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3 | BIOLOGICAL
MACROMOLECULES

Figure 3.1 Foods such as bread, fruit, and cheese are rich sources of biological macromolecules. (credit: modification
of work by Bengt Nyman)

Chapter Outline
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3.2: Carbohydrates

3.3: Lipids

3.4: Proteins

3.5: Nucleic Acids

Introduction

Food provides the body with the nutrients it needs to survive. Many of these critical nutrients are biological
macromolecules, or large molecules, necessary for and built by living things. For example, the amino acids found in protein
are needed to build healthy bone and muscle. The body uses fat molecules to build new cells, store energy, and for proper
digestion. Carbohydrates are the primary source of the body’s energy. Nucleic acids contain genetic information.

While all living things, including humans, need macromolecules in their daily diet, an imbalance of any one of them can
lead to health problems. For example, eating too much fat can lead to cardiovascular problems, and too much protein can
lead to problems with the kidneys. Some people think that removing whole grains, such as wheat, from one’s diet can be
beneficial. However, scientists have found that to not be true for the majority of people. In fact, just the opposite may be
true, because whole wheat contains more dietary fiber than other types of grains. The full research review can be found here
(http://openstaxcollege.org/l/32wholegrain) .


http://openstaxcollege.org/l/32wholegrain
http://openstaxcollege.org/l/32wholegrain
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3.1 | Synthesis of Biological Macromolecules

In this section, you will explore the following questions:
» How are complex macromolecule polymers synthesized from monomers?

* What is the difference between dehydration (or condensation) and hydrolysis reactions?

Connection for AP® Courses

Living organisms need food to survive as it contains critical nutrients in the form of biological macromolecules. These
large molecules are composed mainly of six elements—sulfur, phosphorus, oxygen, nitrogen, carbon, and hydrogen
(SPONCH)—in different quantities and arrangements. Complex polymers are built from combinations of smaller monomers
by dehydration synthesis, a chemical reaction in which a molecule of water is removed between two linking monomers.
(Think of a train: each boxcar, including the caboose, represents a monomer, and the entire train is a polymer.) During
digestion, polymers can be broken down by hydrolysis, or the addition of water. Both dehydration and hydrolysis reactions
in cells are catalyzed by specific enzymes. Dehydration reactions typically require an investment of energy for new bond
formation, whereas hydrolysis reactions typically release energy that can be used to power cellular processes. The four
categories of macromolecules are carbohydrates, lipids, proteins, and nucleic acids. Evidence supports scientists’ claim that
the organic precursors of these biological molecules were present on primitive Earth.

Information presented and the examples highlighted in the section support concepts and Learning Objectives outlined in Big
Idea 1 of the AP® Biology Curriculum Framework. The Learning Objectives listed in the Curriculum Framework provide
a transparent foundation for the AP® Biology course, an inquiry-based laboratory experience, instructional activities, and
AP® Exam questions. A learning objective merges required content with one or more of the seven Science Practices.

Big Idea 1 The process of evolution drives the diversity and unity of life.

Enduring

Understanding 1.D The origin of living systems is explained by natural processes.

Essential 1.D.1 There are several hypotheses about the natural origin of life on Earth, each with

Knowledge

supporting scientific evidence.

Science Practice

1.2 The student can make claims and predictions about natural phenomena based on
scientific theories and models.

Learning Objective

1.27 The student is able to describe a scientific hypothesis about the origin of life on
Earth.

Essential
Knowledge

1.D.1 There are several hypotheses about the natural origin of life on Earth, each with
supporting scientific evidence.

Science Practice

3.3 The student can evaluate scientific questions.

Learning Objective

1.28 The student is able to evaluate scientific questions based on hypotheses about
the origin of life on Earth.

Dehydration Synthesis

As you’ve learned, biological macromolecules are large molecules, necessary for life, that are built from smaller organic
molecules. There are four major classes of biological macromolecules (carbohydrates, lipids, proteins, and nucleic acids);
each is an important cell component and performs a wide array of functions. Combined, these molecules make up the
majority of a cell’s dry mass (recall that water makes up the majority of its complete mass). Biological macromolecules
are organic, meaning they contain carbon. In addition, they may contain hydrogen, oxygen, nitrogen, and additional minor
elements.

Most macromolecules are made from single subunits, or building blocks, called menomers. The monomers combine with
each other using covalent bonds to form larger molecules known as polymers. In doing so, monomers release water
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molecules as byproducts. This type of reaction is known as dehydration synthesis, which means “to put together while
losing water.”

CH,0H CH,OH CH,0H CH,0H

o} 0 o H H 0
H H H OH
+ — + Hy0
HO OH HO OH HO o H
OH OH OH OH

Figure 3.2 In the dehydration synthesis reaction depicted above, two molecules of glucose are linked together to form
the disaccharide maltose. In the process, a water molecule is formed.

In a dehydration synthesis reaction (Figure 3.2), the hydrogen of one monomer combines with the hydroxyl group of
another monomer, releasing a molecule of water. At the same time, the monomers share electrons and form covalent bonds.
As additional monomers join, this chain of repeating monomers forms a polymer. Different types of monomers can combine
in many configurations, giving rise to a diverse group of macromolecules. Even one kind of monomer can combine in a
variety of ways to form several different polymers: for example, glucose monomers are the constituents of starch, glycogen,
and cellulose.

Hydrolysis

Polymers are broken down into monomers in a process known as hydrolysis, which means “to split with water.” Hydrolysis
is a reaction in which a water molecule is used during the breakdown of another compound (Figure 3.3). During these
reactions, the polymer is broken into two components: one part gains a hydrogen atom (H+) and the other gains a hydroxyl
molecule (OH-) from a split water molecule.

CH,OH CH,OH CH,OH CH,OH
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Figure 3.3 In the hydrolysis reaction shown here, the disaccharide maltose is broken down to form two glucose
monomers with the addition of a water molecule. Note that this reaction is the reverse of the synthesis reaction shown
in Figure 3.2.

Dehydration and hydrolysis reactions are catalyzed, or “sped up,” by specific enzymes; dehydration reactions involve
the formation of new bonds, requiring energy, while hydrolysis reactions break bonds and release energy. These reactions
are similar for most macromolecules, but each monomer and polymer reaction is specific for its class. For example, in
our bodies, food is hydrolyzed, or broken down, into smaller molecules by catalytic enzymes in the digestive system.
This allows for easy absorption of nutrients by cells in the intestine. Each macromolecule is broken down by a specific
enzyme. For instance, carbohydrates are broken down by amylase, sucrase, lactase, or maltase. Proteins are broken down
by the enzymes pepsin and peptidase, and by hydrochloric acid. Lipids are broken down by lipases. Breakdown of these
macromolecules provides energy for cellular activities.
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Visit this site (http://openstaxcollege.org/I/hydrolysis) to see visual representations of dehydration synthesis and
hydrolysis.

What role do electrons play in dehydration synthesis and hydrolysis?
a. Sharing of electrons between monomers occurs in both dehydration synthesis and hydrolysis.

b. The sharing of electrons between monomers occurs in hydrolysis only.

c. HT and OH™ ions share electrons with the respective monomers in dehydration synthesis.

d. H' and OH™ ions share electrons with the respective monomers in hydrolysis.

This OpenStax book is available for free at http://cnx.org/content/col12078/1.6
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everyday CONNECTION for AP° Courses

Recreating Primordial Earth

Many people wonder how life formed on Earth. In 1953, Stanley Miller and Harold Urey developed
an apparatus like the one shown in Figure 3.4 to model early conditions on earth. They wanted to
test if organic molecules could form from inorganic precursors believed to exist very early in Earth’s
history. They used boiling water to mimic early Earth’s oceans. Steam from the “ocean” combined
with methane, ammonia, and hydrogen gases from the early Earth’s atmosphere and was exposed to
electrical sparks to act as lightning. As the gas mixture cooled and condensed, it was found to contain
organic compounds, such as amino acids and nucleotides. According to the abiogenesis theory, these
organic molecules came together to form the earliest form of life about 3.5 billion years ago. (credit:
Yassine Mrabet)
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Figure 3.4

science prictices for AP° Courses

Think About It

How does Stanley Miller's and Harold Urey’s model support the claim that organic precursors present
on early Earth could have assembled into large, complex molecules necessary for life? What chemical
“ingredients” were present on early Earth?
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3.2 | Carbohydrates

By the end of this section, you will be able to:
» What is the role of carbohydrates in cells and in the extracellular materials of animals and plants?
* What are the different classifications of carbohydrates?

* How are monosaccharide building blocks assembled into disaccharides and complex polysaccharides?

Connection for AP® Courses

Carbohydrates provide energy for the cell and structural support to plants, fungi, and arthropods such as insects, spiders, and
crustaceans. Consisting of carbon, hydrogen, and oxygen in the ratio CH,O or carbon hydrated with water, carbohydrates
are classified as monosaccharides, disaccharides, and polysaccharides depending on the number of monomers in the
macromolecule. Monosaccharides are linked by glycosidic bonds that form as a result of dehydration synthesis. Glucose,
galactose, and fructose are common isomeric monosaccharides, whereas sucrose or table sugar is a disaccharide. Examples
of polysaccharides include cellulose and starch in plants and glycogen in animals. Although storing glucose in the form
of polymers like starch or glycogen makes it less accessible for metabolism, this prevents it from leaking out of cells or
creating a high osmotic pressure that could cause excessive water uptake by the cell. Insects have a hard outer skeleton
made of chitin, a unique nitrogen-containing polysaccharide.

Information presented and the examples highlighted in the section support concepts and Learning Objectives outlined in Big
Idea 4 of the AP® Biology Curriculum Framework. The Learning Objectives listed in the Curriculum Framework provide
a transparent foundation for the AP® Biology course, an inquiry-based laboratory experience, instructional activities, and
AP® Exam questions. A Learning Objective merges required content with one or more of the seven Science Practices.

Biqg Idea 4 Biological systems interact, and these systems and their interactions possess complex
9 properties.
Enduring
Understanding | Interactions within biological systems lead to complex properties.
4.A
Essential 4.A.1 The subcomponents of biological molecules and their sequence determine the
Knowledge properties of that molecule.
Science .
Practice 7.1 The student can connect phenomena and models across spatial and temporal scales.
. 4.1 The student is able to refine representations and models to explain how the
Learning . : . . .
Objective subcomponents of a biological polymer and their sequence determine the properties of that
polymer.
Essential 4.A.1 The subcomponents of biological molecules and their sequence determine the
Knowledge properties of that molecule.
Science 1.3 The student can refine representations and models of natural or man-made phenomena
Practice and systems in the domain.
. 4.2 The student is able to refine representations and models to explain how the
Learning . . . . .
Obiective subcomponents of a biological polymer and their sequence determine the properties of that
J polymer.
Essential 4.A.1 The subcomponents of biological molecules and their sequence determine the
Knowledge properties of that molecule.
Sclen_ce 6.1 The student can justify claims with evidence.
Practice
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Science 6.4 The student can make claims and predictions about natural phenomena based on
Practice scientific theories and models.

Learning 4.3 The student is able to use models to predict and justify that changes in the
Objective subcomponents of a biological polymer affect the functionality of the molecules.

The Science Practice Challenge Questions contain additional test questions for this section that will help you prepare for
the AP exam. These questions address the following standards:
[APLO 4.15] [APLO 2.5]

Molecular Structures

Most people are familiar with carbohydrates, one type of macromolecule, especially when it comes to what we eat. To lose
weight, some individuals adhere to “low-carb” diets. Athletes, in contrast, often “carb-load” before important competitions
to ensure that they have enough energy to compete at a high level. Carbohydrates are, in fact, an essential part of our diet;
grains, fruits, and vegetables are all natural sources of carbohydrates. Carbohydrates provide energy to the body, particularly
through glucose, a simple sugar that is a component of starch and an ingredient in many staple foods. Carbohydrates also
have other important functions in humans, animals, and plants.

Carbohydrates can be represented by the stoichiometric formula (CH,0),, where n is the number of carbons in the
molecule. In other words, the ratio of carbon to hydrogen to oxygen is 1:2:1 in carbohydrate molecules. This formula also
explains the origin of the term “carbohydrate”: the components are carbon (“carbo”) and the components of water (hence,
“hydrate”). Carbohydrates are classified into three subtypes: monosaccharides, disaccharides, and polysaccharides.

Monosaccharides

_—3

Monosaccharides (mono- = “one”; sacchar- sweet”) are simple sugars, the most common of which is glucose. In
monosaccharides, the number of carbons usually ranges from three to seven. Most monosaccharide names end with the
suffix -ose. If the sugar has an aldehyde group (the functional group with the structure R-CHO), it is known as an aldose,
and if it has a ketone group (the functional group with the structure RC(=0O)R"), it is known as a ketose. Depending on the
number of carbons in the sugar, they also may be known as trioses (three carbons), pentoses (five carbons), and or hexoses
(six carbons). See Figure 3.5 for an illustration of the monosaccharides.

— «
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MONOSACCHARIDES
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Figure 3.5 Monosaccharides are classified based on the position of their carbonyl group and the number of carbons
in the backbone. Aldoses have a carbonyl group (indicated in green) at the end of the carbon chain, and ketoses have
a carbonyl group in the middle of the carbon chain. Trioses, pentoses, and hexoses have three-, five-, and six-carbon
backbones, respectively.

The chemical formula for glucose is CgH;5Og. In humans, glucose is an important source of energy. During cellular
respiration, energy is released from glucose, and that energy is used to help make adenosine triphosphate (ATP). Plants
synthesize glucose using carbon dioxide and water, and glucose in turn is used for energy requirements for the plant. Excess
glucose is often stored as starch that is catabolized (the breakdown of larger molecules by cells) by humans and other
animals that feed on plants.

Galactose (part of lactose, or milk sugar) and fructose (found in sucrose, in fruit) are other common monosaccharides.
Although glucose, galactose, and fructose all have the same chemical formula (CgH1,0g), they differ structurally and
chemically (and are known as isomers) because of the different arrangement of functional groups around the asymmetric
carbon; all of these monosaccharides have more than one asymmetric carbon (Figure 3.6).

This OpenStax book is available for free at http://cnx.org/content/col12078/1.6



Chapter 3 | Biological Macromolecules 95
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Figure 3.6 Glucose, galactose, and fructose are all hexoses. They are structural isomers, meaning they have the
same chemical formula (CgH12,0g) but a different arrangement of atoms.

Identify each sugar as an aldose or ketose.
1. fructose
2. galactose
3. glucose
a. Glucose and galactose are aldoses. Fructose is a ketose
b. Glucose and fructose are aldoses. Galactose is a ketose.
c. Galactose and fructose are ketoses. Glucose is an aldose.

d. Glucose and fructose are ketoses. Galactose is an aldose.

Glucose, galactose, and fructose are isomeric monosaccharides (hexoses), meaning they have the same chemical formula
but have slightly different structures. Glucose and galactose are aldoses, and fructose is a ketose.

Monosaccharides can exist as a linear chain or as ring-shaped molecules; in aqueous solutions they are usually found in
ring forms (Figure 3.7). Glucose in a ring form can have two different arrangements of the hydroxyl group (OH) around
the anomeric carbon (carbon 1 that becomes asymmetric in the process of ring formation). If the hydroxyl group is below
carbon number 1 in the sugar, it is said to be in the alpha () position, and if it is above the plane, it is said to be in the beta
(B) position.
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Conversion between Linear and Ring Forms of Glucose

CH,OH

Glucose

CH,OH

> o Glucose

CH,OH

B Glucose
Ring forms of ribose and fructose
CH,OH o CH,OH
OH
OH
OH OH CH
Ribose Fructose

Figure 3.7 Five and six carbon monosaccharides exist in equilibrium between linear and ring forms. When the ring
forms, the side chain it closes on is locked into an a or 3 position. Fructose and ribose also form rings, although they
form five-membered rings as opposed to the six-membered ring of glucose.

Disaccharides

Disaccharides (di- = “two”) form when two monosaccharides undergo a dehydration reaction (also known as a
condensation reaction or dehydration synthesis). During this process, the hydroxyl group of one monosaccharide combines
with the hydrogen of another monosaccharide, releasing a molecule of water and forming a covalent bond. A covalent bond
formed between a carbohydrate molecule and another molecule (in this case, between two monosaccharides) is known as a
glycosidic bond (Figure 3.8). Glycosidic bonds (also called glycosidic linkages) can be of the alpha or the beta type.

This OpenStax book is available for free at http://cnx.org/content/col12078/1.6
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Figure 3.8 Sucrose is formed when a monomer of glucose and a monomer of fructose are joined in a dehydration
reaction to form a glycosidic bond. In the process, a water molecule is lost. By convention, the carbon atoms in a
monosaccharide are numbered from the terminal carbon closest to the carbonyl group. In sucrose, a glycosidic linkage
is formed between carbon 1 in glucose and carbon 2 in fructose.

Common disaccharides include lactose, maltose, and sucrose (Figure 3.9). Lactose is a disaccharide consisting of the
monomers glucose and galactose. It is found naturally in milk. Maltose, or malt sugar, is a disaccharide formed by a
dehydration reaction between two glucose molecules. The most common disaccharide is sucrose, or table sugar, which is
composed of the monomers glucose and fructose.
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Figure 3.9 Common disaccharides include maltose (grain sugar), lactose (milk sugar), and sucrose (table sugar).

Polysaccharides

A long chain of monosaccharides linked by glycosidic bonds is known as a pelysaccharide (poly- = “many”). The chain
may be branched or unbranched, and it may contain different types of monosaccharides. The molecular weight may be
100,000 daltons or more depending on the number of monomers joined. Starch, glycogen, cellulose, and chitin are primary
examples of polysaccharides.

Starch is the stored form of sugars in plants and is made up of a mixture of amylose and amylopectin (both polymers
of glucose). Plants are able to synthesize glucose, and the excess glucose, beyond the plant’s immediate energy needs, is
stored as starch in different plant parts, including roots and seeds. The starch in the seeds provides food for the embryo
as it germinates and can also act as a source of food for humans and animals. The starch that is consumed by humans is
broken down by enzymes, such as salivary amylases, into smaller molecules, such as maltose and glucose. The cells can
then absorb the glucose.

Starch is made up of glucose monomers that are joined by a 1-4 or o 1-6 glycosidic bonds. The numbers 1-4 and 1-6
refer to the carbon number of the two residues that have joined to form the bond. As illustrated in Figure 3.10, amylose
is starch formed by unbranched chains of glucose monomers (only o 1-4 linkages), whereas amylopectin is a branched
polysaccharide (o 1-6 linkages at the branch points).

This OpenStax book is available for free at http://cnx.org/content/col12078/1.6
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Figure 3.10 Amylose and amylopectin are two different forms of starch. Amylose is composed of unbranched chains
of glucose monomers connected by a 1,4 glycosidic linkages. Amylopectin is composed of branched chains of glucose
monomers connected by a 1,4 and a 1,6 glycosidic linkages. Because of the way the subunits are joined, the glucose
chains have a helical structure. Glycogen (not shown) is similar in structure to amylopectin but more highly branched.

Glycogen is the storage form of glucose in humans and other vertebrates and is made up of monomers of glucose. Glycogen
is the animal equivalent of starch and is a highly branched molecule usually stored in liver and muscle cells. Whenever
blood glucose levels decrease, glycogen is broken down to release glucose in a process known as glycogenolysis.

Cellulose is the most abundant natural biopolymer. The cell wall of plants is mostly made of cellulose; this provides
structural support to the cell. Wood and paper are mostly cellulosic in nature. Cellulose is made up of glucose monomers
that are linked by B 1-4 glycosidic bonds (Figure 3.11).
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Cellulose fibers
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Figure 3.11 In cellulose, glucose monomers are linked in unbranched chains by 8 1-4 glycosidic linkages. Because of
the way the glucose subunits are joined, every glucose monomer is flipped relative to the next one resulting in a linear,
fibrous structure.

As shown in Figure 3.11, every other glucose monomer in cellulose is flipped over, and the monomers are packed tightly
as extended long chains. This gives cellulose its rigidity and high tensile strength—which is so important to plant cells.
While the 8 1-4 linkage cannot be broken down by human digestive enzymes, herbivores such as cows, koalas, and buffalos
are able, with the help of the specialized flora in their stomach, to digest plant material that is rich in cellulose and use
it as a food source. In these animals, certain species of bacteria and protists reside in the rumen (part of the digestive
system of herbivores) and secrete the enzyme cellulase. The appendix of grazing animals also contains bacteria that digest
cellulose, giving it an important role in the digestive systems of ruminants. Cellulases can break down cellulose into glucose
monomers that can be used as an energy source by the animal. Termites are also able to break down cellulose because of the
presence of other organisms in their bodies that secrete cellulases.

Carbohydrates serve various functions in different animals. Arthropods (insects, crustaceans, and others) have an outer
skeleton, called the exoskeleton, which protects their internal body parts (as seen in the bee in Figure 3.12). This
exoskeleton is made of the biological macromolecule chitin, which is a polysaccharide-containing nitrogen. It is made of
repeating units of N-acetyl-3-d-glucosamine, a modified sugar. Chitin is also a major component of fungal cell walls; fungi
are neither animals nor plants and form a kingdom of their own in the domain Eukarya.

Figure 3.12 Insects have a hard outer exoskeleton made of chitin, a type of polysaccharide. (credit: Louise Docker)
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ca.ecer CONNECTION

Registered dietitians help plan nutrition programs for individuals in various settings. They often work with
patients in health care facilities, designing nutrition plans to treat and prevent diseases. For example,
dietitians may teach a patient with diabetes how to manage blood sugar levels by eating the correct types
and amounts of carbohydrates. Dietitians may also work in nursing homes, schools, and private practices.

To become a registered dietitian, one needs to earn at least a bachelor’s degree in dietetics, nutrition,
food technology, or a related field. In addition, registered dietitians must complete a supervised internship
program and pass a national exam. Those who pursue careers in dietetics take courses in nutrition,
chemistry, biochemistry, biology, microbiology, and human physiology. Dietitians must become experts in
the chemistry and physiology (biological functions) of food (proteins, carbohydrates, and fats).

Benefits of Carbohydrates

Are carbohydrates good for you? People who wish to lose weight are often told that carbohydrates are bad for them and
should be avoided. Some diets completely forbid carbohydrate consumption, claiming that a low-carbohydrate diet helps
people to lose weight faster. However, carbohydrates have been an important part of the human diet for thousands of years;
artifacts from ancient civilizations show the presence of wheat, rice, and corn in our ancestors’ storage areas.

Carbohydrates should be supplemented with proteins, vitamins, and fats to be parts of a well-balanced diet. Calorie-wise,
a gram of carbohydrate provides 4.3 Kcal. For comparison, fats provide 9 Kcal/g, a less desirable ratio. Carbohydrates
contain soluble and insoluble elements; the insoluble part is known as fiber, which is mostly cellulose. Fiber has many uses;
it promotes regular bowel movement by adding bulk, and it regulates the rate of consumption of blood glucose. Fiber also
helps to remove excess cholesterol from the body: fiber binds to the cholesterol in the small intestine, then attaches to the
cholesterol and prevents the cholesterol particles from entering the bloodstream, and then cholesterol exits the body via
the feces. In addition, a meal containing whole grains and vegetables gives a feeling of fullness. As an immediate source
of energy, glucose is broken down during the process of cellular respiration, which produces ATP, the energy currency
of the cell. Without the consumption of carbohydrates, the availability of “instant energy” would be reduced. Eliminating
carbohydrates from the diet is not the best way to lose weight. A low-calorie diet that is rich in whole grains, fruits,
vegetables, and lean meat, together with plenty of exercise and plenty of water, is the more sensible way to lose weight.

LINK Tﬁ}ARNING

For an additional perspective on carbohydrates, explore “Biomolecules: the Carbohydrates” through this interactive
animation (http://openstaxcollege.org/l/carbohydrates) .

Fiber is not really a nutrient, because it passes through our body undigested. Why can't fiber be digested and why is it
important to our diet?

a. The enzymes required to digest cellulose are not produced in human body; undigested fiber adds bulk to the
food easing bowel movements.

b. The enzymes that digests cellulose cannot bind to the cellulose due to altered active sites; undigested fiber
adds bulk to the food easing bowel movements.

c. The enzymes required to digest cellulose are not produced in human body; fiber produces energy for the
metabolism.

d. Competitive inhibitors are not the reason that fiber is indigestible.
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science prictices for AP° Courses

Activity

Use a molecular model kit to construct a polysaccharide from several different monosaccharide monomers.
Explain how the structure of the polysaccharide determines its primary function as an energy storage
molecule. Then use your model to describe how changes in structure result in changes in function.

Think About It
« Explain why athletes often “carb-load” before a big game or tournament.

< Explain why it is difficult for some animals, including humans, to digest cellulose. Describe a structural
difference between cellulose and starch, which is easily digested by humans. How are cows and other
ruminants able to digest cellulose?

3.3 | Lipids

In this section, you will explore the following questions:
¢ What are the four major types of lipids?
* What are functions of fats in living organisms?
* What is the difference between saturated and unsaturated fatty acids?
* What is the molecular structure of phospholipids, and what is the role of phospholipids in cells?
e What is the basic structure of a steroid, and what are examples of their functions?

* How does cholesterol help maintain the fluid nature of the plasma membrane of cells?

Connection for AP® Courses

Lipids also are sources of energy that power cellular processes. Like carbohydrates, lipids are composed of carbon,
hydrogen, and oxygen, but these atoms are arranged differently. Most lipids are nonpolar and hydrophobic. Major types
include fats and oils, waxes, phospholipids, and steroids. A typical fat consists of three fatty acids bonded to one molecule
of glycerol, forming triglycerides or triacylglycerols. The fatty acids may be saturated or unsaturated, depending on
the presence or absence of double bonds in the hydrocarbon chain; a saturated fatty acid has the maximum number
of hydrogen atoms bonded to carbon and, thus, only single bonds. In general, fats that are liquid at room temperature
(e.g., canola oil) tend to be more unsaturated than fats that are solid at room temperature. In the food industry, oils are
artificially hydrogenated to make them chemically more appropriate for use in processed foods. During this hydrogenation
process, double bonds in the cis- conformation in the hydrocarbon chain may be converted to double bonds in the trans-
conformation; unfortunately, trans fats have been shown to contribute to heart disease. Phospholipids are a special type of
lipid associated with cell membranes and typically have a glycerol (or sphingosine) backbone to which two fatty acid chains
and a phosphate-containing group are attached. As a result, phospholipids are considered amphipathic because they have
both hydrophobic and hydrophilic components. (In Chapters 4 and 5 we will explore in more detail how the amphipathic
nature of phospholipids in plasma cell membranes helps regulate the passage of substances into and out of the cell.)
Although the molecular structures of steroids differ from that of triglycerides and phospholipids, steroids are classified as
lipids based on their hydrophobic properties. Cholesterol is a type of steroid in animal cells’ plasma membrane. Cholesterol
is also the precursor of steroid hormones such as testosterone.

Information presented and the examples highlighted in the section, support concepts outlined in Big Idea 4 of the
AP® Biology Curriculum Framework. The learning objectives listed in the Curriculum Framework provide a transparent
foundation for the AP® Biology course, an inquiry-based laboratory experience, instructional activities, and AP® exam
questions. A Learning Objective merges required content with one or more of the seven Science Practices.
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Chapter 3 | Biological Macromolecules 103

Biq Idea 4 Biological systems interact, and these systems and their interactions possess complex
9 properties.
Enduring
Understanding | Interactions within biological systems lead to complex properties.
4.A
Essential 4.A.1 The subcomponents of biological molecules and their sequence determine the
Knowledge properties of that molecule.
Science .
Practice 7.1 The student can connect phenomena and models across spatial and temporal scales.
Learning 4.1 The student is able to explain the connection between the sequence and the
Objective subcomponents of a biological polymer and its properties.
Essential 4.A.1 The subcomponents of biological molecules and their sequence determine the
Knowledge properties of that molecule.
Science 1.3 The student can refine representations and models of natural or man-made phenomena
Practice and systems in the domain.
. 4.2 The student is able to refine representations and models to explain how the
Learning . . . . .
Objective subcomponents of a biological polymer and their sequence determine the properties of that
polymer.
Essential 4.A.1 The subcomponents of biological molecules and their sequence determine the
Knowledge properties of that molecule.
Smen_ce 6.1 The student can justify claims with evidence.
Practice
Science 6.4 The student can make claims and predictions about natural phenomena based on
Practice scientific theories and models.
Learning 4.3 The student is able to use models to predict and justify that changes in the
Objective subcomponents of a biological polymer affect the functionality of the molecules.

The Science Practice Challenge Questions contain additional test questions for this section that will help you prepare for
the AP exam. These questions address the following standards:
[APLO 2.9] [APLO 2.10] [APLO 2.12] [APLO 2.13][APLO 2.14][APLO 4.14]

Fats and Oils

Lipids include a diverse group of compounds that are largely nonpolar in nature. This is because they are hydrocarbons
that include mostly nonpolar carbon—carbon or carbon-hydrogen bonds. Non-polar molecules are hydrophobic (“water
fearing”), or insoluble in water. Lipids perform many different functions in a cell. Cells store energy for long-term use in the
form of fats. Lipids also provide insulation from the environment for plants and animals (Figure 3.13). For example, their
water-repellant hydrophobic nature can help keep aquatic birds and mammals dry by forming a protective layer over fur
or feathers. Lipids are also the building blocks of many hormones and an important constituent of all cellular membranes.
Lipids include fats, waxes, phospholipids, and steroids.
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e 3

Figure 3.13 Hydrophobic lipids in the fur of aquatic mammals, such as this river otter, protect them from the elements.
(credit: Ken Bosma)

A fat molecule consists of two main components—glycerol and fatty acids. Glycerol is an organic compound (alcohol) with
three carbons, five hydrogens, and three hydroxyl (OH) groups. Fatty acids have a long chain of hydrocarbons to which a
carboxyl group is attached, hence the name “fatty acid.” The number of carbons in the fatty acid may range from 4 to 36;
most common are those containing 12—18 carbons. In a fat molecule, the fatty acids are attached to each of the three carbons
of the glycerol molecule with an ester bond through an oxygen atom (Figure 3.14).
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Figure 3.14 Triacylglycerol is formed by the joining of three fatty acids to a glycerol backbone in a dehydration reaction.
Three molecules of water are released in the process.

During this ester bond formation, three water molecules are released. The three fatty acids in the triacylglycerol may be
similar or dissimilar. Fats are also called triacylglycerols or triglycerides because of their chemical structure. Some fatty
acids have common names that specify their origin. For example, palmitic acid, a saturated fatty acid, is derived from the
palm tree. Arachidic acid is derived from Arachis hypogea, the scientific name for groundnuts or peanuts.

Fatty acids may be saturated or unsaturated. In a fatty acid chain, if there are only single bonds between neighboring carbons
in the hydrocarbon chain, the fatty acid is said to be saturated. Saturated fatty acids are saturated with hydrogen; in other
words, the number of hydrogen atoms attached to the carbon skeleton is maximized. Stearic acid is an example of a saturated

fatty acid (Figure 3.15)
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Figure 3.15 Stearic acid is a common saturated fatty acid.
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When the hydrocarbon chain contains a double bond, the fatty acid is said to be unsaturated. Oleic acid is an example of
an unsaturated fatty acid (Figure 3.16).
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Figure 3.16 Oleic acid is a common unsaturated fatty acid.

Most unsaturated fats are liquid at room temperature and are called oils. If there is one double bond in the molecule, then
it is known as a monounsaturated fat (e.g., olive oil), and if there is more than one double bond, then it is known as a
polyunsaturated fat (e.g., canola oil).

When a fatty acid has no double bonds, it is known as a saturated fatty acid because no more hydrogen may be added to the
carbon atoms of the chain. A fat may contain similar or different fatty acids attached to glycero