long polypeptides, the number of possible variations 
in primary structure is astronomical. For example, the number of 
20-unit polypeptides possible from a single set of 20 different amino 
acids is a whopping 2.43 x 1018! The number of possible polypep-
tides when more than 100 units are being combined is seemingly 
infinite. This diversity is exactly what is needed for building a living 
organism.

Although functioning proteins have very specific amino acid 
sequences, slight variations can often be tolerated. In some cases, 
however, a slight variation can result in a life-threatening condition. 
For example, some people have a version of hemoglobin—a pro-
tein found in red blood cells—that has an incorrect amino acid in 
about 300. That “minor” error is responsible for sickle-cell anemia, 
an inherited condition with painful and often lethal effects. The 
sickle shape of red blood cells characteristic of this disease is shown 
in Figure 13.20.

Attractions between neighboring amino acids in a poly-
peptide chain are what cause the local contortions that constitute 
the secondary structure of the polypeptide. This secondary struc-
ture takes its alpha-helix form when simpler amino acids, such as 
glycine and alanine, are grouped together along the polypeptide 
chain. As shown in Figure 13.19, the shape of the alpha helix is 
maintained by hydrogen bonds between successive turns of the 
spiral. Proteins containing many alpha helices, such as wool, can be 
stretched because of the springlike properties of the alpha helix. 
The pleated-sheet version of secondary structure forms when pre-
dominantly nonpolar amino acids, such as phenyl- alanine and 
valine, are grouped together. Proteins containing many pleated 
sheets, such as silk, are strong and flexible but not easily stretched.

Secondary structure can vary from one portion of a poly-
peptide chain to another. (For example, one part of a given chain 
may have a helical secondary structure while another part of the 
same chain has a pleated-sheet secondary structure).

Tertiary structure refers to the way an entire chain is shaped. 
Like secondary structure, tertiary structure is maintained by various 
electrical attractions between amino acid side groups. For some 
proteins, such as the hypothetical one shown in Figure 13.21, these 
attractions include disulfide bonds between opposing cysteine 
amino acids. Also important are the ionic bonds (also known as salt 
bridges) that occur between oppositely charged ions. Hydrogen 
bonding between side groups can also contribute to tertiary struc-
ture, as can induced dipole–induced dipole attractions between 
nonpolar side groups, such as those found in phenylalanine and 
valine. Because attractions of this last type tend to exclude water, 
they are also known as hydrophobic attractions.

^  Figure 13.20
On the far right is a red blood cell 
containing the normal hemoglobin 
protein; on the top, a sickled red 
blood cell containing hemoglobin 
that has a single wrong amino acid. 
The curved shape is reminiscent of 
the curved-blade harvesting tool 
known as a sickle
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Hydrophilic attractions between a protein and an aqueous 
medium, such as cytoplasm or blood, also help maintain tertiary 
structure. In a protein dis- solved in an aqueous medium, the poly-
peptide chain is folded in a compact way so that nonpolar side 
groups are on the inside of the molecule and polar side groups 
are on the outside, where they interact with the water. The tertiary 
structure of this sort of protein, as shown in Figure 13.21, is said to 
be globular. Globular proteins tend to be made of many different 
types of amino acids.

The two simplest amino acids are glycine and alanine (see 
Figure 13.16). Proteins made primarily of these two amino acids 
tend to form alpha helices, which can align to create long fibers. The 
tertiary structures of these sorts of proteins are said to be fibrous. 
An important example of a fibrous tertiary structure is keratin, the 
protein that is the main component of hair and fingernails, as shown 
in Figure 13.22. The strength of this keratin is established primar-
ily by a number of crosslinks between adjacent alpha helices. In 
general, thick hair has more disulfide crosslinks than does fine hair. 
Also, fingernails are hard because of extensive disulfide crosslinking.

Figure 13.21 > 
Electrical forces of attraction 
maintain the tertiary struc-
ture of a polypeptide.

Figure 13.22 > 
Parallel polypeptide chains may 
be cross-linked by a disulfide bond 
between two cysteine side groups.
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Disulfide crosslinks enable hair to hold a particular shape, 
such as a curl. Figure 13.23 illustrates a permanent wave, which 
can modify the degree of curl in hair. The hair is first treated with a 
reducing agent that cleaves some of the disulfide crosslinks. This 
is usually a smelly step, because some of the sulfur is reduced to 
odorous hydrogen sulfide. Cleaving disulfide crosslinks, however, 
allows the keratin to become more flexible. The hair is then set into 
the desired shape, using rollers if the desired shape is curls or a flat 
surface if the desired shape is straight. An oxidizing agent is then 
applied to restore the disulfide crosslinks, which hold the hair in 
its new orientation.

Hydrogen bonds between adjacent alpha helices also play 
an important role in making keratin a tough material. When keratin 
gets wet, these hydrogen bonds are disrupted, which is why finger-
nails soften in water. Hair also softens in water. As water molecules 
slip between the alpha helices, the polypeptide strands slide past 

<  Figure  13.23
A permanent wave breaks and 
re-forms disulfide bonds in hair.
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C O N C E P T   C H E C K
Distinguish among hemoglobin’s primary, secondary, tertiary, and quaternary structures.

CHECK  YOUR  ANSWER   Hemoglobin’s primary structure is its sequence of amino acids along 
each polypeptide. The twisting of each polypeptide into an alpha helix is its secondary structure. 
The folding up of the full length of each alpha helix into a globular shape is its tertiary structure. 
The combined four polypeptides is the quaternary structure.

one another to the extent permitted by the disulfide cross- links. As 
water molecules evaporate, hydrogen bonds between alpha helices 
are reestablished, and the hair toughens to its original shape—
unless, of course, the hair is mechanically held in a different shape 
by, for example, rollers. Hair fashioned by wetting maintains its 
new shape only temporarily, however, because disulfide cross-
links ultimately pull the hair back to its natural look. Interestingly, 
a small amount of water in hair enhances the molecular attractions 
between alpha helices. Therefore, curls hold longer in humid cli-
mates than in dry climates.

Many proteins consist of two or more polypeptide chains. 
Such proteins have a quaternary structure resulting from bonding 
and interactions among these chains. A good example is hemo-
globin (Figure 13.24), the oxygen-holding component of red 
blood cells. It is a complex of four polypeptides inside which four 
iron-bearing heme groups are tightly nestled.

Figure 13.24 > 
Computer-generated model of the 
quaternary structure of hemoglo-
bin, a protein consisting of four 
interlinked polypeptide chains, 
each shown in a different color. 
The heme group, shown in dark 
red, is a disk-shaped molecule that 
bears an iron ion attracting center. 
Computers are important tools for 
the study of biomolecules, as they 
help scientists visualize complex 
3-dimensional structures.

Proteins are functional only under very specific conditions, 
such as at a particular pH and temperature. Changes in these con-
ditions can disrupt the chemical attractions within a protein and 
thereby cause a loss of structure, which necessarily means a loss of 
biological function. A protein that has lost its structure is said to be 
denatured. A hard-boiled egg, for example, consists of denatured 
proteins that can in no way support the development of a chick. 
The same atoms are there, but, as usual, it is the arrangement of 
atoms and their spatial orientations that make all the difference.
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Enzymes are Biological Catalysts
Enzymes are a class of proteins that cata-
lyze (speed up) biochemical reactions. Their 
function has everything to do with their struc-
ture. Wad up a piece of paper and you will 
find many nooks and crannies in the paper 
wad. In a similar fashion, there are nooks and 
crannies on the surface of an enzyme. Some of 
these sites, called receptor sites, are special in 
that reactant molecules, called substrates, are 
able to fit inside them. Like a hand in a glove, a 
substrate molecule must have the right shape 
in order to fit a receptor site. Molecular attrac-
tions, such as hydrogen bonding, then hold 
the substrate molecule in the receptor site in 
an optimal position for reacting. The result-
ing product molecule or molecules are then 
released, freeing up the receptor site for other 
substrate molecules.

Figure 13.25 shows how an enzyme called sucrase breaks 
down sucrose to its monosaccharide units. Once sucrose binds to the 
empty receptor site on the sucrase, the enzyme facilitates the breaking 
of the covalent bond that links the glucose and fructose units together. 
It does so by holding the sucrose molecule in a certain conformation 
and then changing the electronic characteristics of this covalent bond 
so that it breaks easily when attacked by water molecules. In the final 
step, the individual glucose and fructose units are released from the 
enzyme, which is then free to catalyze the splitting of another sucrose 
molecule.

While some enzymes, such as sucrase, catalyze the splitting of 
substrate molecules, others catalyze the joining together of substrate 
molecules. In all cases, enzymes are so efficient that a single enzyme 
molecule may act on thousands or even millions of substrate mole-
cules per second. Without enzymes, most biochemical reactions would 
not occur at rates rapid enough to support life.

A chemical that interferes with an enzyme’s activity is called 
an inhibitor. Inhibitors work by binding to an enzyme and thereby 
preventing a substrate from binding. They are important regulators 
of cell metabolism. In many instances, an inhibitor is the very product 
created in an enzyme-catalyzed reaction. Once the enzyme produces 
a sufficient concentration of product, it begins to shut down because 
the product molecules function as inhibitors. When the product con-
centrations diminish enough, the inhibition stops and the enzyme 
can resume catalyzing the reaction. As we shall see in the next chap-
ter, many drugs act either by inhibiting enzymes or by mimicking an 
enzyme’s natural substrate.

^  Figure 13.25
Upon binding to the receptor 
site on the enzyme sucrase, the 
substrate sucrose is split into its 
two monosaccharide units, glu-
cose and fructose.


