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5.2 | Passive Transport

By the end of this section, you will be able to:
¢ Explain why and how passive transport occurs
¢ Understand the processes of osmosis and diffusion

¢ Define tonicity and describe its relevance to passive transport

Plasma membranes must allow certain substances to enter and leave a cell, and prevent some harmful
materials from entering and some essential materials from leaving. In other words, plasma membranes
are selectively permeable—they allow some substances to pass through, but not others. If they were to
lose this selectivity, the cell would no longer be able to sustain itself, and it would be destroyed. Some
cells require larger amounts of specific substances than do other cells; they must have a way of obtaining
these materials from extracellular fluids. This may happen passively, as certain materials move back and
forth, or the cell may have special mechanisms that facilitate transport. Some materials are so important
to a cell that it spends some of its energy, hydrolyzing adenosine triphosphate (ATP), to obtain these
materials. Red blood cells use some of their energy doing just that. All cells spend the majority of their
energy to maintain an imbalance of sodium and potassium ions between the interior and exterior of the
cell.

The most direct forms of membrane transport are passive. Passive transport is a naturally occurring
phenomenon and does not require the cell to exert any of its energy to accomplish the movement.
In passive transport, substances move from an area of higher concentration to an area of lower
concentration. A physical space in which there is a range of concentrations of a single substance is said

to have a concentration gradient.
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Selective Permeability

Plasma membranes are asymmetric: the interior of the membrane is not identical to the exterior of the
membrane. In fact, there is a considerable difference between the array of phospholipids and proteins
between the two leaflets that form a membrane. On the interior of the membrane, some proteins serve to
anchor the membrane to fibers of the cytoskeleton. There are peripheral proteins on the exterior of the
membrane that bind elements of the extracellular matrix. Carbohydrates, attached to lipids or proteins,
are also found on the exterior surface of the plasma membrane. These carbohydrate complexes help the
cell bind substances that the cell needs in the extracellular fluid. This adds considerably to the selective
nature of plasma membranes (Figure 5.7).

Figure 5.7 The exterior surface of the plasma membrane is not identical to the interior surface of the
same membrane.

Recall that plasma membranes are amphiphilic: They have hydrophilic and hydrophobic regions. This
characteristic helps the movement of some materials through the membrane and hinders the movement
of others. Lipid-soluble material with a low molecular weight can easily slip through the hydrophobic
lipid core of the membrane. Substances such as the fat-soluble vitamins A, D, E, and K readily pass
through the plasma membranes in the digestive tract and other tissues. Fat-soluble drugs and hormones
also gain easy entry into cells and are readily transported into the body’s tissues and organs. Molecules
of oxygen and carbon dioxide have no charge and so pass through membranes by simple diffusion.

Polar substances present problems for the membrane. While some polar molecules connect easily
with the outside of a cell, they cannot readily pass through the lipid core of the plasma membrane.
Additionally, while small ions could easily slip through the spaces in the mosaic of the membrane, their
charge prevents them from doing so. Ions such as sodium, potassium, calcium, and chloride must have
special means of penetrating plasma membranes. Simple sugars and amino acids also need help with
transport across plasma membranes, achieved by various transmembrane proteins (channels).

Diffusion

Diffusion is a passive process of transport. A single substance tends to move from an area of high
concentration to an area of low concentration until the concentration is equal across a space. You are
familiar with diffusion of substances through the air. For example, think about someone opening a bottle
of ammonia in a room filled with people. The ammonia gas is at its highest concentration in the bottle;
its lowest concentration is at the edges of the room. The ammonia vapor will diffuse, or spread away,
from the bottle, and gradually, more and more people will smell the ammonia as it spreads. Materials
move within the cell’s cytosol by diffusion, and certain materials move through the plasma membrane by
diffusion (Figure 5.8). Diffusion expends no energy. On the contrary, concentration gradients are a form
of potential energy, dissipated as the gradient is eliminated.
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Figure 5.8 Diffusion through a permeable membrane moves a substance from an area of high
concentration (extracellular fluid, in this case) down its concentration gradient (into the cytoplasm).
(credit: modification of work by Mariana Ruiz Villareal)

Each separate substance in a medium, such as the extracellular fluid, has its own concentration gradient,
independent of the concentration gradients of other materials. In addition, each substance will diffuse
according to that gradient. Within a system, there will be different rates of diffusion of the different
substances in the medium.

Factors That Affect Diffusion

Molecules move constantly in a random manner, at a rate that depends on their mass, their environment,
and the amount of thermal energy they possess, which in turn is a function of temperature. This
movement accounts for the diffusion of molecules through whatever medium in which they are localized.
A substance will tend to move into any space available to it until it is evenly distributed throughout
it. After a substance has diffused completely through a space, removing its concentration gradient,
molecules will still move around in the space, but there will be no net movement of the number of
molecules from one area to another. This lack of a concentration gradient in which there is no net
movement of a substance is known as dynamic equilibrium. While diffusion will go forward in the
presence of a concentration gradient of a substance, several factors affect the rate of diffusion.

» Extent of the concentration gradient: The greater the difference in concentration, the more rapid
the diffusion. The closer the distribution of the material gets to equilibrium, the slower the rate of
diffusion becomes.

* Mass of the molecules diffusing: Heavier molecules move more slowly; therefore, they diffuse
more slowly. The reverse is true for lighter molecules.

e Temperature: Higher temperatures increase the energy and therefore the movement of the
molecules, increasing the rate of diffusion. Lower temperatures decrease the energy of the
molecules, thus decreasing the rate of diffusion.

* Solvent density: As the density of a solvent increases, the rate of diffusion decreases. The molecules
slow down because they have a more difficult time getting through the denser medium. If the
medium is less dense, diffusion increases. Because cells primarily use diffusion to move materials
within the cytoplasm, any increase in the cytoplasm’s density will inhibit the movement of the
materials. An example of this is a person experiencing dehydration. As the body’s cells lose water,
the rate of diffusion decreases in the cytoplasm, and the cells’ functions deteriorate. Neurons tend
to be very sensitive to this effect. Dehydration frequently leads to unconsciousness and possibly
coma because of the decrease in diffusion rate within the cells.

* Solubility: As discussed earlier, nonpolar or lipid-soluble materials pass through plasma
membranes more easily than polar materials, allowing a faster rate of diffusion.

* Surface area and thickness of the plasma membrane: Increased surface area increases the rate of
diffusion, whereas a thicker membrane reduces it.

» Distance travelled: The greater the distance that a substance must travel, the slower the rate of
diffusion. This places an upper limitation on cell size. A large, spherical cell will die because
nutrients or waste cannot reach or leave the center of the cell, respectively. Therefore, cells must
either be small in size, as in the case of many prokaryotes, or be flattened, as with many single-

celled eukaryotes.
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A variation of diffusion is the process of filtration. In filtration, material moves according to its
concentration gradient through a membrane; sometimes the rate of diffusion is enhanced by pressure,
causing the substances to filter more rapidly. This occurs in the kidney, where blood pressure forces large
amounts of water and accompanying dissolved substances, or selutes, out of the blood and into the renal
tubules. The rate of diffusion in this instance is almost totally dependent on pressure. One of the effects
of high blood pressure is the appearance of protein in the urine, which is “squeezed through” by the
abnormally high pressure.

Facilitated transport

In facilitated transport, also called facilitated diffusion, materials diffuse across the plasma membrane
with the help of membrane proteins. A concentration gradient exists that would allow these materials
to diffuse into the cell without expending cellular energy. However, these materials are ions are polar
molecules that are repelled by the hydrophobic parts of the cell membrane. Facilitated transport proteins
shield these materials from the repulsive force of the membrane, allowing them to diffuse into the cell.

The material being transported is first attached to protein or glycoprotein receptors on the exterior
surface of the plasma membrane. This allows the material that is needed by the cell to be removed from
the extracellular fluid. The substances are then passed to specific integral proteins that facilitate their
passage. Some of these integral proteins are collections of beta pleated sheets that form a pore or channel
through the phospholipid bilayer. Others are carrier proteins which bind with the substance and aid its
diffusion through the membrane.

Channels

The integral proteins involved in facilitated transport are collectively referred to as transport proteins,
and they function as either channels for the material or carriers. In both cases, they are transmembrane
proteins. Channels are specific for the substance that is being transported. Channel proteins have
hydrophilic domains exposed to the intracellular and extracellular fluids; they additionally have a
hydrophilic channel through their core that provides a hydrated opening through the membrane layers
(Figure 5.9). Passage through the channel allows polar compounds to avoid the nonpolar central layer
of the plasma membrane that would otherwise slow or prevent their entry into the cell. Aquaporins are
channel proteins that allow water to pass through the membrane at a very high rate.

Figure 5.9 Facilitated transport moves substances down their concentration gradients. They may
cross the plasma membrane with the aid of channel proteins. (credit: modification of work by Mariana
Ruiz Villareal)

Channel proteins are either open at all times or they are “gated,” which controls the opening of the
channel. The attachment of a particular ion to the channel protein may control the opening, or other
mechanisms or substances may be involved. In some tissues, sodium and chloride ions pass freely
through open channels, whereas in other tissues a gate must be opened to allow passage. An example
of this occurs in the kidney, where both forms of channels are found in different parts of the renal
tubules. Cells involved in the transmission of electrical impulses, such as nerve and muscle cells, have
gated channels for sodium, potassium, and calcium in their membranes. Opening and closing of these
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channels changes the relative concentrations on opposing sides of the membrane of these ions, resulting
in the facilitation of electrical transmission along membranes (in the case of nerve cells) or in muscle
contraction (in the case of muscle cells).

Carrier Proteins

Another type of protein embedded in the plasma membrane is a carrier protein. This aptly named
protein binds a substance and, in doing so, triggers a change of its own shape, moving the bound
molecule from the outside of the cell to its interior (Figure 5.10); depending on the gradient, the material
may move in the opposite direction. Carrier proteins are typically specific for a single substance. This
selectivity adds to the overall selectivity of the plasma membrane. The exact mechanism for the change
of shape is poorly understood. Proteins can change shape when their hydrogen bonds are affected, but
this may not fully explain this mechanism. Each carrier protein is specific to one substance, and there are
a finite number of these proteins in any membrane. This can cause problems in transporting enough of
the material for the cell to function properly. When all of the proteins are bound to their ligands, they are
saturated and the rate of transport is at its maximum. Increasing the concentration gradient at this point
will not result in an increased rate of transport.

Figure 5.10 Some substances are able to move down their concentration gradient across the
plasma membrane with the aid of carrier proteins. Carrier proteins change shape as they move
molecules across the membrane. (credit: modification of work by Mariana Ruiz Villareal)

An example of this process occurs in the kidney. Glucose, water, salts, ions, and amino acids needed by
the body are filtered in one part of the kidney. This filtrate, which includes glucose, is then reabsorbed
in another part of the kidney. Because there are only a finite number of carrier proteins for glucose, if
more glucose is present than the proteins can handle, the excess is not transported and it is excreted
from the body in the urine. In a diabetic individual, this is described as “spilling glucose into the
urine.” A different group of carrier proteins called glucose transport proteins, or GLUTs, are involved in
transporting glucose and other hexose sugars through plasma membranes within the body.

Channel and carrier proteins transport material at different rates. Channel proteins transport much more
quickly than do carrier proteins. Channel proteins facilitate diffusion at a rate of tens of millions of
molecules per second, whereas carrier proteins work at a rate of a thousand to a million molecules per
second.

Osmosis

Osmosis is the movement of water through a semipermeable membrane according to the concentration
gradient of water across the membrane, which is inversely proportional to the concentration of solutes.
While diffusion transports material across membranes and within cells, osmosis transports only water
across a membrane and the membrane limits the diffusion of solutes in the water. Not surprisingly, the
aquaporins that facilitate water movement play a large role in osmosis, most prominently in red blood
cells and the membranes of kidney tubules.

Mechanism

Osmosis is a special case of diffusion. Water, like other substances, moves from an area of high
concentration to one of low concentration. An obvious question is what makes water move at all?
Imagine a beaker with a semipermeable membrane separating the two sides or halves (Figure 5.11).
On both sides of the membrane the water level is the same, but there are different concentrations of a
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dissolved substance, or solute, that cannot cross the membrane (otherwise the concentrations on each
side would be balanced by the solute crossing the membrane). If the volume of the solution on both
sides of the membrane is the same, but the concentrations of solute are different, then there are different
amounts of water, the solvent, on either side of the membrane.

Figure 5.11 In osmosis, water always moves from an area of higher water concentration to one of
lower concentration. In the diagram shown, the solute cannot pass through the selectively permeable
membrane, but the water can.

To illustrate this, imagine two full glasses of water. One has a single teaspoon of sugar in it, whereas
the second one contains one-quarter cup of sugar. If the total volume of the solutions in both cups is the
same, which cup contains more water? Because the large amount of sugar in the second cup takes up
much more space than the teaspoon of sugar in the first cup, the first cup has more water in it.

Returning to the beaker example, recall that it has a mixture of solutes on either side of the membrane.
A principle of diffusion is that the molecules move around and will spread evenly throughout the
medium if they can. However, only the material capable of getting through the membrane will diffuse
through it. In this example, the solute cannot diffuse through the membrane, but the water can. Water
has a concentration gradient in this system. Thus, water will diffuse down its concentration gradient,
crossing the membrane to the side where it is less concentrated. This diffusion of water through the
membrane—osmosis—will continue until the concentration gradient of water goes to zero or until the
hydrostatic pressure of the water balances the osmotic pressure. Osmosis proceeds constantly in living
systems.
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6.5 | Enzymes

By the end of this section, you will be able to:
e Describe the role of enzymes in metabolic pathways
» Explain how enzymes function as molecular catalysts

* Discuss enzyme regulation by various factors

A substance that helps a chemical reaction to occur is a catalyst, and the special molecules that catalyze
biochemical reactions are called enzymes. Almost all enzymes are proteins, made up of chains of amino
acids, and they perform the critical task of lowering the activation energies of chemical reactions inside
the cell. Enzymes do this by binding to the reactant molecules, and holding them in such a way as to
make the chemical bond-breaking and bond-forming processes take place more readily. It is important
to remember that enzymes don’t change the AG of a reaction. In other words, they don’t change whether
a reaction is exergonic (spontaneous) or endergonic. This is because they don’t change the free energy
of the reactants or products. They only reduce the activation energy required to reach the transition state
(Figure 6.15).

Figure 6.15 Enzymes lower the activation energy of the reaction but do not change the free energy
of the reaction.

Enzyme Active Site and Substrate Specificity

The chemical reactants to which an enzyme binds are the enzyme’s substrates. There may be one or
more substrates, depending on the particular chemical reaction. In some reactions, a single-reactant
substrate is broken down into multiple products. In others, two substrates may come together to create
one larger molecule. Two reactants might also enter a reaction, both become modified, and leave the
reaction as two products. The location within the enzyme where the substrate binds is called the enzyme’s
active site. The active site is where the “action” happens, so to speak. Since enzymes are proteins,
there is a unique combination of amino acid residues (also called side chains, or R groups) within the
active site. Each residue is characterized by different properties. Residues can be large or small, weakly
acidic or basic, hydrophilic or hydrophobic, positively or negatively charged, or neutral. The unique
combination of amino acid residues, their positions, sequences, structures, and properties, creates a very
specific chemical environment within the active site. This specific environment is suited to bind, albeit
briefly, to a specific chemical substrate (or substrates). Due to this jigsaw puzzle-like match between an
enzyme and its substrates (which adapts to find the best fit between the transition state and the active
site), enzymes are known for their specificity. The “best fit” results from the shape and the amino acid
functional group’s attraction to the substrate. There is a specifically matched enzyme for each substrate
and, thus, for each chemical reaction; however, there is flexibility as well.

The fact that active sites are so perfectly suited to provide specific environmental conditions also means
that they are subject to influences by the local environment. It is true that increasing the environmental
temperature generally increases reaction rates, enzyme-catalyzed or otherwise. However, increasing or
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decreasing the temperature outside of an optimal range can affect chemical bonds within the active site
in such a way that they are less well suited to bind substrates. High temperatures will eventually cause
enzymes, like other biological molecules, to denature, a process that changes the natural properties of a
substance. Likewise, the pH of the local environment can also affect enzyme function. Active site amino
acid residues have their own acidic or basic properties that are optimal for catalysis. These residues
are sensitive to changes in pH that can impair the way substrate molecules bind. Enzymes are suited to
function best within a certain pH range, and, as with temperature, extreme pH values (acidic or basic) of
the environment can cause enzymes to denature.

Induced Fit and Enzyme Function

For many years, scientists thought that enzyme-substrate binding took place in a simple “lock-and-key”
fashion. This model asserted that the enzyme and substrate fit together perfectly in one instantaneous
step. However, current research supports a more refined view called induced fit (Figure 6.16). The
induced-fit model expands upon the lock-and-key model by describing a more dynamic interaction
between enzyme and substrate. As the enzyme and substrate come together, their interaction causes a
mild shift in the enzyme’s structure that confirms an ideal binding arrangement between the enzyme and
the transition state of the substrate. This ideal binding maximizes the enzyme’s ability to catalyze its
reaction.

LINKT éLEARNING

View an animation of induced fit at this website (http://openstaxcollege.org/l/hexokinase) .

When an enzyme binds its substrate, an enzyme-substrate complex is formed. This complex lowers
the activation energy of the reaction and promotes its rapid progression in one of many ways. On a
basic level, enzymes promote chemical reactions that involve more than one substrate by bringing the
substrates together in an optimal orientation. The appropriate region (atoms and bonds) of one molecule
is juxtaposed to the appropriate region of the other molecule with which it must react. Another way in
which enzymes promote the reaction of their substrates is by creating an optimal environment within the
active site for the reaction to occur. Certain chemical reactions might proceed best in a slightly acidic or
non-polar environment. The chemical properties that emerge from the particular arrangement of amino
acid residues within an active site create the perfect environment for an enzyme’s specific substrates to
react.

You’ve learned that the activation energy required for many reactions includes the energy involved in
manipulating or slightly contorting chemical bonds so that they can easily break and allow others to
reform. Enzymatic action can aid this process. The enzyme-substrate complex can lower the activation
energy by contorting substrate molecules in such a way as to facilitate bond-breaking, helping to reach
the transition state. Finally, enzymes can also lower activation energies by taking part in the chemical
reaction itself. The amino acid residues can provide certain ions or chemical groups that actually form
covalent bonds with substrate molecules as a necessary step of the reaction process. In these cases, it
is important to remember that the enzyme will always return to its original state at the completion of
the reaction. One of the hallmark properties of enzymes is that they remain ultimately unchanged by the

reactions they catalyze. After an enzyme is done catalyzing a reaction, it releases its product(s).
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Figure 6.16 According to the induced-fit model, both enzyme and substrate undergo dynamic
conformational changes upon binding. The enzyme contorts the substrate into its transition state,
thereby increasing the rate of the reaction.

Control of Metabolism Through Enzyme Regulation

It would seem ideal to have a scenario in which all of the enzymes encoded in an organism’s genome
existed in abundant supply and functioned optimally under all cellular conditions, in all cells, at all times.
In reality, this is far from the case. A variety of mechanisms ensure that this does not happen. Cellular
needs and conditions vary from cell to cell, and change within individual cells over time. The required
enzymes and energetic demands of stomach cells are different from those of fat storage cells, skin cells,
blood cells, and nerve cells. Furthermore, a digestive cell works much harder to process and break down
nutrients during the time that closely follows a meal compared with many hours after a meal. As these
cellular demands and conditions vary, so do the amounts and functionality of different enzymes.

Since the rates of biochemical reactions are controlled by activation energy, and enzymes lower and
determine activation energies for chemical reactions, the relative amounts and functioning of the variety
of enzymes within a cell ultimately determine which reactions will proceed and at which rates. This
determination is tightly controlled. In certain cellular environments, enzyme activity is partly controlled
by environmental factors, like pH and temperature. There are other mechanisms through which cells
control the activity of enzymes and determine the rates at which various biochemical reactions will occur.

Regulation of Enzymes by Molecules

Enzymes can be regulated in ways that either promote or reduce their activity. There are many different
kinds of molecules that inhibit or promote enzyme function, and various mechanisms exist for doing so.
In some cases of enzyme inhibition, for example, an inhibitor molecule is similar enough to a substrate
that it can bind to the active site and simply block the substrate from binding. When this happens,
the enzyme is inhibited through competitive inhibition, because an inhibitor molecule competes with
the substrate for active site binding (Figure 6.17). On the other hand, in noncompetitive inhibition, an
inhibitor molecule binds to the enzyme in a location other than an allosteric site and still manages to
block substrate binding to the active site.

Figure 6.17 Competitive and noncompetitive inhibition affect the rate of reaction differently.
Competitive inhibitors affect the initial rate but do not affect the maximal rate, whereas
noncompetitive inhibitors affect the maximal rate.
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everyday CONNECTION

Figure 6.19 Have you ever wondered how pharmaceutical drugs are developed? (credit:
Deborah Austin)

Drug Discovery by Looking for Inhibitors of Key
Enzymes in Specific Pathways

Enzymes are key components of metabolic pathways. Understanding how enzymes work
and how they can be regulated is a key principle behind the development of many of the
pharmaceutical drugs (Figure 6.19) on the market today. Biologists working in this field
collaborate with other scientists, usually chemists, to design drugs.

Consider statins for example—which is the name given to the class of drugs that reduces
cholesterol levels. These compounds are essentially inhibitors of the enzyme HMG-CoA
reductase. HMG-CoA reductase is the enzyme that synthesizes cholesterol from lipids in
the body. By inhibiting this enzyme, the levels of cholesterol synthesized in the body can
be reduced. Similarly, acetaminophen, popularly marketed under the brand name Tylenol,
is an inhibitor of the enzyme cyclooxygenase. While it is effective in providing relief from
fever and inflammation (pain), its mechanism of action is still not completely understood.

How are drugs developed? One of the first challenges in drug development is identifying
the specific molecule that the drug is intended to target. In the case of statins, HMG-CoA
reductase is the drug target. Drug targets are identified through painstaking research in
the laboratory. Identifying the target alone is not sufficient; scientists also need to know
how the target acts inside the cell and which reactions go awry in the case of disease.
Once the target and the pathway are identified, then the actual process of drug design
begins. During this stage, chemists and biologists work together to design and synthesize
molecules that can either block or activate a particular reaction. However, this is only the
beginning: both if and when a drug prototype is successful in performing its function, then
it must undergo many tests from in vitro experiments to clinical trials before it can get FDA
approval to be on the market.

Many enzymes don’t work optimally, or even at all, unless bound to other specific non-protein helper
molecules, either temporarily through ionic or hydrogen bonds or permanently through stronger covalent
bonds. Two types of helper molecules are cofactors and coenzymes. Binding to these molecules
promotes optimal conformation and function for their respective enzymes. Cofactors are inorganic ions
such as iron (Fe++) and magnesium (Mg++). One example of an enzyme that requires a metal ion as
a cofactor is the enzyme that builds DNA molecules, DNA polymerase, which requires bound zinc ion
(Zn++) to function. Coenzymes are organic helper molecules, with a basic atomic structure made up of
carbon and hydrogen, which are required for enzyme action. The most common sources of coenzymes
are dietary vitamins (Figure 6.20). Some vitamins are precursors to coenzymes and others act directly
as coenzymes. Vitamin C is a coenzyme for multiple enzymes that take part in building the important
connective tissue component, collagen. An important step in the breakdown of glucose to yield energy
is catalysis by a multi-enzyme complex called pyruvate dehydrogenase. Pyruvate dehydrogenase is a
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complex of several enzymes that actually requires one cofactor (a magnesium ion) and five different
organic coenzymes to catalyze its specific chemical reaction. Therefore, enzyme function is, in part,
regulated by an abundance of various cofactors and coenzymes, which are supplied primarily by the diets
of most organisms.

Figure 6.20 Vitamins are important coenzymes or precursors of coenzymes, and are required for
enzymes to function properly. Multivitamin capsules usually contain mixtures of all the vitamins at
different percentages.

Enzyme Compartmentalization

In eukaryotic cells, molecules such as enzymes are usually compartmentalized into different organelles.
This allows for yet another level of regulation of enzyme activity. Enzymes required only for certain
cellular processes can be housed separately along with their substrates, allowing for more efficient
chemical reactions. Examples of this sort of enzyme regulation based on location and proximity include
the enzymes involved in the latter stages of cellular respiration, which take place exclusively in the
mitochondria, and the enzymes involved in the digestion of cellular debris and foreign materials, located
within lysosomes.

Feedback Inhibition in Metabolic Pathways

Molecules can regulate enzyme function in many ways. A major question remains, however: What
are these molecules and where do they come from? Some are cofactors and coenzymes, ions, and
organic molecules, as you’ve learned. What other molecules in the cell provide enzymatic regulation,
such as allosteric modulation, and competitive and noncompetitive inhibition? The answer is that a
wide variety of molecules can perform these roles. Some of these molecules include pharmaceutical
and non-pharmaceutical drugs, toxins, and poisons from the environment. Perhaps the most relevant
sources of enzyme regulatory molecules, with respect to cellular metabolism, are the products of the
cellular metabolic reactions themselves. In a most efficient and elegant way, cells have evolved to use the
products of their own reactions for feedback inhibition of enzyme activity. Feedback inhibition involves
the use of a reaction product to regulate its own further production (Figure 6.21). The cell responds to
the abundance of specific products by slowing down production during anabolic or catabolic reactions.
Such reaction products may inhibit the enzymes that catalyzed their production through the mechanisms

described above.
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Figure 6.21 Metabolic pathways are a series of reactions catalyzed by multiple enzymes. Feedback
inhibition, where the end product of the pathway inhibits an upstream step, is an important regulatory
mechanism in cells.

The production of both amino acids and nucleotides is controlled through feedback inhibition.
Additionally, ATP is an allosteric regulator of some of the enzymes involved in the catabolic breakdown
of sugar, the process that produces ATP. In this way, when ATP is abundant, the cell can prevent its
further production. Remember that ATP is an unstable molecule that can spontaneously dissociate into
ADP. If too much ATP were present in a cell, much of it would go to waste. On the other hand, ADP
serves as a positive allosteric regulator (an allosteric activator) for some of the same enzymes that are
inhibited by ATP. Thus, when relative levels of ADP are high compared to ATP, the cell is triggered to
produce more ATP through the catabolism of sugar.
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Figure 14.1 Dolly the sheep was the first large mammal to be cloned.

Chapter Outline

14.1: Historical Basis of Modern Understanding
14.2: DNA Structure and Sequencing

14.3: Basics of DNA Replication

14.4: DNA Replication in Prokaryotes

14.5: DNA Replication in Eukaryotes

14.6: DNA Repair

Introduction

The three letters “DNA” have now become synonymous with crime solving, paternity testing, human
identification, and genetic testing. DNA can be retrieved from hair, blood, or saliva. Each person’s DNA
is unique, and it is possible to detect differences between individuals within a species on the basis of
these unique features.

DNA analysis has many practical applications beyond forensics. In humans, DNA testing is applied to
numerous uses: determining paternity, tracing genealogy, identifying pathogens, archeological research,
tracing disease outbreaks, and studying human migration patterns. In the medical field, DNA is used in
diagnostics, new vaccine development, and cancer therapy. It is now possible to determine predisposition
to diseases by looking at genes.

Each human cell has 23 pairs of chromosomes: one set of chromosomes is inherited from the mother
and the other set is inherited from the father. There is also a mitochondrial genome, inherited exclusively
from the mother, which can be involved in inherited genetic disorders. On each chromosome, there are
thousands of genes that are responsible for determining the genotype and phenotype of the individual. A
gene is defined as a sequence of DNA that codes for a functional product. The human haploid genome

contains 3 billion base pairs and has between 20,000 and 25,000 functional genes.
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14.1 | Historical Basis of Modern
Understanding

By the end of this section, you will be able to:
* Explain transformation of DNA
» Describe the key experiments that helped identify that DNA is the genetic material

« State and explain Chargaff’s rules

Modern understandings of DNA have evolved from the discovery of nucleic acid to the development of
the double-helix model. In the 1860s, Friedrich Miescher (Figure 14.2), a physician by profession, was
the first person to isolate phosphate-rich chemicals from white blood cells or leukocytes. He named these
chemicals (which would eventually be known as RNA and DNA) nuclein because they were isolated
from the nuclei of the cells.

Figure 14.2 Friedrich Miescher (1844-1895) discovered nucleic acids.

LINK TC@ARNING

To see Miescher conduct an experiment step-by-step, click through this review
(http://openstaxcollege.org/l/miescher_levene) of how he discovered the key role of DNA and
proteins in the nucleus.

A half century later, British bacteriologist Frederick Griffith was perhaps the first person to show that
hereditary information could be transferred from one cell to another “horizontally,” rather than by
descent. In 1928, he reported the first demonstration of bacterial transformation, a process in which
external DNA is taken up by a cell, thereby changing morphology and physiology. He was working
with Streptococcus pneumoniae, the bacterium that causes pneumonia. Griffith worked with two strains,
rough (R) and smooth (S). The R strain is non-pathogenic (does not cause disease) and is called rough
because its outer surface is a cell wall and lacks a capsule; as a result, the cell surface appears uneven
under the microscope. The S strain is pathogenic (disease-causing) and has a capsule outside its cell
wall. As a result, it has a smooth appearance under the microscope. Griffith injected the live R strain
into mice and they survived. In another experiment, when he injected mice with the heat-killed S strain,
they also survived. In a third set of experiments, a mixture of live R strain and heat-killed S strain were
injected into mice, and—to his surprise—the mice died. Upon isolating the live bacteria from the dead
mouse, only the S strain of bacteria was recovered. When this isolated S strain was injected into fresh
mice, the mice died. Griffith concluded that something had passed from the heat-killed S strain into the

Download for free at: http://cnx.org/content/col11448/latest/


http://cnx.org/content/col11448/latest/

9rdourid gurutiojsuen
A} Sem YN Ieyl apn[duod 0} Wy} pPa[ SIY], "BLISIDEQ 9} WLIOJSURI) 0} 9[(e 3I3M SUOTIRUIqUIOD I3[0
3} JO [[e Sealdym ‘BLI)OBQ 9Y) WLIOJSURI) 0} 9[ge I93UO[ OU SEM SINIXIW FUNNSAI ) ‘Papeldap sem
VN USyM Jey) punoj A3y J, “urenls ¥ oY) wiojsuen) o) A@eredss aInixiul yoes pasn uay) pue jusuoduiod
[oea popeldap A[[ed1joads 1eyl SWAZUa pasn A9y, ‘ApniS UONBUIWI[E DMBWRISAS B Paldonpuod A9y,
*AIpa1aY JO 3[NII[OW 3P} 10] SIEPIPULD I[qIsSod 3IaM 33yl Se ‘YN PUB YN Y A[9UWEU ‘SPIJE JI9[dNU pue
surajo1d oY) paje[oSI pue JJIW Peap 3} WOy urens § 3y} pajeost A3y, YNy sydunid guruiiojsuen
SI) SULIO[AX3 UT PAISAIANUI 219M (16T) AMTRDIIA UADRIA PUB ‘POITIRIA UI[0D) ‘AIAY P[EMS() SISIUDIDSG

(abeurelN yelres Aq Jom Jo uonedlipow :,asnow peap,, 11pald ‘HIN Aq XJom Jo uonediipow
:,9snow BulAlj, 11pald) ‘ssadoud ayy ul urells S Ol urels ¥ ayl buiwiojsuen ‘urens ¥ ayl 0l urens
S pa|I-1eay ayl wol passed pey Buiylawos eyl papnjouod Yyuyuo ‘snyl ‘asnow peap ayl wodl
P2JaA023) SeM UleJIS S 3 "PaIp asnow ay] ‘ulens H aAl| B pue urens S pa||iy-leay ayl yum asnow
e padalul yuylio uaypa "yreap sasned pue dluabouyred si urens s ayl 'owaboyred-uou si urens Y
3yl ‘Sjuswiadxa uonewiojsues) S,Ylo ul pasn alam ariuownaud 'S Jo surens om] £ T 24nbi4

"SJUAWILIA XD UOTIRULIOJSURT) S,IJJLID) Se UMOUY A[SNOWE] MOU 31 SIUaWLIadX? 3say [, ‘(¢ 21n31q)
ardourid Sururiojsuen) ay) SIY) pa[[ed 3y pue ‘urens § druagoyed ay) 0JUT JT PIULIOJSURI) PUE UTRNS Y SAI[

G/€ NOILONN4 ANV IHNLONYLS YNA | #T ¥3LdVYHD

Download for free at: http://cnx.org/content/col11448/latest/


http://cnx.org/content/col11448/latest/

376 CHAPTER 14 | DNA STRUCTURE AND FUNCTION

ca.eer CONNECTION

Forensic Scientists and DNA Analysis

DNA evidence was used for the first time to solve an immigration case. The story started
with a teenage boy returning to London from Ghana to be with his mother. Immigration
authorities at the airport were suspicious of him, thinking that he was traveling on a
forged passport. After much persuasion, he was allowed to go live with his mother, but
the immigration authorities did not drop the case against him. All types of evidence,
including photographs, were provided to the authorities, but deportation proceedings were
started nevertheless. Around the same time, Dr. Alec Jeffreys of Leicester University in the
United Kingdom had invented a technique known as DNA fingerprinting. The immigration
authorities approached Dr. Jeffreys for help. He took DNA samples from the mother and
three of her children, plus an unrelated mother, and compared the samples with the boy’s
DNA. Because the biological father was not in the picture, DNA from the three children
was compared with the boy’s DNA. He found a match in the boy’s DNA for both the mother
and his three siblings. He concluded that the boy was indeed the mother’s son.

Forensic scientists analyze many items, including documents, handwriting, firearms, and
biological samples. They analyze the DNA content of hair, semen, saliva, and blood,
and compare it with a database of DNA profiles of known criminals. Analysis includes
DNA isolation, sequencing, and sequence analysis; most forensic DNA analysis involves
polymerase chain reaction (PCR) amplification of short tandem repeat (STR) loci and
electrophoresis to determine the length of the PCR-amplified fragment. Only mitochondrial
DNA is sequenced for forensics. Forensic scientists are expected to appear at court
hearings to present their findings. They are usually employed in crime labs of city and
state government agencies. Geneticists experimenting with DNA techniques also work
for scientific and research organizations, pharmaceutical industries, and college and
university labs. Students wishing to pursue a career as a forensic scientist should have at
least a bachelor's degree in chemistry, biology, or physics, and preferably some experience
working in a laboratory.

Experiments conducted by Martha Chase and Alfred Hershey in 1952 provided confirmatory evidence
that DNA was the genetic material and not proteins. Chase and Hershey were studying a bacteriophage,
which is a virus that infects bacteria. Viruses typically have a simple structure: a protein coat, called the
capsid, and a nucleic acid core that contains the genetic material, either DNA or RNA. The bacteriophage
infects the host bacterial cell by attaching to its surface, and then it injects its nucleic acids inside the cell.
The phage DNA makes multiple copies of itself using the host machinery, and eventually the host cell
bursts, releasing a large number of bacteriophages. Hershey and Chase labeled one batch of phage with

radioactive sulfur, 358, to label the protein coat. Another batch of phage were labeled with radioactive

phosphorus, 32p Because phosphorous is found in DNA, but not protein, the DNA and not the protein
would be tagged with radioactive phosphorus.

Each batch of phage was allowed to infect the cells separately. After infection, the phage bacterial
suspension was put in a blender, which caused the phage coat to be detached from the host cell. The
phage and bacterial suspension was spun down in a centrifuge. The heavier bacterial cells settled down
and formed a pellet, whereas the lighter phage particles stayed in the supernatant. In the tube that
contained phage labeled with 355, the supernatant contained the radioactively labeled phage, whereas
no radioactivity was detected in the pellet. In the tube that contained the phage labeled with 32D, the
radioactivity was detected in the pellet that contained the heavier bacterial cells, and no radioactivity was
detected in the supernatant. Hershey and Chase concluded that it was the phage DNA that was injected
into the cell and carried information to produce more phage particles, thus providing evidence that DNA
was the genetic material and not proteins (Figure 14.4).
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Figure 14.4 In Hershey and Chase's experiments, bacteria were infected with phage radiolabeled

with either 3°S, which labels protein, or 32p which labels DNA. Only 32p entered the bacterial cells,
indicating that DNA is the genetic material.

Around this same time, Austrian biochemist Erwin Chargaff examined the content of DNA in different
species and found that the amounts of adenine, thymine, guanine, and cytosine were not found in equal
quantities, and that it varied from species to species, but not between individuals of the same species.
He found that the amount of adenine equals the amount of thymine, and the amount of cytosine equals
the amount of guanine, or A = T and G = C. This is also known as Chargaff’s rules. This finding proved
immensely useful when Watson and Crick were getting ready to propose their DNA double helix model.

14.2 | DNA Structure and Sequencing

By the end of this section, you will be able to:
* Describe the structure of DNA
* Explain the Sanger method of DNA sequencing

* Discuss the similarities and differences between eukaryotic and prokaryotic DNA

The building blocks of DNA are nucleotides. The important components of the nucleotide are a
nitrogenous base, deoxyribose (5-carbon sugar), and a phosphate group (Figure 14.5). The nucleotide is
named depending on the nitrogenous base. The nitrogenous base can be a purine such as adenine (A) and

guanine (G), or a pyrimidine such as cytosine (C) and thymine (T).
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Figure 14.5 Each nucleotide is made up of a sugar, a phosphate group, and a nitrogenous base.
The sugar is deoxyribose in DNA and ribose in RNA.

The nucleotides combine with each other by covalent bonds known as phosphodiester bonds or linkages.
The purines have a double ring structure with a six-membered ring fused to a five-membered ring.
Pyrimidines are smaller in size; they have a single six-membered ring structure. The carbon atoms of the
five-carbon sugar are numbered 1', 2', 3, 4, and 5' (1' is read as “one prime”). The phosphate residue is
attached to the hydroxyl group of the 5' carbon of one sugar of one nucleotide and the hydroxyl group of
the 3' carbon of the sugar of the next nucleotide, thereby forming a 5'-3' phosphodiester bond.

In the 1950s, Francis Crick and James Watson worked together to determine the structure of DNA at
the University of Cambridge, England. Other scientists like Linus Pauling and Maurice Wilkins were
also actively exploring this field. Pauling had discovered the secondary structure of proteins using X-ray
crystallography. In Wilkins’ lab, researcher Rosalind Franklin was using X-ray diffraction methods to
understand the structure of DNA. Watson and Crick were able to piece together the puzzle of the DNA
molecule on the basis of Franklin's data because Crick had also studied X-ray diffraction (Figure 14.6).
In 1962, James Watson, Francis Crick, and Maurice Wilkins were awarded the Nobel Prize in Medicine.
Unfortunately, by then Franklin had died, and Nobel prizes are not awarded posthumously.

Figure 14.6 The work of pioneering scientists (a) James Watson, Francis Crick, and Maclyn McCarty
led to our present day understanding of DNA. Scientist Rosalind Franklin discovered (b) the X-ray
diffraction pattern of DNA, which helped to elucidate its double helix structure. (credit a: modification
of work by Marjorie McCarty, Public Library of Science)

Watson and Crick proposed that DNA is made up of two strands that are twisted around each other
to form a right-handed helix. Base pairing takes place between a purine and pyrimidine; namely, A
pairs with T and G pairs with C. Adenine and thymine are complementary base pairs, and cytosine and
guanine are also complementary base pairs. The base pairs are stabilized by hydrogen bonds; adenine
and thymine form two hydrogen bonds and cytosine and guanine form three hydrogen bonds. The two
strands are anti-parallel in nature; that is, the 3' end of one strand faces the 5' end of the other strand.
The sugar and phosphate of the nucleotides form the backbone of the structure, whereas the nitrogenous
bases are stacked inside. Each base pair is separated from the other base pair by a distance of 0.34 nm,
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and each turn of the helix measures 3.4 nm. Therefore, ten base pairs are present per turn of the helix.
The diameter of the DNA double helix is 2 nm, and it is uniform throughout. Only the pairing between
a purine and pyrimidine can explain the uniform diameter. The twisting of the two strands around each
other results in the formation of uniformly spaced major and minor grooves (Figure 14.7).

Figure 14.7 DNA has (a) a double helix structure and (b) phosphodiester bonds. The (c) major and
minor grooves are binding sites for DNA binding proteins during processes such as transcription (the
copying of RNA from DNA) and replication.

DNA Sequencing Techniques

Until the 1990s, the sequencing of DNA (reading the sequence of DNA) was a relatively expensive and
long process. Using radiolabeled nucleotides also compounded the problem through safety concerns.
With currently available technology and automated machines, the process is cheap, safer, and can be
completed in a matter of hours. Fred Sanger developed the sequencing method used for the human
genome sequencing project, which is widely used today (Figure 14.8).

LINK TC@ARNING

Visit this site (http://openstaxcollege.org/l/DNA_sequencing) to watch a video explaining the DNA
sequence reading technique that resulted from Sanger’s work.

The method is known as the dideoxy chain termination method. The sequencing method is based on
the use of chain terminators, the dideoxynucleotides (ddNTPs). The dideoxynucleotides, or ddNTPSs,
differ from the deoxynucleotides by the lack of a free 3' OH group on the five-carbon sugar. If a
ddNTP is added to a growing a DNA strand, the chain is not extended any further because the free
3' OH group needed to add another nucleotide is not available. By using a predetermined ratio of
deoxyribonucleotides to dideoxynucleotides, it is possible to generate DNA fragments of different sizes.
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Figure 14.8 In Frederick Sanger's dideoxy chain termination method, dye-labeled
dideoxynucleotides are used to generate DNA fragments that terminate at different points. The DNA
is separated by capillary electrophoresis on the basis of size, and from the order of fragments
formed, the DNA sequence can be read. The DNA sequence readout is shown on an
electropherogram that is generated by a laser scanner.

The DNA sample to be sequenced is denatured or separated into two strands by heating it to high
temperatures. The DNA is divided into four tubes in which a primer, DNA polymerase, and all four
nucleotides (A, T, G, and C) are added. In addition to each of the four tubes, limited quantities of
one of the four dideoxynucleotides are added to each tube respectively. The tubes are labeled as A, T,
G, and C according to the ddNTP added. For detection purposes, each of the four dideoxynucleotides
carries a different fluorescent label. Chain elongation continues until a fluorescent dideoxy nucleotide
is incorporated, after which no further elongation takes place. After the reaction is over, electrophoresis
is performed. Even a difference in length of a single base can be detected. The sequence is read from a
laser scanner. For his work on DNA sequencing, Sanger received a Nobel Prize in chemistry in 1980.

LINK T@ARNING

Sanger’s genome sequencing has led to a race to sequence human genomes at a rapid speed and low
cost, often referred to as the $1000 in one day sequence. Learn more by selecting the Sequencing at
Speed animation here (http://openstaxcollege.org/l/DNA_and_genomes) .

Gel electrophoresis is a technique used to separate DNA fragments of different sizes. Usually the gel is
made of a chemical called agarose. Agarose powder is added to a buffer and heated. After cooling, the
gel solution is poured into a casting tray. Once the gel has solidified, the DNA is loaded on the gel and
electric current is applied. The DNA has a net negative charge and moves from the negative electrode
toward the positive electrode. The electric current is applied for sufficient time to let the DNA separate
according to size; the smallest fragments will be farthest from the well (where the DNA was loaded), and
the heavier molecular weight fragments will be closest to the well. Once the DNA is separated, the gel is
stained with a DNA-specific dye for viewing it (Figure 14.9).
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e/olution CONNECTION

Neanderthal Genome: How Are We Related?

The first draft sequence of the Neanderthal genome was recently published by Richard

E. Green et al. in 2010.[1] Neanderthals are the closest ancestors of present-day humans.
They were known to have lived in Europe and Western Asia before they disappeared from
fossil records approximately 30,000 years ago. Green's team studied almost 40,000-year-
old fossil remains that were selected from sites across the world. Extremely sophisticated
means of sample preparation and DNA sequencing were employed because of the fragile
nature of the bones and heavy microbial contamination. In their study, the scientists
were able to sequence some four billion base pairs. The Neanderthal sequence was
compared with that of present-day humans from across the world. After comparing the
sequences, the researchers found that the Neanderthal genome had 2 to 3 percent greater
similarity to people living outside Africa than to people in Africa. While current theories
have suggested that all present-day humans can be traced to a small ancestral population
in Africa, the data from the Neanderthal genome may contradict this view. Green and his
colleagues also discovered DNA segments among people in Europe and Asia that are
more similar to Neanderthal sequences than to other contemporary human sequences.
Another interesting observation was that Neanderthals are as closely related to people
from Papua New Guinea as to those from China or France. This is surprising because
Neanderthal fossil remains have been located only in Europe and West Asia. Most likely,
genetic exchange took place between Neanderthals and modern humans as modern
humans emerged out of Africa, before the divergence of Europeans, East Asians, and
Papua New Guineans.

Several genes seem to have undergone changes from Neanderthals during the evolution
of present-day humans. These genes are involved in cranial structure, metabolism, skin
morphology, and cognitive development. One of the genes that is of particular interest
is RUNX2, which is different in modern day humans and Neanderthals. This gene is
responsible for the prominent frontal bone, bell-shaped rib cage, and dental differences
seen in Neanderthals. It is speculated that an evolutionary change in RUNX2 was
important in the origin of modern-day humans, and this affected the cranium and the upper
body.

LINK T@ARNING

Watch Svante Paabo’s talk (http://openstaxcollege.org/l/neanderthal) explaining the Neanderthal
genome research at the 2011 annual TED (Technology, Entertainment, Design) conference.

DNA Packaging in Cells

When comparing prokaryotic cells to eukaryotic cells, prokaryotes are much simpler than eukaryotes in
many of their features (Figure 14.10). Most prokaryotes contain a single, circular chromosome that is
found in an area of the cytoplasm called the nucleoid.

1.
Richard E. Green et al., “A Draft Sequence of the Neandertal Genome,” Science 328 (2010): 710-22.
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a r it CONNECTION

Figure 14.10 A eukaryote contains a well-defined nucleus, whereas in prokaryotes, the
chromosome lies in the cytoplasm in an area called the nucleoid.

In eukaryotic cells, DNA and RNA synthesis occur in a separate compartment from protein
synthesis. In prokaryotic cells, both processes occur together. What advantages might
there be to separating the processes? What advantages might there be to having them
occur together?

The size of the genome in one of the most well-studied prokaryotes, E.coli, is 4.6 million base pairs
(approximately 1.1 mm, if cut and stretched out). So how does this fit inside a small bacterial cell? The
DNA is twisted by what is known as supercoiling. Supercoiling means that DNA is either under-wound
(less than one turn of the helix per 10 base pairs) or over-wound (more than 1 turn per 10 base pairs)
from its normal relaxed state. Some proteins are known to be involved in the supercoiling; other proteins
and enzymes such as DNA gyrase help in maintaining the supercoiled structure.

Eukaryotes, whose chromosomes each consist of a linear DNA molecule, employ a different type of
packing strategy to fit their DNA inside the nucleus (Figure 14.11). At the most basic level, DNA is
wrapped around proteins known as histones to form structures called nucleosomes. The histones are
evolutionarily conserved proteins that are rich in basic amino acids and form an octamer. The DNA
(which is negatively charged because of the phosphate groups) is wrapped tightly around the histone
core. This nucleosome is linked to the next one with the help of a linker DNA. This is also known as the
“beads on a string” structure. This is further compacted into a 30 nm fiber, which is the diameter of the
structure. At the metaphase stage, the chromosomes are at their most compact, are approximately 700
nm in width, and are found in association with scaffold proteins.

In interphase, eukaryotic chromosomes have two distinct regions that can be distinguished by staining.
The tightly packaged region is known as heterochromatin, and the less dense region is known as
euchromatin. Heterochromatin usually contains genes that are not expressed, and is found in the regions
of the centromere and telomeres. The euchromatin usually contains genes that are transcribed, with DNA

packaged around nucleosomes but not further compacted.
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Figure 14.11 These figures illustrate the compaction of the eukaryotic chromosome.

14.3 | Basics of DNA Replication

By the end of this section, you will be able to:
¢ Explain how the structure of DNA reveals the replication process

* Describe the Meselson and Stahl experiments

The elucidation of the structure of the double helix provided a hint as to how DNA divides and makes
copies of itself. This model suggests that the two strands of the double helix separate during replication,
and each strand serves as a template from which the new complementary strand is copied. What was
not clear was how the replication took place. There were three models suggested (Figure 14.12):
conservative, semi-conservative, and dispersive.
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Figure 14.12 The three suggested models of DNA replication. Grey indicates the original DNA
strands, and blue indicates newly synthesized DNA.

In conservative replication, the parental DNA remains together, and the newly formed daughter strands
are together. The semi-conservative method suggests that each of the two parental DNA strands act as
a template for new DNA to be synthesized; after replication, each double-stranded DNA includes one
parental or “old” strand and one “new” strand. In the dispersive model, both copies of DNA have double-
stranded segments of parental DNA and newly synthesized DNA interspersed.

Meselson and Stahl were interested in understanding how DNA replicates. They grew E. coli for several

generations in a medium containing a “heavy” isotope of nitrogen (15N) that gets incorporated into
nitrogenous bases, and eventually into the DNA (Figure 14.13).

Figure 14.13 Meselson and Stahl experimented with E. coli grown first in heavy nitrogen (15N)

then in **N. DNA grown in 5y (red band) is heavier than DNA grown in 4N (orange band), and
sediments to a lower level in cesium chloride solution in an ultracentrifuge. When DNA grown in

15N is switched to media containing 14N, after one round of cell division the DNA sediments halfway
between the 1°N and 14N levels, indicating that it now contains fifty percent N, In subsequent cell

divisions, an increasing amount of DNA contains 1N only. This data supports the semi-conservative

replication model. (credit: modification of work by Mariana Ruiz Villareal)
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The E. coli culture was then shifted into medium containing 14N and allowed to grow for one generation.
The cells were harvested and the DNA was isolated. The DNA was centrifuged at high speeds in an

ultracentrifuge. Some cells were allowed to grow for one more life cycle in 14N and spun again. During
the density gradient centrifugation, the DNA is loaded into a gradient (typically a salt such as cesium
chloride or sucrose) and spun at high speeds of 50,000 to 60,000 rpm. Under these circumstances, the

DNA will form a band according to its density in the gradient. DNA grown in 15N will band at a higher
density position than that grown in 14N Meselson and Stahl noted that after one generation of growth
in 1N after they had been shifted from 15N the single band observed was intermediate in position in
between DNA of cells grown exclusively in 15N and 'N. This suggested either a semi-conservative
or dispersive mode of replication. The DNA harvested from cells grown for two generations in 14N
formed two bands: one DNA band was at the intermediate position between 15N and 14N, and the other
corresponded to the band of 14N DNA. These results could only be explained if DNA replicates in a
semi-conservative manner. Therefore, the other two modes were ruled out.

During DNA replication, each of the two strands that make up the double helix serves as a template from
which new strands are copied. The new strand will be complementary to the parental or “old” strand.
When two daughter DNA copies are formed, they have the same sequence and are divided equally into
the two daughter cells.

LINK T@ARNING

Click through this tutorial (http://openstaxcollege.org/l/DNA_replicatio2) on DNA replication.

14.4 | DNA Replication in Prokaryotes

By the end of this section, you will be able to:
* Explain the process of DNA replication in prokaryotes

* Discuss the role of different enzymes and proteins in supporting this process

DNA replication has been extremely well studied in prokaryotes primarily because of the small size of
the genome and the mutants that are available. E. coli has 4.6 million base pairs in a single circular
chromosome and all of it gets replicated in approximately 42 minutes, starting from a single origin of
replication and proceeding around the circle in both directions. This means that approximately 1000
nucleotides are added per second. The process is quite rapid and occurs without many mistakes.

DNA replication employs a large number of proteins and enzymes, each of which plays a critical role
during the process. One of the key players is the enzyme DNA polymerase, also known as DNA pol,
which adds nucleotides one by one to the growing DNA chain that are complementary to the template
strand. The addition of nucleotides requires energy; this energy is obtained from the nucleotides that have
three phosphates attached to them, similar to ATP which has three phosphate groups attached. When the
bond between the phosphates is broken, the energy released is used to form the phosphodiester bond
between the incoming nucleotide and the growing chain. In prokaryotes, three main types of polymerases
are known: DNA pol I, DNA pol II, and DNA pol III. It is now known that DNA pol III is the enzyme
required for DNA synthesis; DNA pol I and DNA pol II are primarily required for repair.

How does the replication machinery know where to begin? It turns out that there are specific nucleotide
sequences called origins of replication where replication begins. In E. coli, which has a single origin of
replication on its one chromosome (as do most prokaryotes), it is approximately 245 base pairs long and
is rich in AT sequences. The origin of replication is recognized by certain proteins that bind to this site.
An enzyme called helicase unwinds the DNA by breaking the hydrogen bonds between the nitrogenous
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base pairs. ATP hydrolysis is required for this process. As the DNA opens up, Y-shaped structures called
replication forks are formed. Two replication forks are formed at the origin of replication and these
get extended bi- directionally as replication proceeds. Single-strand binding proteins coat the single
strands of DNA near the replication fork to prevent the single-stranded DNA from winding back into
a double helix. DNA polymerase is able to add nucleotides only in the 5' to 3' direction (a new DNA
strand can be only extended in this direction). It also requires a free 3'-OH group to which it can add
nucleotides by forming a phosphodiester bond between the 3'-OH end and the 5' phosphate of the next
nucleotide. This essentially means that it cannot add nucleotides if a free 3'-OH group is not available.
Then how does it add the first nucleotide? The problem is solved with the help of a primer that provides
the free 3'-OH end. Another enzyme, RNA primase, synthesizes an RNA primer that is about five to ten
nucleotides long and complementary to the DNA. Because this sequence primes the DNA synthesis, it is
appropriately called the primer. DNA polymerase can now extend this RNA primer, adding nucleotides
one by one that are complementary to the template strand (Figure 14.14).

a r t CONNECTION

lllustration shows the replication fork. Helicase unwinds the helix, and
single-strand binding proteins prevent the helix from re-forming.
Topoisomerase prevents the DNA from getting too tightly coiled ahead of
the replication fork. DNA primase forms an RNA primer, and DNA

polymerase extends the DNA strand from the RNA primer. DNA synthesis

occurs only in the 5' to 3' direction. On the leading strand, DNA synthesis

occurs continuously. On the lagging strand, DNA synthesis restarts many

times as the helix unwinds, resulting in many short fragments called
“Okazaki fragments.” DNA ligase joins the Okazaki fragments together into
a single DNA molecule.

Figure 14.14 A replication fork is formed when helicase separates the DNA strands at the
origin of replication. The DNA tends to become more highly coiled ahead of the replication fork.
Topoisomerase breaks and reforms DNA's phosphate backbone ahead of the replication fork,
thereby relieving the pressure that results from this supercoiling. Single-strand binding proteins
bind to the single-stranded DNA to prevent the helix from re-forming. Primase synthesizes
an RNA primer. DNA polymerase IIl uses this primer to synthesize the daughter DNA strand.
On the leading strand, DNA is synthesized continuously, whereas on the lagging strand, DNA
is synthesized in short stretches called Okazaki fragments. DNA polymerase | replaces the
RNA primer with DNA. DNA ligase seals the gaps between the Okazaki fragments, joining the
fragments into a single DNA molecule. (credit: modification of work by Mariana Ruiz Villareal)

You isolate a cell strain in which the joining together of Okazaki fragments is impaired and
suspect that a mutation has occurred in an enzyme found at the replication fork. Which
enzyme is most likely to be mutated?

The replication fork moves at the rate of 1000 nucleotides per second. DNA polymerase can only extend
in the 5' to 3' direction, which poses a slight problem at the replication fork. As we know, the DNA
double helix is anti-parallel; that is, one strand is in the 5' to 3' direction and the other is oriented in the
3'to 5' direction. One strand, which is complementary to the 3' to 5' parental DNA strand, is synthesized
continuously towards the replication fork because the polymerase can add nucleotides in this direction.
This continuously synthesized strand is known as the leading strand. The other strand, complementary
to the 5' to 3' parental DNA, is extended away from the replication fork, in small fragments known as
Okazaki fragments, each requiring a primer to start the synthesis. Okazaki fragments are named after
the Japanese scientist who first discovered them. The strand with the Okazaki fragments is known as the
lagging strand.

The leading strand can be extended by one primer alone, whereas the lagging strand needs a new primer
for each of the short Okazaki fragments. The overall direction of the lagging strand will be 3' to 5',
and that of the leading strand 5' to 3'. A protein called the sliding clamp holds the DNA polymerase
in place as it continues to add nucleotides. The sliding clamp is a ring-shaped protein that binds to
the DNA and holds the polymerase in place. Topoisomerase prevents the over-winding of the DNA
double helix ahead of the replication fork as the DNA is opening up; it does so by causing temporary
nicks in the DNA helix and then resealing it. As synthesis proceeds, the RNA primers are replaced by
DNA. The primers are removed by the exonuclease activity of DNA pol I, and the gaps are filled in

by deoxyribonucleotides. The nicks that remain between the newly synthesized DNA (that replaced the
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RNA primer) and the previously synthesized DNA are sealed by the enzyme DNA ligase that catalyzes
the formation of phosphodiester linkage between the 3'-OH end of one nucleotide and the 5' phosphate
end of the other fragment.

Once the chromosome has been completely replicated, the two DNA copies move into two different cells
during cell division. The process of DNA replication can be summarized as follows:

1. DNA unwinds at the origin of replication.
2. Helicase opens up the DNA-forming replication forks; these are extended bidirectionally.

3. Single-strand binding proteins coat the DNA around the replication fork to prevent rewinding of
the DNA.

Topoisomerase binds at the region ahead of the replication fork to prevent supercoiling.
Primase synthesizes RNA primers complementary to the DNA strand.

DNA polymerase starts adding nucleotides to the 3'-OH end of the primer.

Elongation of both the lagging and the leading strand continues.

RNA primers are removed by exonuclease activity.

Gaps are filled by DNA pol by adding dNTPs.

10. The gap between the two DNA fragments is sealed by DNA ligase, which helps in the formation of
phosphodiester bonds.

© ® N o g~

Table 14.1 summarizes the enzymes involved in prokaryotic DNA replication and the functions of each.

Prokaryotic DNA Replication: Enzymes and Their Function

Enzymelprotein Specific Function
DNA pol | Exonuclease activity removes RNA primer and replaces with
P newly synthesized DNA
DNA pol Il Repair function
DNA pol I Main enzyme that adds nucleotides in the 5'-3' direction
. Opens the DNA helix by breaking hydrogen bonds between the
Helicase .
nitrogenous bases
. Seals the gaps between the Okazaki fragments to create one
Ligase :
continuous DNA strand
Primase Synthesizes RNA primers needed to start replication
Sliding Clamp Hglps to hold the DNA polymerase in place when nucleotides are
being added
Toboisomerase Helps relieve the stress on DNA when unwinding by causing
P breaks and then resealing the DNA
Single-strand binding . . . -
. Binds to single-stranded DNA to avoid DNA rewinding back.
proteins (SSB)

Table 14.1

LINK T@ARNING

Review the full process of DNA replication here (http://openstaxcollege.org/l/replication_DNA) .

Download for free at: http://cnx.org/content/col11448/latest/


http://cnx.org/content/col11448/latest/

CHAPTER 14 | DNA STRUCTURE AND FUNCTION 389

14.5 | DNA Replication in Eukaryotes

By the end of this section, you will be able to:
» Discuss the similarities and differences between DNA replication in eukaryotes and prokaryotes

* State the role of telomerase in DNA replication

Eukaryotic genomes are much more complex and larger in size than prokaryotic genomes. The human
genome has three billion base pairs per haploid set of chromosomes, and 6 billion base pairs are
replicated during the S phase of the cell cycle. There are multiple origins of replication on the eukaryotic
chromosome; humans can have up to 100,000 origins of replication. The rate of replication is
approximately 100 nucleotides per second, much slower than prokaryotic replication. In yeast, which is
a eukaryote, special sequences known as Autonomously Replicating Sequences (ARS) are found on the
chromosomes. These are equivalent to the origin of replication in E. coli.

The number of DNA polymerases in eukaryotes is much more than prokaryotes: 14 are known, of which
five are known to have major roles during replication and have been well studied. They are known as pol
a, pol 3, pol y, pol &, and pol ¢.

The essential steps of replication are the same as in prokaryotes. Before replication can start, the
DNA has to be made available as template. Eukaryotic DNA is bound to basic proteins known as
histones to form structures called nucleosomes. The chromatin (the complex between DNA and proteins)
may undergo some chemical modifications, so that the DNA may be able to slide off the proteins or
be accessible to the enzymes of the DNA replication machinery. At the origin of replication, a pre-
replication complex is made with other initiator proteins. Other proteins are then recruited to start the
replication process (Table 14.2).

A helicase using the energy from ATP hydrolysis opens up the DNA helix. Replication forks are
formed at each replication origin as the DNA unwinds. The opening of the double helix causes over-
winding, or supercoiling, in the DNA ahead of the replication fork. These are resolved with the action
of topoisomerases. Primers are formed by the enzyme primase, and using the primer, DNA pol can start
synthesis. While the leading strand is continuously synthesized by the enzyme pol 6, the lagging strand
is synthesized by pol €. A sliding clamp protein known as PCNA (Proliferating Cell Nuclear Antigen)
holds the DNA pol in place so that it does not slide off the DNA. RNase H removes the RNA primer,
which is then replaced with DNA nucleotides. The Okazaki fragments in the lagging strand are joined
together after the replacement of the RNA primers with DNA. The gaps that remain are sealed by DNA
ligase, which forms the phosphodiester bond.

Telomere replication

Unlike prokaryotic chromosomes, eukaryotic chromosomes are linear. As you’ve learned, the enzyme
DNA pol can add nucleotides only in the 5' to 3' direction. In the leading strand, synthesis continues until
the end of the chromosome is reached. On the lagging strand, DNA is synthesized in short stretches,
each of which is initiated by a separate primer. When the replication fork reaches the end of the linear
chromosome, there is no place for a primer to be made for the DNA fragment to be copied at the end
of the chromosome. These ends thus remain unpaired, and over time these ends may get progressively
shorter as cells continue to divide.

The ends of the linear chromosomes are known as telomeres, which have repetitive sequences that
code for no particular gene. In a way, these telomeres protect the genes from getting deleted as cells
continue to divide. In humans, a six base pair sequence, TTAGGG, is repeated 100 to 1000 times. The
discovery of the enzyme telomerase (Figure 14.16) helped in the understanding of how chromosome
ends are maintained. The telomerase enzyme contains a catalytic part and a built-in RNA template. It
attaches to the end of the chromosome, and complementary bases to the RNA template are added on the
3' end of the DNA strand. Once the 3' end of the lagging strand template is sufficiently elongated, DNA
polymerase can add the nucleotides complementary to the ends of the chromosomes. Thus, the ends of

the chromosomes are replicated.
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Figure 14.15 The ends of linear chromosomes are maintained by the action of the telomerase
enzyme.

Telomerase is typically active in germ cells and adult stem cells. It is not active in adult somatic cells.
For her discovery of telomerase and its action, Elizabeth Blackburn (Figure 14.16) received the Nobel
Prize for Medicine and Physiology in 2009.

Figure 14.16 Elizabeth Blackburn, 2009 Nobel Laureate, is the scientist who discovered how
telomerase works. (credit: US Embassy Sweden)

Telomerase and Aging

Cells that undergo cell division continue to have their telomeres shortened because most somatic cells
do not make telomerase. This essentially means that telomere shortening is associated with aging. With
the advent of modern medicine, preventative health care, and healthier lifestyles, the human life span has
increased, and there is an increasing demand for people to look younger and have a better quality of life
as they grow older.

In 2010, scientists found that telomerase can reverse some age-related conditions in mice. This may

[2]
have potential in regenerative medicine. Telomerase-deficient mice were used in these studies; these
mice have tissue atrophy, stem cell depletion, organ system failure, and impaired tissue injury responses.

2. Jaskelioff et al., “Telomerase reactivation reverses tissue degeneration in aged telomerase-deficient mice,” Nature 469 (2011):
102-7.
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Telomerase reactivation in these mice caused extension of telomeres, reduced DNA damage, reversed
neurodegeneration, and improved the function of the testes, spleen, and intestines. Thus, telomere
reactivation may have potential for treating age-related diseases in humans.

Cancer is characterized by uncontrolled cell division of abnormal cells. The cells accumulate mutations,
proliferate uncontrollably, and can migrate to different parts of the body through a process called
metastasis. Scientists have observed that cancerous cells have considerably shortened telomeres and that
telomerase is active in these cells. Interestingly, only after the telomeres were shortened in the cancer
cells did the telomerase become active. If the action of telomerase in these cells can be inhibited by drugs
during cancer therapy, then the cancerous cells could potentially be stopped from further division.

Difference between Prokaryotic and Eukaryotic Replication

Property Prokaryotes Eukaryotes
Origin of replication Single Multiple
Rate of replication 1000 nucleotides/s 50 to 100 nucleotides/s
DNA polymerase types 5 14
Telomerase Not present Present
RNA primer removal DNA pol | RNase H
Strand elongation DNA pol il Pol &, pol €
Sliding clamp Sliding clamp PCNA
Table 14.2

14.6 | DNA Repair

By the end of this section, you will be able to:
» Discuss the different types of mutations in DNA

* Explain DNA repair mechanisms

DNA replication is a highly accurate process, but mistakes can occasionally occur, such as a DNA
polymerase inserting a wrong base. Uncorrected mistakes may sometimes lead to serious consequences,
such as cancer. Repair mechanisms correct the mistakes. In rare cases, mistakes are not corrected, leading
to mutations; in other cases, repair enzymes are themselves mutated or defective.

Most of the mistakes during DNA replication are promptly corrected by DNA polymerase by
proofreading the base that has been just added (Figure 14.17). In proofreading, the DNA pol reads
the newly added base before adding the next one, so a correction can be made. The polymerase checks
whether the newly added base has paired correctly with the base in the template strand. If it is the right
base, the next nucleotide is added. If an incorrect base has been added, the enzyme makes a cut at the
phosphodiester bond and releases the wrong nucleotide. This is performed by the exonuclease action of
DNA pol ITI. Once the incorrect nucleotide has been removed, a new one will be added again.

Figure 14.17 Proofreading by DNA polymerase corrects errors during replication.

Some errors are not corrected during replication, but are instead corrected after replication is completed;

this type of repair is known as mismatch repair (Figure 14.18). The enzymes recognize the incorrectly
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added nucleotide and excise it; this is then replaced by the correct base. If this remains uncorrected,
it may lead to more permanent damage. How do mismatch repair enzymes recognize which of the
two bases is the incorrect one? In E. coli, after replication, the nitrogenous base adenine acquires
a methyl group; the parental DNA strand will have methyl groups, whereas the newly synthesized
strand lacks them. Thus, DNA polymerase is able to remove the wrongly incorporated bases from the
newly synthesized, non-methylated strand. In eukaryotes, the mechanism is not very well understood,
but it is believed to involve recognition of unsealed nicks in the new strand, as well as a short-term
continuing association of some of the replication proteins with the new daughter strand after replication
has completed.

Figure 14.18 In mismatch repair, the incorrectly added base is detected after replication. The
mismatch repair proteins detect this base and remove it from the newly synthesized strand by
nuclease action. The gap is now filled with the correctly paired base.

In another type of repair mechanism, nucleotide excision repair, enzymes replace incorrect bases by
making a cut on both the 3' and 5' ends of the incorrect base (Figure 14.19). The segment of DNA is
removed and replaced with the correctly paired nucleotides by the action of DNA pol. Once the bases
are filled in, the remaining gap is sealed with a phosphodiester linkage catalyzed by DNA ligase. This
repair mechanism is often employed when UV exposure causes the formation of pyrimidine dimers.

Figure 14.19 Nucleotide excision repairs thymine dimers. When exposed to UV, thymines lying
adjacent to each other can form thymine dimers. In normal cells, they are excised and replaced.

A well-studied example of mistakes not being corrected is seen in people suffering from xeroderma
pigmentosa (Figure 14.20). Affected individuals have skin that is highly sensitive to UV rays from the
sun. When individuals are exposed to UV, pyrimidine dimers, especially those of thymine, are formed;
people with xeroderma pigmentosa are not able to repair the damage. These are not repaired because of a
defect in the nucleotide excision repair enzymes, whereas in normal individuals, the thymine dimers are
excised and the defect is corrected. The thymine dimers distort the structure of the DNA double helix,
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and this may cause problems during DNA replication. People with xeroderma pigmentosa may have a
higher risk of contracting skin cancer than those who dont have the condition.

Figure 14.20 Xeroderma pigmentosa is a condition in which thymine dimerization from exposure to
UV is not repaired. Exposure to sunlight results in skin lesions. (credit: James Halpern et al.)

Errors during DNA replication are not the only reason why mutations arise in DNA. Mutations,
variations in the nucleotide sequence of a genome, can also occur because of damage to DNA. Such
mutations may be of two types: induced or spontaneous. Induced mutations are those that result from
an exposure to chemicals, UV rays, x-rays, or some other environmental agent. Spontaneous mutations
occur without any exposure to any environmental agent; they are a result of natural reactions taking place
within the body.

Mutations may have a wide range of effects. Some mutations are not expressed; these are known as
silent mutations. Point mutations are those mutations that affect a single base pair. The most common
nucleotide mutations are substitutions, in which one base is replaced by another. These can be of two
types, either transitions or transversions. Transition substitution refers to a purine or pyrimidine being
replaced by a base of the same kind; for example, a purine such as adenine may be replaced by the purine
guanine. Transversion substitution refers to a purine being replaced by a pyrimidine, or vice versa; for
example, cytosine, a pyrimidine, is replaced by adenine, a purine. Mutations can also be the result of the
addition of a base, known as an insertion, or the removal of a base, also known as deletion. Sometimes a
piece of DNA from one chromosome may get translocated to another chromosome or to another region
of the same chromosome; this is also known as translocation. These mutation types are shown in Figure
14.21.
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a r t CONNECTION

Figure 14.21 Mutations can lead to changes in the protein sequence encoded by the DNA.

A frameshift mutation that results in the insertion of three nucleotides is often less
deleterious than a mutation that results in the insertion of one nucleotide. Why?

Mutations in repair genes have been known to cause cancer. Many mutated repair genes have been
implicated in certain forms of pancreatic cancer, colon cancer, and colorectal cancer. Mutations can affect
either somatic cells or germ cells. If many mutations accumulate in a somatic cell, they may lead to
problems such as the uncontrolled cell division observed in cancer. If a mutation takes place in germ
cells, the mutation will be passed on to the next generation, as in the case of hemophilia and xeroderma
pigmentosa.
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KEY TERMS

electrophoresis technique used to separate DNA fragments according to size

helicase during replication, this enzyme helps to open up the DNA helix by breaking the hydrogen
bonds

induced mutation mutation that results from exposure to chemicals or environmental agents

lagging strand during replication, the strand that is replicated in short fragments and away from the
replication fork

leading strand strand that is synthesized continuously in the 5'-3' direction which is synthesized in
the direction of the replication fork

ligase enzyme that catalyzes the formation of a phosphodiester linkage between the 3' OH and 5'
phosphate ends of the DNA

mismatch repair type of repair mechanism in which mismatched bases are removed after
replication

mutation variation in the nucleotide sequence of a genome

nucleotide excision repair type of DNA repair mechanism in which the wrong base, along with a
few nucleotides upstream or downstream, are removed

Okazaki fragment DNA fragment that is synthesized in short stretches on the lagging strand
point mutation mutation that affects a single base

primase enzyme that synthesizes the RNA primer; the primer is needed for DNA pol to start
synthesis of a new DNA strand

primer short stretch of nucleotides that is required to initiate replication; in the case of replication,
the primer has RNA nucleotides

proofreading function of DNA pol in which it reads the newly added base before adding the next
one

replication fork Y-shaped structure formed during initiation of replication
silent mutation mutation that is not expressed

single-strand binding protein during replication, protein that binds to the single-stranded DNA;
this helps in keeping the two strands of DNA apart so that they may serve as templates

sliding clamp ring-shaped protein that holds the DNA pol on the DNA strand

spontaneous mutation mutation that takes place in the cells as a result of chemical reactions
taking place naturally without exposure to any external agent

telomerase enzyme that contains a catalytic part and an inbuilt RNA template; it functions to
maintain telomeres at chromosome ends

telomere DNA at the end of linear chromosomes

topoisomerase enzyme that causes underwinding or overwinding of DNA when DNA replication
is taking place

transformation process in which external DNA is taken up by a cell
transition substitution when a purine is replaced with a purine or a pyrimidine is replaced with

another pyrimidine
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transversion substitution when a purine is replaced by a pyrimidine or a pyrimidine is replaced
by a purine

CHAPTER SUMMARY

14.1 Historical Basis of Modern Understanding

DNA was first isolated from white blood cells by Friedrich Miescher, who called it nuclein because it
was isolated from nuclei. Frederick Griffith's experiments with strains of Streptococcus pneumoniae
provided the first hint that DNA may be the transforming principle. Avery, MacLeod, and McCarty
proved that DNA is required for the transformation of bacteria. Later experiments by Hershey and
Chase using bacteriophage T2 proved that DNA is the genetic material. Chargaff found that the ratio of
A =T and C = G, and that the percentage content of A, T, G, and C is different for different species.

14.2 DNA Structure and Sequencing

The currently accepted model of the double-helix structure of DNA was proposed by Watson and Crick.
Some of the salient features are that the two strands that make up the double helix are complementary
and anti-parallel in nature. Deoxyribose sugars and phosphates form the backbone of the structure, and
the nitrogenous bases are stacked inside. The diameter of the double helix, 2 nm, is uniform throughout.
A purine always pairs with a pyrimidine; A pairs with T, and G pairs with C. One turn of the helix has
ten base pairs. During cell division, each daughter cell receives a copy of the DNA by a process known
as DNA replication. Prokaryotes are much simpler than eukaryotes in many of their features. Most
prokaryotes contain a single, circular chromosome. In general, eukaryotic chromosomes contain a linear
DNA molecule packaged into nucleosomes, and have two distinct regions that can be distinguished by
staining, reflecting different states of packaging and compaction.

14.3 Basics of DNA Replication

The model for DNA replication suggests that the two strands of the double helix separate during
replication, and each strand serves as a template from which the new complementary strand is copied.
In conservative replication, the parental DNA is conserved, and the daughter DNA is newly
synthesized. The semi-conservative method suggests that each of the two parental DNA strands acts as
template for new DNA to be synthesized; after replication, each double-stranded DNA includes one
parental or “old” strand and one “new” strand. The dispersive mode suggested that the two copies of the
DNA would have segments of parental DNA and newly synthesized DNA.

14.4 DNA Replication in Prokaryotes

Replication in prokaryotes starts from a sequence found on the chromosome called the origin of
replication—the point at which the DNA opens up. Helicase opens up the DNA double helix, resulting
in the formation of the replication fork. Single-strand binding proteins bind to the single-stranded DNA
near the replication fork to keep the fork open. Primase synthesizes an RNA primer to initiate synthesis
by DNA polymerase, which can add nucleotides only in the 5' to 3' direction. One strand is synthesized
continuously in the direction of the replication fork; this is called the leading strand. The other strand is
synthesized in a direction away from the replication fork, in short stretches of DNA known as Okazaki
fragments. This strand is known as the lagging strand. Once replication is completed, the RNA primers
are replaced by DNA nucleotides and the DNA is sealed with DNA ligase, which creates
phosphodiester bonds between the 3'-OH of one end and the 5' phosphate of the other strand.

14.5 DNA Replication in Eukaryotes

Replication in eukaryotes starts at multiple origins of replication. The mechanism is quite similar to
prokaryotes. A primer is required to initiate synthesis, which is then extended by DNA polymerase as it
adds nucleotides one by one to the growing chain. The leading strand is synthesized continuously,
whereas the lagging strand is synthesized in short stretches called Okazaki fragments. The RNA
primers are replaced with DNA nucleotides; the DNA remains one continuous strand by linking the
DNA fragments with DNA ligase. The ends of the chromosomes pose a problem as polymerase is
unable to extend them without a primer. Telomerase, an enzyme with an inbuilt RNA template, extends
the ends by copying the RNA template and extending one end of the chromosome. DNA polymerase
can then extend the DNA using the primer. In this way, the ends of the chromosomes are protected.
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17 | BIOTECHNOLOGY
AND GENOMICS

Figure 17.1 In genomics, the DNA of different organisms is compared, enabling scientists to create
maps with which to navigate the DNA of different organisms. (credit "map": modification of photo by
NASA)

Chapter Outline

17.1: Biotechnology

17.2: Mapping Genomes

17.3: Whole-Genome Sequencing
17.4: Applying Genomics

17.5: Genomics and Proteomics

Introduction

The study of nucleic acids began with the discovery of DNA, progressed to the study of genes and small
fragments, and has now exploded to the field of genomics. Genomics is the study of entire genomes,
including the complete set of genes, their nucleotide sequence and organization, and their interactions
within a species and with other species. The advances in genomics have been made possible by DNA
sequencing technology. Just as information technology has led to Google maps that enable people to
get detailed information about locations around the globe, genomic information is used to create similar
maps of the DNA of different organisms. These findings have helped anthropologists to better understand
human migration and have aided the field of medicine through the mapping of human genetic diseases.
The ways in which genomic information can contribute to scientific understanding are varied and quickly

growing.
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17.1 | Biotechnology

By the end of this section, you will be able to:
* Describe gel electrophoresis
* Explain molecular and reproductive cloning

* Describe uses of biotechnology in medicine and agriculture

Biotechnology is the use of biological agents for technological advancement. Biotechnology was used
for breeding livestock and crops long before the scientific basis of these techniques was understood.
Since the discovery of the structure of DNA in 1953, the field of biotechnology has grown rapidly
through both academic research and private companies. The primary applications of this technology are
in medicine (production of vaccines and antibiotics) and agriculture (genetic modification of crops, such
as to increase yields). Biotechnology also has many industrial applications, such as fermentation, the
treatment of oil spills, and the production of biofuels (Figure 17.2).

Figure 17.2 Antibiotics are chemicals produced by fungi, bacteria, and other organisms that have
antimicrobial properties. The first antibiotic discovered was penicillin. Antibiotics are now
commercially produced and tested for their potential to inhibit bacterial growth. (credit
"advertisement": modification of work by NIH; credit "test plate": modification of work by Don Stalons/
CDC; scale-bar data from Matt Russell)

Basic Techniques to Manipulate Genetic Material (DNA and
RNA)

To understand the basic techniques used to work with nucleic acids, remember that nucleic acids
are macromolecules made of nucleotides (a sugar, a phosphate, and a nitrogenous base) linked by
phosphodiester bonds. The phosphate groups on these molecules each have a net negative charge. An
entire set of DNA molecules in the nucleus is called the genome. DNA has two complementary strands
linked by hydrogen bonds between the paired bases. The two strands can be separated by exposure to
high temperatures (DNA denaturation) and can be reannealed by cooling. The DNA can be replicated
by the DNA polymerase enzyme. Unlike DNA, which is located in the nucleus of eukaryotic cells,
RNA molecules leave the nucleus. The most common type of RNA that is analyzed is the messenger
RNA (mRNA) because it represents the protein-coding genes that are actively expressed. However, RNA
molecules present some other challenges to analysis, as they are often less stable than DNA.

DNA and RNA Extraction

To study or manipulate nucleic acids, the DNA or RNA must first be isolated or extracted from the
cells. Various techniques are used to extract different types of DNA (Figure 17.3). Most nucleic acid
extraction techniques involve steps to break open the cell and use enzymatic reactions to destroy all
macromolecules that are not desired (such as degradation of unwanted molecules and separation from
the DNA sample). Cells are broken using a lysis buffer (a solution which is mostly a detergent);
lysis means “to split.” These enzymes break apart lipid molecules in the cell membranes and nuclear
membranes. Macromolecules are inactivated using enzymes such as proteases that break down proteins,
and ribonucleases (RNAses) that break down RNA. The DNA is then precipitated using alcohol. Human
genomic DNA is usually visible as a gelatinous, white mass. The DNA samples can be stored frozen at
—80°C for several years.

Download for free at: http://cnx.org/content/col11448/latest/


http://cnx.org/content/col11448/latest/

CHAPTER 17 | BIOTECHNOLOGY AND GENOMICS 453

Figure 17.3 This diagram shows the basic method used for extraction of DNA.

RNA analysis is performed to study gene expression patterns in cells. RNA is naturally very unstable
because RNAses are commonly present in nature and very difficult to inactivate. Similar to DNA, RNA
extraction involves the use of various buffers and enzymes to inactivate macromolecules and preserve
the RNA.

Gel Electrophoresis

Because nucleic acids are negatively charged ions at neutral or basic pH in an aqueous environment,
they can be mobilized by an electric field. Gel electrophoresis is a technique used to separate molecules
on the basis of size, using this charge. The nucleic acids can be separated as whole chromosomes or
fragments. The nucleic acids are loaded into a slot near the negative electrode of a semisolid, porous
gel matrix and pulled toward the positive electrode at the opposite end of the gel. Smaller molecules
move through the pores in the gel faster than larger molecules; this difference in the rate of migration
separates the fragments on the basis of size. There are molecular weight standard samples that can be
run alongside the molecules to provide a size comparison. Nucleic acids in a gel matrix can be observed
using various fluorescent or colored dyes. Distinct nucleic acid fragments appear as bands at specific
distances from the top of the gel (the negative electrode end) on the basis of their size (Figure 17.4).
A mixture of genomic DNA fragments of varying sizes appear as a long smear, whereas uncut genomic
DNA is usually too large to run through the gel and forms a single large band at the top of the gel.
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Figure 17.4 Shown are DNA fragments from seven samples run on a gel, stained with a fluorescent
dye, and viewed under UV light. (credit: James Jacob, Tompkins Cortland Community College)

Amplification of Nucleic Acid Fragments by Polymerase Chain Reaction

Although genomic DNA is visible to the naked eye when it is extracted in bulk, DNA analysis often
requires focusing on one or more specific regions of the genome. Polymerase chain reaction (PCR)
is a technique used to amplify specific regions of DNA for further analysis (Figure 17.5). PCR is used
for many purposes in laboratories, such as the cloning of gene fragments to analyze genetic diseases,
identification of contaminant foreign DNA in a sample, and the amplification of DNA for sequencing.
More practical applications include the determination of paternity and detection of genetic diseases.

Download for free at: http://cnx.org/content/col11448/latest/


http://cnx.org/content/col11448/latest/

CHAPTER 17 | BIOTECHNOLOGY AND GENOMICS 455

Figure 17.5 Polymerase chain reaction, or PCR, is used to amplify a specific sequence of DNA.
Primers—short pieces of DNA complementary to each end of the target sequence—are combined
with genomic DNA, Taq polymerase, and deoxynucleotides. Taq polymerase is a DNA polymerase
isolated from the thermostable bacterium Thermus aquaticus that is able to withstand the high
temperatures used in PCR. Thermus aquaticus grows in the Lower Geyser Basin of Yellowstone
National Park. Reverse transcriptase PCR (RT-PCR) is similar to PCR, but cDNA is made from an
RNA template before PCR begins.

DNA fragments can also be amplified from an RNA template in a process called reverse transcriptase
PCR (RT-PCR). The first step is to recreate the original DNA template strand (called cDNA) by
applying DNA nucleotides to the mRNA. This process is called reverse transcription. This requires the
presence of an enzyme called reverse transcriptase. After the cDNA is made, regular PCR can be used to
amplify it.

LINK TC@ARNING

Deepen your understanding of the polymerase chain reaction by clicking through this interactive
exercise (http://openstaxcollege.org/l/PCR) .

Hybridization, Southern Blotting, and Northern Blotting

Nucleic acid samples, such as fragmented genomic DNA and RNA extracts, can be probed for the

presence of certain sequences. Short DNA fragments called probes are designed and labeled with
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radioactive or fluorescent dyes to aid detection. Gel electrophoresis separates the nucleic acid fragments
according to their size. The fragments in the gel are then transferred onto a nylon membrane in a
procedure called bletting (Figure 17.6). The nucleic acid fragments that are bound to the surface of
the membrane can then be probed with specific radioactively or fluorescently labeled probe sequences.
When DNA is transferred to a nylon membrane, the technique is called Southern blotting, and when
RNA is transferred to a nylon membrane, it is called northern blotting. Southern blots are used to detect
the presence of certain DNA sequences in a given genome, and northern blots are used to detect gene
expression.

Figure 17.6 Southern blotting is used to find a particular sequence in a sample of DNA. DNA
fragments are separated on a gel, transferred to a nylon membrane, and incubated with a DNA
probe complementary to the sequence of interest. Northern blotting is similar to Southern blotting,
but RNA is run on the gel instead of DNA. In western blotting, proteins are run on a gel and detected
using antibodies.

Molecular Cloning

In general, the word “cloning” means the creation of a perfect replica; however, in biology, the re-
creation of a whole organism is referred to as “reproductive cloning.” Long before attempts were made
to clone an entire organism, researchers learned how to reproduce desired regions or fragments of the
genome, a process that is referred to as molecular cloning.

Cloning small fragments of the genome allows for the manipulation and study of specific genes (and
their protein products), or noncoding regions in isolation. A plasmid (also called a vector) is a small
circular DNA molecule that replicates independently of the chromosomal DNA. In cloning, the plasmid
molecules can be used to provide a "folder" in which to insert a desired DNA fragment. Plasmids are
usually introduced into a bacterial host for proliferation. In the bacterial context, the fragment of DNA
from the human genome (or the genome of another organism that is being studied) is referred to as
foreign DNA, or a transgene, to differentiate it from the DNA of the bacterium, which is called the host
DNA.

Plasmids occur naturally in bacterial populations (such as Escherichia coli) and have genes that can
contribute favorable traits to the organism, such as antibiotic resistance (the ability to be unaffected
by antibiotics). Plasmids have been repurposed and engineered as vectors for molecular cloning and the
large-scale production of important reagents, such as insulin and human growth hormone. An important
feature of plasmid vectors is the ease with which a foreign DNA fragment can be introduced via the
multiple cloning site (MCS). The MCS is a short DNA sequence containing multiple sites that can be
cut with different commonly available restriction endonucleases. Restriction endonucleases recognize
specific DNA sequences and cut them in a predictable manner; they are naturally produced by bacteria
as a defense mechanism against foreign DNA. Many restriction endonucleases make staggered cuts in
the two strands of DNA, such that the cut ends have a 2- or 4-base single-stranded overhang. Because
these overhangs are capable of annealing with complementary overhangs, these are called “sticky ends.”
Addition of an enzyme called DNA ligase permanently joins the DNA fragments via phosphodiester
bonds. In this way, any DNA fragment generated by restriction endonuclease cleavage can be spliced
between the two ends of a plasmid DNA that has been cut with the same restriction endonuclease (Figure
17.7).
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Recombinant DNA Molecules

Plasmids with foreign DNA inserted into them are called recombinant DNA molecules because they
are created artificially and do not occur in nature. They are also called chimeric molecules because the
origin of different parts of the molecules can be traced back to different species of biological organisms
or even to chemical synthesis. Proteins that are expressed from recombinant DNA molecules are called
recombinant proteins. Not all recombinant plasmids are capable of expressing genes. The recombinant
DNA may need to be moved into a different vector (or host) that is better designed for gene expression.
Plasmids may also be engineered to express proteins only when stimulated by certain environmental
factors, so that scientists can control the expression of the recombinant proteins.

a r t CONNECTION

Figure 17.7 This diagram shows the steps involved in molecular cloning.

You are working in a molecular biology lab and, unbeknownst to you, your lab partner left
the foreign genomic DNA that you are planning to clone on the lab bench overnight instead
of storing it in the freezer. As a result, it was degraded by nucleases, but still used in the
experiment. The plasmid, on the other hand, is fine. What results would you expect from
your molecular cloning experiment?

a. There will be no colonies on the bacterial plate.
b. There will be blue colonies only.

c. There will be blue and white colonies.

d

The will be white colonies only.
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LINK T@ARNING

View an animation of recombination in cloning (http://openstaxcollege.org/l/recombination) from
the DNA Learning Center.

Cellular Cloning

Unicellular organisms, such as bacteria and yeast, naturally produce clones of themselves when they
replicate asexually by binary fission; this is known as cellular cloning. The nuclear DNA duplicates by
the process of mitosis, which creates an exact replica of the genetic material.

Reproductive Cloning

Reproductive cloning is a method used to make a clone or an identical copy of an entire multicellular
organism. Most multicellular organisms undergo reproduction by sexual means, which involves genetic
hybridization of two individuals (parents), making it impossible for generation of an identical copy or
a clone of either parent. Recent advances in biotechnology have made it possible to artificially induce
asexual reproduction of mammals in the laboratory.

Parthenogenesis, or “virgin birth,” occurs when an embryo grows and develops without the fertilization
of the egg occurring; this is a form of asexual reproduction. An example of parthenogenesis occurs in
species in which the female lays an egg and if the egg is fertilized, it is a diploid egg and the individual
develops into a female; if the egg is not fertilized, it remains a haploid egg and develops into a male. The
unfertilized egg is called a parthenogenic, or virgin, egg. Some insects and reptiles lay parthenogenic
eggs that can develop into adults.

Sexual reproduction requires two cells; when the haploid egg and sperm cells fuse, a diploid zygote
results. The zygote nucleus contains the genetic information to produce a new individual. However, early
embryonic development requires the cytoplasmic material contained in the egg cell. This idea forms the
basis for reproductive cloning. Therefore, if the haploid nucleus of an egg cell is replaced with a diploid
nucleus from the cell of any individual of the same species (called a donor), it will become a zygote that
is genetically identical to the donor. Somatic cell nuclear transfer is the technique of transferring a diploid
nucleus into an enucleated egg. It can be used for either therapeutic cloning or reproductive cloning.

The first cloned animal was Dolly, a sheep who was born in 1996. The success rate of reproductive
cloning at the time was very low. Dolly lived for seven years and died of respiratory complications
(Figure 17.8). There is speculation that because the cell DNA belongs to an older individual, the age
of the DNA may affect the life expectancy of a cloned individual. Since Dolly, several animals such as
horses, bulls, and goats have been successfully cloned, although these individuals often exhibit facial,
limb, and cardiac abnormalities. There have been attempts at producing cloned human embryos as
sources of embryonic stem cells, sometimes referred to as cloning for therapeutic purposes. Therapeutic
cloning produces stem cells to attempt to remedy detrimental diseases or defects (unlike reproductive
cloning, which aims to reproduce an organism). Still, therapeutic cloning efforts have met with resistance
because of bioethical considerations.
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a r t| CONNECTION

Figure 17.8 Dolly the sheep was the first mammal to be cloned. To create Dolly, the nucleus
was removed from a donor egg cell. The nucleus from a second sheep was then introduced
into the cell, which was allowed to divide to the blastocyst stage before being implanted in a
surrogate mother. (credit: modification of work by "Squidonius"/Wikimedia Commons)

Do you think Dolly was a Finn-Dorset or a Scottish Blackface sheep?

Genetic Engineering

Genetic engineering is the alteration of an organism’s genotype using recombinant DNA technology
to modify an organism’s DNA to achieve desirable traits. The addition of foreign DNA in the form
of recombinant DNA vectors generated by molecular cloning is the most common method of genetic
engineering. The organism that receives the recombinant DNA is called a genetically modified
organism (GMO). If the foreign DNA that is introduced comes from a different species, the host
organism is called transgenic. Bacteria, plants, and animals have been genetically modified since the
early 1970s for academic, medical, agricultural, and industrial purposes. In the US, GMOs such as
Roundup-ready soybeans and borer-resistant corn are part of many common processed foods.

Gene Targeting

Although classical methods of studying the function of genes began with a given phenotype and
determined the genetic basis of that phenotype, modern techniques allow researchers to start at the DNA
sequence level and ask: "What does this gene or DNA element do?" This technique, called reverse
genetics, has resulted in reversing the classic genetic methodology. This method would be similar to
damaging a body part to determine its function. An insect that loses a wing cannot fly, which means that
the function of the wing is flight. The classical genetic method would compare insects that cannot fly
with insects that can fly, and observe that the non-flying insects have lost wings. Similarly, mutating or
deleting genes provides researchers with clues about gene function. The methods used to disable gene
function are collectively called gene targeting. Gene targeting is the use of recombinant DNA vectors
to alter the expression of a particular gene, either by introducing mutations in a gene, or by eliminating
the expression of a certain gene by deleting a part or all of the gene sequence from the genome of an

organism.
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Biotechnology in Medicine and Agriculture

It is easy to see how biotechnology can be used for medicinal purposes. Knowledge of the genetic
makeup of our species, the genetic basis of heritable diseases, and the invention of technology to
manipulate and fix mutant genes provides methods to treat the disease. Biotechnology in agriculture can
enhance resistance to disease, pest, and environmental stress, and improve both crop yield and quality.

Genetic Diagnosis and Gene Therapy

The process of testing for suspected genetic defects before administering treatment is called genetic
diagnosis by genetic testing. Depending on the inheritance patterns of a disease-causing gene, family
members are advised to undergo genetic testing. For example, women diagnosed with breast cancer are
usually advised to have a biopsy so that the medical team can determine the genetic basis of cancer
development. Treatment plans are based on the findings of genetic tests that determine the type of cancer.
If the cancer is caused by inherited gene mutations, other female relatives are also advised to undergo
genetic testing and periodic screening for breast cancer. Genetic testing is also offered for fetuses (or
embryos with in vitro fertilization) to determine the presence or absence of disease-causing genes in
families with specific debilitating diseases.

Gene therapy is a genetic engineering technique used to cure disease. In its simplest form, it involves
the introduction of a good gene at a random location in the genome to aid the cure of a disease that is
caused by a mutated gene. The good gene is usually introduced into diseased cells as part of a vector
transmitted by a virus that can infect the host cell and deliver the foreign DNA (Figure 17.9). More
advanced forms of gene therapy try to correct the mutation at the original site in the genome, such as is
the case with treatment of severe combined immunodeficiency (SCID).

Figure 17.9 Gene therapy using an adenovirus vector can be used to cure certain genetic diseases
in which a person has a defective gene. (credit: NIH)

Production of Vaccines, Antibiotics, and Hormones

Traditional vaccination strategies use weakened or inactive forms of microorganisms to mount the initial
immune response. Modern techniques use the genes of microorganisms cloned into vectors to mass
produce the desired antigen. The antigen is then introduced into the body to stimulate the primary
immune response and trigger immune memory. Genes cloned from the influenza virus have been used to
combat the constantly changing strains of this virus.

Antibiotics are a biotechnological product. They are naturally produced by microorganisms, such as
fungi, to attain an advantage over bacterial populations. Antibiotics are produced on a large scale by
cultivating and manipulating fungal cells.
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Recombinant DNA technology was used to produce large-scale quantities of human insulin in E. coli as
early as 1978. Previously, it was only possible to treat diabetes with pig insulin, which caused allergic
reactions in humans because of differences in the gene product. In addition, human growth hormone
(HGH) is used to treat growth disorders in children. The HGH gene was cloned from a cDNA library
and inserted into E. coli cells by cloning it into a bacterial vector.

Transgenic Animals

Although several recombinant proteins used in medicine are successfully produced in bacteria, some
proteins require a eukaryotic animal host for proper processing. For this reason, the desired genes
are cloned and expressed in animals, such as sheep, goats, chickens, and mice. Animals that have
been modified to express recombinant DNA are called transgenic animals. Several human proteins are
expressed in the milk of transgenic sheep and goats, and some are expressed in the eggs of chickens.
Mice have been used extensively for expressing and studying the effects of recombinant genes and
mutations.

Transgenic Plants

Manipulating the DNA of plants (i.e., creating GMOs) has helped to create desirable traits, such
as disease resistance, herbicide and pesticide resistance, better nutritional value, and better shelf-life
(Figure 17.10). Plants are the most important source of food for the human population. Farmers
developed ways to select for plant varieties with desirable traits long before modern-day biotechnology
practices were established.

Figure 17.10 Corn, a major agricultural crop used to create products for a variety of industries, is
often modified through plant biotechnology. (credit: Keith Weller, USDA)

Plants that have received recombinant DNA from other species are called transgenic plants. Because
they are not natural, transgenic plants and other GMOs are closely monitored by government agencies to
ensure that they are fit for human consumption and do not endanger other plant and animal life. Because
foreign genes can spread to other species in the environment, extensive testing is required to ensure
ecological stability. Staples like corn, potatoes, and tomatoes were the first crop plants to be genetically
engineered.

Transformation of Plants Using Agrobacterium tumefaciens

Gene transfer occurs naturally between species in microbial populations. Many viruses that cause human
diseases, such as cancer, act by incorporating their DNA into the human genome. In plants, tumors
caused by the bacterium Agrobacterium tumefaciens occur by transfer of DNA from the bacterium to the

plant. Although the tumors do not kill the plants, they make the plants stunted and more susceptible to
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harsh environmental conditions. Many plants, such as walnuts, grapes, nut trees, and beets, are affected
by A. tumefaciens. The artificial introduction of DNA into plant cells is more challenging than in animal
cells because of the thick plant cell wall.

Researchers used the natural transfer of DNA from Agrobacterium to a plant host to introduce DNA
fragments of their choice into plant hosts. In nature, the disease-causing A. tumefaciens have a set of
plasmids, called the Ti plasmids (tumor-inducing plasmids), that contain genes for the production of
tumors in plants. DNA from the Ti plasmid integrates into the infected plant cell’s genome. Researchers
manipulate the Ti plasmids to remove the tumor-causing genes and insert the desired DNA fragment for
transfer into the plant genome. The Ti plasmids carry antibiotic resistance genes to aid selection and can
be propagated in E. coli cells as well.

The Organic Insecticide Bacillus thuringiensis

Bacillus thuringiensis (Bt) is a bacterium that produces protein crystals during sporulation that are toxic
to many insect species that affect plants. Bt toxin has to be ingested by insects for the toxin to be
activated. Insects that have eaten Bt toxin stop feeding on the plants within a few hours. After the toxin
is activated in the intestines of the insects, death occurs within a couple of days. Modern biotechnology
has allowed plants to encode their own crystal Bt toxin that acts against insects. The crystal toxin
genes have been cloned from Bt and introduced into plants. Bt toxin has been found to be safe for the
environment, non-toxic to humans and other mammals, and is approved for use by organic farmers as a
natural insecticide.

Flavr Savr Tomato

The first GM crop to be introduced into the market was the Flavr Savr Tomato produced in 1994.
Antisense RNA technology was used to slow down the process of softening and rotting caused by
fungal infections, which led to increased shelf life of the GM tomatoes. Additional genetic modification
improved the flavor of this tomato. The Flavr Savr tomato did not successfully stay in the market because
of problems maintaining and shipping the crop.

17.2 | Mapping Genomes

By the end of this section, you will be able to:
* Define genomics
* Describe genetic and physical maps

* Describe genomic mapping methods

Genomics is the study of entire genomes, including the complete set of genes, their nucleotide sequence
and organization, and their interactions within a species and with other species. Genome mapping is the
process of finding the locations of genes on each chromosome. The maps created by genome mapping
are comparable to the maps that we use to navigate streets. A genetic map is an illustration that lists
genes and their location on a chromosome. Genetic maps provide the big picture (similar to a map
of interstate highways) and use genetic markers (similar to landmarks). A genetic marker is a gene
or sequence on a chromosome that co-segregates (shows genetic linkage) with a specific trait. Early
geneticists called this linkage analysis. Physical maps present the intimate details of smaller regions of
the chromosomes (similar to a detailed road map). A physical map is a representation of the physical
distance, in nucleotides, between genes or genetic markers. Both genetic linkage maps and physical maps
are required to build a complete picture of the genome. Having a complete map of the genome makes it
easier for researchers to study individual genes. Human genome maps help researchers in their efforts to
identify human disease-causing genes related to illnesses like cancer, heart disease, and cystic fibrosis.
Genome mapping can be used in a variety of other applications, such as using live microbes to clean up
pollutants or even prevent pollution. Research involving plant genome mapping may lead to producing
higher crop yields or developing plants that better adapt to climate change.

Genetic Maps

The study of genetic maps begins with linkage analysis, a procedure that analyzes the recombination
frequency between genes to determine if they are linked or show independent assortment. The term
linkage was used before the discovery of DNA. Early geneticists relied on the observation of phenotypic
changes to understand the genotype of an organism. Shortly after Gregor Mendel (the father of modern
genetics) proposed that traits were determined by what are now known as genes, other researchers
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observed that different traits were often inherited together, and thereby deduced that the genes were
physically linked by being located on the same chromosome. The mapping of genes relative to each other
based on linkage analysis led to the development of the first genetic maps.

Observations that certain traits were always linked and certain others were not linked came from studying
the offspring of crosses between parents with different traits. For example, in experiments performed on
the garden pea, it was discovered that the color of the flower and shape of the plant’s pollen were linked
traits, and therefore the genes encoding these traits were in close proximity on the same chromosome.
The exchange of DNA between homologous pairs of chromosomes is called genetic recombination,
which occurs by the crossing over of DNA between homologous strands of DNA, such as nonsister
chromatids. Linkage analysis involves studying the recombination frequency between any two genes.
The greater the distance between two genes, the higher the chance that a recombination event will
occur between them, and the higher the recombination frequency between them. Two possibilities for
recombination between two nonsister chromatids during meiosis are shown in Figure 17.11. If the
recombination frequency between two genes is less than 50 percent, they are said to be linked.

Figure 17.11 Crossover may occur at different locations on the chromosome. Recombination
between genes A and B is more frequent than recombination between genes B and C because
genes A and B are farther apart; a crossover is therefore more likely to occur between them.

The generation of genetic maps requires markers, just as a road map requires landmarks (such as
rivers and mountains). Early genetic maps were based on the use of known genes as markers. More
sophisticated markers, including those based on non-coding DNA, are now used to compare the genomes
of individuals in a population. Although individuals of a given species are genetically similar, they are
not identical; every individual has a unique set of traits. These minor differences in the genome between
individuals in a population are useful for the purposes of genetic mapping. In general, a good genetic
marker is a region on the chromosome that shows variability or polymorphism (multiple forms) in the
population.

Some genetic markers used in generating genetic maps are restriction fragment length polymorphisms
(RFLP), variable number of tandem repeats (VNTRs), microsatellite polymorphisms, and the single
nucleotide polymorphisms (SNPs). RFLPs (sometimes pronounced “rif-lips”) are detected when the
DNA of an individual is cut with a restriction endonuclease that recognizes specific sequences in the
DNA to generate a series of DNA fragments, which are then analyzed by gel electrophoresis. The
DNA of every individual will give rise to a unique pattern of bands when cut with a particular set of
restriction endonucleases; this is sometimes referred to as an individual’s DNA “fingerprint.” Certain
regions of the chromosome that are subject to polymorphism will lead to the generation of the unique
banding pattern. VNTRs are repeated sets of nucleotides present in the non-coding regions of DNA.
Non-coding, or “junk,” DNA has no known biological function; however, research shows that much of
this DNA is actually transcribed. While its function is uncertain, it is certainly active, and it may be
involved in the regulation of coding genes. The number of repeats may vary in individual organisms of a
population. Microsatellite polymorphisms are similar to VNTRs, but the repeat unit is very small. SNPs

are variations in a single nucleotide.
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Because genetic maps rely completely on the natural process of recombination, mapping is affected by
natural increases or decreases in the level of recombination in any given area of the genome. Some parts
of the genome are recombination hotspots, whereas others do not show a propensity for recombination.
For this reason, it is important to look at mapping information developed by multiple methods.

Physical Maps

A physical map provides detail of the actual physical distance between genetic markers, as well as the
number of nucleotides. There are three methods used to create a physical map: cytogenetic mapping,
radiation hybrid mapping, and sequence mapping. Cytogenetic mapping uses information obtained by
microscopic analysis of stained sections of the chromosome (Figure 17.12). It is possible to determine
the approximate distance between genetic markers using cytogenetic mapping, but not the exact distance
(number of base pairs). Radiation hybrid mapping uses radiation, such as x-rays, to break the DNA into
fragments. The amount of radiation can be adjusted to create smaller or larger fragments. This technique
overcomes the limitation of genetic mapping and is not affected by increased or decreased recombination
frequency. Sequence mapping resulted from DNA sequencing technology that allowed for the creation
of detailed physical maps with distances measured in terms of the number of base pairs. The creation
of genomic libraries and complementary DNA (cDNA) libraries (collections of cloned sequences or
all DNA from a genome) has sped up the process of physical mapping. A genetic site used to generate
a physical map with sequencing technology (a sequence-tagged site, or STS) is a unique sequence in
the genome with a known exact chromosomal location. An expressed sequence tag (EST) and a single
sequence length polymorphism (SSLP) are common STSs. An EST is a short STS that is identified with
cDNA libraries, while SSLPs are obtained from known genetic markers and provide a link between
genetic maps and physical maps.
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Figure 17.12 A cytogenetic map shows the appearance of a chromosome after it is stained and
examined under a microscope. (credit: National Human Genome Research Institute)
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Integration of Genetic and Physical Maps

Genetic maps provide the outline and physical maps provide the details. It is easy to understand why
both types of genome mapping techniques are important to show the big picture. Information obtained
from each technique is used in combination to study the genome. Genomic mapping is being used with
different model organisms that are used for research. Genome mapping is still an ongoing process, and
as more advanced techniques are developed, more advances are expected. Genome mapping is similar to
completing a complicated puzzle using every piece of available data. Mapping information generated in
laboratories all over the world is entered into central databases, such as GenBank at the National Center
for Biotechnology Information (NCBI). Efforts are being made to make the information more easily
accessible to researchers and the general public. Just as we use global positioning systems instead of
paper maps to navigate through roadways, NCBI has created a genome viewer tool to simplify the data-
mining process.

scientific meth( X [ CONNECTION

How to Use a Genome Map Viewer

Problem statement: Do the human, macaque, and mouse genomes contain common DNA
sequences?

Develop a hypothesis.
To test the hypothesis, click this link (http://www.ncbi.nim.nih.govimapview/) .

In Search box on the left panel, type any gene name or phenotypic characteristic, such
as iris pigmentation (eye color). Select the species you want to study, and then press
Enter. The genome map viewer will indicate which chromosome encodes the gene in
your search. Click each hit in the genome viewer for more detailed information. This type
of search is the most basic use of the genome viewer; it can also be used to compare
sequences between species, as well as many other complicated tasks.

Is the hypothesis correct? Why or why not?

LINK TC@ARNING

Online Mendelian Inheritance in Man (OMIM) is a searchable online catalog of human genes and
genetic disorders. This website shows genome mapping information, and also details the history and
research of each trait and disorder. Click this link (http://openstaxcollege.org/l/OMIM) to search for
traits (such as handedness) and genetic disorders (such as diabetes).

17.3 | Whole-Genome Sequencing

By the end of this section, you will be able to:
* Describe three types of sequencing

* Define whole-genome sequencing

Although there have been significant advances in the medical sciences in recent years, doctors are still
confounded by some diseases, and they are using whole-genome sequencing to get to the bottom of

the problem. Whole-genome sequencing is a process that determines the DNA sequence of an entire
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genome. Whole-genome sequencing is a brute-force approach to problem solving when there is a genetic
basis at the core of a disease. Several laboratories now provide services to sequence, analyze, and
interpret entire genomes.

For example, whole-exome sequencing is a lower-cost alternative to whole genome sequencing. In
exome sequencing, only the coding, exon-producing regions of the DNA are sequenced. In 2010, whole-
exome sequencing was used to save a young boy whose intestines had multiple mysterious abscesses.
The child had several colon operations with no relief. Finally, whole-exome sequencing was performed,
which revealed a defect in a pathway that controls apoptosis (programmed cell death). A bone-marrow
transplant was used to overcome this genetic disorder, leading to a cure for the boy. He was the first
person to be successfully treated based on a diagnosis made by whole-exome sequencing. Today, human
genome sequencing is more readily available and can be completed in a day or two for about $1000.

Strategies Used in Sequencing Projects

The basic sequencing technique used in all modern day sequencing projects is the chain termination
method (also known as the dideoxy method), which was developed by Fred Sanger in the 1970s. The
chain termination method involves DNA replication of a single-stranded template with the use of a
primer and a regular deoxynucleotide (ANTP), which is a monomer, or a single unit, of DNA. The primer
and dNTP are mixed with a small proportion of fluorescently labeled dideoxynucleotides (ddNTPs).
The ddNTPs are monomers that are missing a hydroxyl group (—OH) at the site at which another
nucleotide usually attaches to form a chain (Figure 17.13). Each ddNTP is labeled with a different color
of fluorophore. Every time a ddNTP is incorporated in the growing complementary strand, it terminates
the process of DNA replication, which results in multiple short strands of replicated DNA that are
each terminated at a different point during replication. When the reaction mixture is processed by gel
electrophoresis after being separated into single strands, the multiple newly replicated DNA strands form
a ladder because of the differing sizes. Because the ddNTPs are fluorescently labeled, each band on the
gel reflects the size of the DNA strand and the ddNTP that terminated the reaction. The different colors
of the fluorophore-labeled ddNTPs help identify the ddNTP incorporated at that position. Reading the
gel on the basis of the color of each band on the ladder produces the sequence of the template strand
(Figure 17.14).

Figure 17.13 A dideoxynucleotide is similar in structure to a deoxynucleotide, but is missing the 3'
hydroxyl group (indicated by the box). When a dideoxynucleotide is incorporated into a DNA strand,
DNA synthesis stops.
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Figure 17.14 Frederick Sanger's dideoxy chain termination method is illustrated. Using
dideoxynucleotides, the DNA fragment can be terminated at different points. The DNA is separated
on the basis of size, and these bands, based on the size of the fragments, can be read.

Early Strategies: Shotgun Sequencing and Pair-Wise End Sequencing

In shotgun sequencing method, several copies of a DNA fragment are cut randomly into many smaller
pieces (somewhat like what happens to a round shot cartridge when fired from a shotgun). All of the
segments are then sequenced using the chain-sequencing method. Then, with the help of a computer, the
fragments are analyzed to see where their sequences overlap. By matching up overlapping sequences at
the end of each fragment, the entire DNA sequence can be reformed. A larger sequence that is assembled
from overlapping shorter sequences is called a contig. As an analogy, consider that someone has four
copies of a landscape photograph that you have never seen before and know nothing about how it
should appear. The person then rips up each photograph with their hands, so that different size pieces
are present from each copy. The person then mixes all of the pieces together and asks you to reconstruct
the photograph. In one of the smaller pieces you see a mountain. In a larger piece, you see that the same
mountain is behind a lake. A third fragment shows only the lake, but it reveals that there is a cabin on the
shore of the lake. Therefore, from looking at the overlapping information in these three fragments, you
know that the picture contains a mountain behind a lake that has a cabin on its shore. This is the principle
behind reconstructing entire DNA sequences using shotgun sequencing.

Originally, shotgun sequencing only analyzed one end of each fragment for overlaps. This was sufficient
for sequencing small genomes. However, the desire to sequence larger genomes, such as that of a human,
led to the development of double-barrel shotgun sequencing, more formally known as pairwise-end
sequencing. In pairwise-end sequencing, both ends of each fragment are analyzed for overlap. Pairwise-
end sequencing is, therefore, more cumbersome than shotgun sequencing, but it is easier to reconstruct
the sequence because there is more available information.

Next-generation Sequencing

Since 2005, automated sequencing techniques used by laboratories are under the umbrella of next-
generation sequencing, which is a group of automated techniques used for rapid DNA sequencing.
These automated low-cost sequencers can generate sequences of hundreds of thousands or millions
of short fragments (25 to 500 base pairs) in the span of one day. These sequencers use sophisticated
software to get through the cumbersome process of putting all the fragments in order.
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Comparing Sequences

A sequence alignment is an arrangement of proteins, DNA, or RNA,; it is used to identify
regions of similarity between cell types or species, which may indicate conservation of
function or structures. Sequence alignments may be used to construct phylogenetic trees.
The following website uses a software program called BLAST (basic local alignment
search tool) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) .

Under “Basic Blast,” click “Nucleotide Blast.” Input the following sequence into the large
"query sequence" box: ATTGCTTCGATTGCA. Below the box, locate the "Species" field
and type "human" or "Homo sapiens". Then click “BLAST” to compare the inputted
sequence against known sequences of the human genome. The result is that this
sequence occurs in over a hundred places in the human genome. Scroll down below the
graphic with the horizontal bars and you will see short description of each of the matching
hits. Pick one of the hits near the top of the list and click on "Graphics". This will bring
you to a page that shows where the sequence is found within the entire human genome.
You can move the slider that looks like a green flag back and forth to view the sequences
immediately around the selected gene. You can then return to your selected sequence by
clicking the "ATG" button.

Use of Whole-Genome Sequences of Model Organisms

The first genome to be completely sequenced was of a bacterial virus, the bacteriophage fx174 (5368
base pairs); this was accomplished by Fred Sanger using shotgun sequencing. Several other organelle
and viral genomes were later sequenced. The first organism whose genome was sequenced was the
bacterium Haemophilus influenzae; this was accomplished by Craig Venter in the 1980s. Approximately
74 different laboratories collaborated on the sequencing of the genome of the yeast Saccharomyces
cerevisiae, which began in 1989 and was completed in 1996, because it was 60 times bigger than
any other genome that had been sequenced. By 1997, the genome sequences of two important model
organisms were available: the bacterium Escherichia coli K12 and the yeast Saccharomyces cerevisiae.
Genomes of other model organisms, such as the mouse Mus musculus, the fruit fly Drosophila
melanogaster, the nematode Caenorhabditis. elegans, and humans Homo sapiens are now known. A
lot of basic research is performed in model organisms because the information can be applied to
genetically similar organisms. A model organism is a species that is studied as a model to understand
the biological processes in other species represented by the model organism. Having entire genomes
sequenced helps with the research efforts in these model organisms. The process of attaching biological
information to gene sequences is called genome annotation. Annotation of gene sequences helps with
basic experiments in molecular biology, such as designing PCR primers and RNA targets.

LINK TC{LE%ARNING

Click through each step of genome sequencing at this site (http://openstaxcollege.org/l/
DNA_sequence) .

Uses of Genome Sequences

DNA microarrays are methods used to detect gene expression by analyzing an array of DNA fragments
that are fixed to a glass slide or a silicon chip to identify active genes and identify sequences. Almost
one million genotypic abnormalities can be discovered using microarrays, whereas whole-genome
sequencing can provide information about all six billion base pairs in the human genome. Although

Download for free at: http://cnx.org/content/col11448/latest/


http://cnx.org/content/col11448/latest/

CHAPTER 17 | BIOTECHNOLOGY AND GENOMICS 469

the study of medical applications of genome sequencing is interesting, this discipline tends to dwell on
abnormal gene function. Knowledge of the entire genome will allow future onset diseases and other
genetic disorders to be discovered early, which will allow for more informed decisions to be made
about lifestyle, medication, and having children. Genomics is still in its infancy, although someday
it may become routine to use whole-genome sequencing to screen every newborn to detect genetic
abnormalities.

In addition to disease and medicine, genomics can contribute to the development of novel enzymes
that convert biomass to biofuel, which results in higher crop and fuel production, and lower cost to the
consumer. This knowledge should allow better methods of control over the microbes that are used in
the production of biofuels. Genomics could also improve the methods used to monitor the impact of
pollutants on ecosystems and help clean up environmental contaminants. Genomics has allowed for the
development of agrochemicals and pharmaceuticals that could benefit medical science and agriculture.

It sounds great to have all the knowledge we can get from whole-genome sequencing; however, humans
have a responsibility to use this knowledge wisely. Otherwise, it could be easy to misuse the power of
such knowledge, leading to discrimination based on a person's genetics, human genetic engineering, and
other ethical concerns. This information could also lead to legal issues regarding health and privacy.

17.4 | Applying Genomics

By the end of this section, you will be able to:
» Explain pharmacogenomics

* Define polygenic

The introduction of DNA sequencing and whole genome sequencing projects, particularly the Human
Genome project, has expanded the applicability of DNA sequence information. Genomics is now being
used in a wide variety of fields, such as metagenomics, pharmacogenomics, and mitochondrial genomics.
The most commonly known application of genomics is to understand and find cures for diseases.

Predicting Disease Risk at the Individual Level

Predicting the risk of disease involves screening currently healthy individuals by genome analysis at
the individual level. Intervention with lifestyle changes and drugs can be recommended before disease
onset. However, this approach is most applicable when the problem resides within a single gene defect.
Such defects only account for approximately 5 percent of diseases in developed countries. Most of
the common diseases, such as heart disease, are multi-factored or pelygenic, which is a phenotypic
characteristic that involves two or more genes, and also involve environmental factors such as diet.
In April 2010, scientists at Stanford University published the genome analysis of a healthy individual
(Stephen Quake, a scientist at Stanford University, who had his genome sequenced); the analysis
predicted his propensity to acquire various diseases. A risk assessment was performed to analyze
Quake’s percentage of risk for 55 different medical conditions. A rare genetic mutation was found,
which showed him to be at risk for sudden heart attack. He was also predicted to have a 23 percent
risk of developing prostate cancer and a 1.4 percent risk of developing Alzheimer’s. The scientists used
databases and several publications to analyze the genomic data. Even though genomic sequencing is
becoming more affordable and analytical tools are becoming more reliable, ethical issues surrounding

genomic analysis at a population level remain to be addressed.
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Figure 17.15 PCA3 is a gene that is expressed in prostate epithelial cells and overexpressed
in cancerous cells. A high concentration of PCA3 in urine is indicative of prostate cancer. The
PCAS3 test is considered to be a better indicator of cancer than the more well know PSA test,
which measures the level of PSA (prostate-specific antigen) in the blood.

In 2011, the United States Preventative Services Task Force recommended against using
the PSA test to screen healthy men for prostate cancer. Their recommendation is based
on evidence that screening does not reduce the risk of death from prostate cancer.
Prostate cancer often develops very slowly and does not cause problems, while the cancer
treatment can have severe side effects. The PCA3 test is considered to be more accurate,
but screening may still result in men who would not have been harmed by the cancer
itself suffering side effects from treatment. What do you think? Should all healthy men be
screened for prostate cancer using the PCA3 or PSA test? Should people in general be
screened to find out if they have a genetic risk for cancer or other diseases?

Pharmacogenomics and Toxicogenomics

Pharmacoegenomics, also called toxicogenomics, involves evaluating the effectiveness and safety of
drugs on the basis of information from an individual's genomic sequence. Genomic responses to
drugs can be studied using experimental animals (such as laboratory rats or mice) or live cells in the
laboratory before embarking on studies with humans. Studying changes in gene expression could provide
information about the transcription profile in the presence of the drug, which can be used as an early
indicator of the potential for toxic effects. For example, genes involved in cellular growth and controlled
cell death, when disturbed, could lead to the growth of cancerous cells. Genome-wide studies can
also help to find new genes involved in drug toxicity. Personal genome sequence information can be
used to prescribe medications that will be most effective and least toxic on the basis of the individual
patient’s genotype. The gene signatures may not be completely accurate, but can be tested further before
pathologic symptoms arise.

Microbial Genomics: Metagenomics

Traditionally, microbiology has been taught with the view that microorganisms are best studied under
pure culture conditions, which involves isolating a single type of cell and culturing it in the laboratory.
Because microorganisms can go through several generations in a matter of hours, their gene expression
profiles adapt to the new laboratory environment very quickly. In addition, the vast majority of bacterial
species resist being cultured in isolation. Most microorganisms do not live as isolated entities, but in
microbial communities known as biofilms. For all of these reasons, pure culture is not always the best
way to study microorganisms. Metagenomics is the study of the collective genomes of multiple species
that grow and interact in an environmental niche. Metagenomics can be used to identify new species
more rapidly and to analyze the effect of pollutants on the environment (Figure 17.16).
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Figure 17.16 Metagenomics involves isolating DNA from multiple species within an environmental
niche.

Microbial Genomics: Creation of New Biofuels

Knowledge of the genomics of microorganisms is being used to find better ways to harness biofuels
from algae and cyanobacteria. The primary sources of fuel today are coal, oil, wood, and other plant
products, such as ethanol. Although plants are renewable resources, there is still a need to find more
alternative renewable sources of energy to meet our population’s energy demands. The microbial world
is one of the largest resources for genes that encode new enzymes and produce new organic compounds,
and it remains largely untapped. Microorganisms are used to create products, such as enzymes that
are used in research, antibiotics, and other anti-microbial mechanisms. Microbial genomics is helping
to develop diagnostic tools, improved vaccines, new disease treatments, and advanced environmental
cleanup techniques.

Mitochondrial Genomics

Mitochondria are intracellular organelles that contain their own DNA. Mitochondrial DNA mutates at
a rapid rate and is often used to study evolutionary relationships. Another feature that makes studying
the mitochondrial genome interesting is that the mitochondrial DNA in most multicellular organisms is
passed on from the mother during the process of fertilization. For this reason, mitochondrial genomics is
often used to trace genealogy.

Information and clues obtained from DNA samples found at crime scenes have been used as evidence
in court cases, and genetic markers have been used in forensic analysis. Genomic analysis has also
become useful in this field. In 2001, the first use of genomics in forensics was published. It was a
collaborative attempt between academic research institutions and the FBI to solve the mysterious cases
of anthrax communicated via the US Postal Service. Using microbial genomics, researchers determined
that a specific strain of anthrax was used in all the mailings.

Genomics in Agriculture

Genomics can reduce the trials and failures involved in scientific research to a certain extent, which could
improve the quality and quantity of crop yields in agriculture. Linking traits to genes or gene signatures
helps to improve crop breeding to generate hybrids with the most desirable qualities. Scientists use
genomic data to identify desirable traits, and then transfer those traits to a different organism. Scientists
are discovering how genomics can improve the quality and quantity of agricultural production. For
example, scientists could use desirable traits to create a useful product or enhance an existing product,

such as making a drought-sensitive crop more tolerant of the dry season.
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17.5 | Genomics and Proteomics

By the end of this section, you will be able to:
» Explain systems biology
* Describe a proteome

» Define protein signature

Proteins are the final products of genes, which help perform the function encoded by the gene. Proteins
are composed of amino acids and play important roles in the cell. All enzymes (except ribozymes) are
proteins that act as catalysts to affect the rate of reactions. Proteins are also regulatory molecules, and
some are hormones. Transport proteins, such as hemoglobin, help transport oxygen to various organs.
Antibodies that defend against foreign particles are also proteins. In the diseased state, protein function
can be impaired because of changes at the genetic level or because of direct impact on a specific protein.

A proteome is the entire set of proteins produced by a cell type. Proteomes can be studied using the
knowledge of genomes because genes code for mRNAs, and the mRNAs encode proteins. Although
mRNA analysis is a step in the right direction, not all mRNAs are translated into proteins. The study
of the function of proteomes is called proteomics. Proteomics complements genomics and is useful
when scientists want to test their hypotheses that were based on genes. Even though all cells of a
multicellular organism have the same set of genes, the set of proteins produced in different tissues is
different and dependent on gene expression. Thus, the genome is constant, but the proteome varies and is
dynamic within an organism. In addition, RNAs can be alternately spliced (cut and pasted to create novel
combinations and novel proteins) and many proteins are modified after translation by processes such as
proteolytic cleavage, phosphorylation, glycosylation, and ubiquitination. There are also protein-protein
interactions, which complicate the study of proteomes. Although the genome provides a blueprint, the
final architecture depends on several factors that can change the progression of events that generate the
proteome.

Metabolomics is related to genomics and proteomics. Metabolomics involves the study of small
molecule metabolites found in an organism. The metabolome is the complete set of metabolites that are
related to the genetic makeup of an organism. Metabolomics offers an opportunity to compare genetic
makeup and physical characteristics, as well as genetic makeup and environmental factors. The goal of
metabolome research is to identify, quantify, and catalogue all of the metabolites that are found in the
tissues and fluids of living organisms.

Basic Techniques in Protein Analysis

The ultimate goal of proteomics is to identify or compare the proteins expressed from a given genome
under specific conditions, study the interactions between the proteins, and use the information to predict
cell behavior or develop drug targets. Just as the genome is analyzed using the basic technique of
DNA sequencing, proteomics requires techniques for protein analysis. The basic technique for protein
analysis, analogous to DNA sequencing, is mass spectrometry. Mass spectrometry is used to identify
and determine the characteristics of a molecule. Advances in spectrometry have allowed researchers
to analyze very small samples of protein. X-ray crystallography, for example, enables scientists to
determine the three-dimensional structure of a protein crystal at atomic resolution. Another protein
imaging technique, nuclear magnetic resonance (NMR), uses the magnetic properties of atoms to
determine the three-dimensional structure of proteins in aqueous solution. Protein microarrays have also
been used to study interactions between proteins. Large-scale adaptations of the basic two-hybrid screen
(Figure 17.17) have provided the basis for protein microarrays. Computer software is used to analyze
the vast amount of data generated for proteomic analysis.

Genomic- and proteomic-scale analyses are part of systems biology. Systems biology is the study
of whole biological systems (genomes and proteomes) based on interactions within the system. The
European Bioinformatics Institute and the Human Proteome Organization (HUPQ) are developing and
establishing effective tools to sort through the enormous pile of systems biology data. Because proteins
are the direct products of genes and reflect activity at the genomic level, it is natural to use proteomes
to compare the protein profiles of different cells to identify proteins and genes involved in disease
processes. Most pharmaceutical drug trials target proteins. Information obtained from proteomics is
being used to identify novel drugs and understand their mechanisms of action.
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Figure 17.17 Two-hybrid screening is used to determine whether two proteins interact. In this
method, a transcription factor is split into a DNA-binding domain (BD) and an activator domain (AD).
The binding domain is able to bind the promoter in the absence of the activator domain, but it does
not turn on transcription. A protein called the bait is attached to the BD, and a protein called the prey
is attached to the AD. Transcription occurs only if the prey “catches” the bait.

The challenge of techniques used for proteomic analyses is the difficulty in detecting small quantities
of proteins. Although mass spectrometry is good for detecting small amounts of proteins, variations in
protein expression in diseased states can be difficult to discern. Proteins are naturally unstable molecules,
which makes proteomic analysis much more difficult than genomic analysis.

Cancer Proteomics

Genomes and proteomes of patients suffering from specific diseases are being studied to understand the
genetic basis of the disease. The most prominent disease being studied with proteomic approaches is
cancer. Proteomic approaches are being used to improve screening and early detection of cancer; this
is achieved by identifying proteins whose expression is affected by the disease process. An individual
protein is called a biomarker, whereas a set of proteins with altered expression levels is called a protein
signature. For a biomarker or protein signature to be useful as a candidate for early screening and
detection of a cancer, it must be secreted in body fluids, such as sweat, blood, or urine, such that large-
scale screenings can be performed in a non-invasive fashion. The current problem with using biomarkers
for the early detection of cancer is the high rate of false-negative results. A false negative is an incorrect
test result that should have been positive. In other words, many cases of cancer go undetected, which
makes biomarkers unreliable. Some examples of protein biomarkers used in cancer detection are CA-125
for ovarian cancer and PSA for prostate cancer. Protein signatures may be more reliable than biomarkers
to detect cancer cells. Proteomics is also being used to develop individualized treatment plans, which
involves the prediction of whether or not an individual will respond to specific drugs and the side effects
that the individual may experience. Proteomics is also being used to predict the possibility of disease
recurrence.

The National Cancer Institute has developed programs to improve the detection and treatment of cancer.
The Clinical Proteomic Technologies for Cancer and the Early Detection Research Network are efforts
to identify protein signatures specific to different types of cancers. The Biomedical Proteomics Program

is designed to identify protein signatures and design effective therapies for cancer patients.
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KEY TERMS
antibiotic resistance ability of an organism to be unaffected by the actions of an antibiotic
biomarker individual protein that is uniquely produced in a diseased state
biotechnology use of biological agents for technological advancement
cDNA library collection of cloned cDNA sequences
cellular cloning production of identical cell populations by binary fission

chain termination method method of DNA sequencing using labeled dideoxynucleotides to
terminate DNA replication; it is also called the dideoxy method or the Sanger method

clone exact replica

contig larger sequence of DNA assembled from overlapping shorter sequences

cytogenetic mapping technique that uses a microscope to create a map from stained chromosomes
deoxynucleotide individual monomer (single unit) of DNA

dideoxynucleotide individual monomer of DNA that is missing a hydroxyl group (-OH)

DNA microarray method used to detect gene expression by analyzing an array of DNA fragments
that are fixed to a glass slide or a silicon chip to identify active genes and identify sequences

expressed sequence tag (EST) short STS that is identified with cDNA

false negative incorrect test result that should have been positive

foreign DNA DNA that belongs to a different species or DNA that is artificially synthesized

gel electrophoresis technique used to separate molecules on the basis of size using electric charge

gene targeting method for altering the sequence of a specific gene by introducing the modified
version on a vector

gene therapy technique used to cure inheritable diseases by replacing mutant genes with good
genes

genetic diagnosis diagnosis of the potential for disease development by analyzing disease-causing
genes

genetic engineering alteration of the genetic makeup of an organism
genetic map outline of genes and their location on a chromosome

genetic marker gene or sequence on a chromosome with a known location that is associated with a
specific trait

genetic recombination exchange of DNA between homologous pairs of chromosomes
genetic testing process of testing for the presence of disease-causing genes

genetically modified organism (GMO) organism whose genome has been artificially changed
genome annotation process of attaching biological information to gene sequences

genome mapping process of finding the location of genes on each chromosome

genomic library collection of cloned DNA which represents all of the sequences and fragments
from a genome
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genomics study of entire genomes including the complete set of genes, their nucleotide sequence
and organization, and their interactions within a species and with other species

host DNA DNA that is present in the genome of the organism of interest

linkage analysis procedure that analyzes the recombination of genes to determine if they are linked
lysis buffer solution used to break the cell membrane and release cell contents

metabolome complete set of metabolites which are related to the genetic makeup of an organism
metabolomics study of small molecule metabolites found in an organism

metagenomics study of the collective genomes of multiple species that grow and interact in an
environmental niche

microsatellite polymorphism variation between individuals in the sequence and number of
repeats of microsatellite DNA

model organism species that is studied and used as a model to understand the biological processes
in other species represented by the model organism

molecular cloning cloning of DNA fragments

multiple cloning site (MCS) site that can be recognized by multiple restriction endonucleases
next-generation sequencing group of automated techniques used for rapid DNA sequencing
northern blotting transfer of RNA from a gel to a nylon membrane

pharmacogenomics study of drug interactions with the genome or proteome; also called
toxicogenomics

physical map representation of the physical distance between genes or genetic markers
polygenic phenotypic characteristic caused by two or more genes
polymerase chain reaction (PCR) technique used to amplify DNA

probe small DNA fragment used to determine if the complementary sequence is present in a DNA
sample

protease enzyme that breaks down proteins

protein signature set of uniquely expressed proteins in the diseased state

proteome entire set of proteins produced by a cell type

proteomics study of the function of proteomes

pure culture growth of a single type of cell in the laboratory

radiation hybrid mapping information obtained by fragmenting the chromosome with x-rays

recombinant DNA combination of DNA fragments generated by molecular cloning that does not
exist in nature; also known as a chimeric molecule

recombinant protein protein product of a gene derived by molecular cloning

reproductive cloning cloning of entire organisms

restriction endonuclease enzyme that can recognize and cleave specific DNA sequences
restriction fragment length polymorphism (RFLP) variation between individuals in the

length of DNA fragments generated by restriction endonucleases
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reverse genetics method of determining the function of a gene by starting with the gene itself
instead of starting with the gene product

reverse transcriptase PCR (RT-PCR) PCR technique that involves converting RNA to DNA by
reverse transcriptase

ribonuclease enzyme that breaks down RNA
sequence mapping mapping information obtained after DNA sequencing

shotgun sequencing method used to sequence multiple DNA fragments to generate the sequence
of a large piece of DNA

single nucleotide polymorphism (SNP) variation between individuals in a single nucleotide
Southern blotting transfer of DNA from a gel to a nylon membrane

systems biology study of whole biological systems (genomes and proteomes) based on
interactions within the system

Ti plasmid plasmid system derived from Agrobacterium tumifaciens that has been used by scientists
to introduce foreign DNA into plant cells

transgenic organism that receives DNA from a different species

variable number of tandem repeats (VNTRS) variation in the number of tandem repeats
between individuals in the population

whole-genome sequencing process that determines the DNA sequence of an entire genome
CHAPTER SUMMARY

17.1 Biotechnology

Nucleic acids can be isolated from cells for the purposes of further analysis by breaking open the cells
and enzymatically destroying all other major macromolecules. Fragmented or whole chromosomes can
be separated on the basis of size by gel electrophoresis. Short stretches of DNA or RNA can be
amplified by PCR. Southern and northern blotting can be used to detect the presence of specific short
sequences in a DNA or RNA sample. The term “cloning” may refer to cloning small DNA fragments
(molecular cloning), cloning cell populations (cellular cloning), or cloning entire organisms
(reproductive cloning). Genetic testing is performed to identify disease-causing genes, and gene therapy
is used to cure an inheritable disease.

Transgenic organisms possess DNA from a different species, usually generated by molecular cloning
techniques. Vaccines, antibiotics, and hormones are examples of products obtained by recombinant
DNA technology. Transgenic plants are usually created to improve characteristics of crop plants.

17.2 Mapping Genomes

Genome mapping is similar to solving a big, complicated puzzle with pieces of information coming
from laboratories all over the world. Genetic maps provide an outline for the location of genes within a
genome, and they estimate the distance between genes and genetic markers on the basis of
recombination frequencies during meiosis. Physical maps provide detailed information about the
physical distance between the genes. The most detailed information is available through sequence
mapping. Information from all mapping and sequencing sources is combined to study an entire genome.

17.3 Whole-Genome Sequencing

Whole-genome sequencing is the latest available resource to treat genetic diseases. Some doctors are
using whole-genome sequencing to save lives. Genomics has many industrial applications including
biofuel development, agriculture, pharmaceuticals, and pollution control. The basic principle of all
modern-day sequencing strategies involves the chain termination method of sequencing.
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DIGESTIVE SYSTEM

Figure 34.1 For humans, fruits and vegetables are important in maintaining a balanced diet. (credit:
modification of work by Julie Rybarczyk)

Chapter Outline

34.1: Digestive Systems

34.2: Nutrition and Energy Production
34.3: Digestive System Processes
34.4: Digestive System Regulation

Introduction

All living organisms need nutrients to survive. While plants can obtain the molecules required for cellular
function through the process of photosynthesis, most animals obtain their nutrients by the consumption
of other organisms. At the cellular level, the biological molecules necessary for animal function are
amino acids, lipid molecules, nucleotides, and simple sugars. However, the food consumed consists of
protein, fat, and complex carbohydrates. Animals must convert these macromolecules into the simple
molecules required for maintaining cellular functions, such as assembling new molecules, cells, and
tissues. The conversion of the food consumed to the nutrients required is a multi-step process involving
digestion and absorption. During digestion, food particles are broken down to smaller components, and
later, they are absorbed by the body.

One of the challenges in human nutrition is maintaining a balance between food intake, storage, and

energy expenditure. Imbalances can have serious health consequences. For example, eating too much
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food while not expending much energy leads to obesity, which in turn will increase the risk of developing
illnesses such as type-2 diabetes and cardiovascular disease. The recent rise in obesity and related
diseases makes understanding the role of diet and nutrition in maintaining good health all the more
important.

34.1 | Digestive Systems

By the end of this section, you will be able to:
¢ Explain the processes of digestion and absorption
¢ Compare and contrast different types of digestive systems
« Explain the specialized functions of the organs involved in processing food in the body

¢ Describe the ways in which organs work together to digest food and absorb nutrients

Animals obtain their nutrition from the consumption of other organisms. Depending on their diet,
animals can be classified into the following categories: plant eaters (herbivores), meat eaters
(carnivores), and those that eat both plants and animals (omnivores). The nutrients and macromolecules
present in food are not immediately accessible to the cells. There are a number of processes that modify
food within the animal body in order to make the nutrients and organic molecules accessible for cellular
function. As animals evolved in complexity of form and function, their digestive systems have also
evolved to accommodate their various dietary needs.

Herbivores, Omnivores, and Carnivores

Herbiveres are animals whose primary food source is plant-based. Examples of herbivores, as shown
in Figure 34.2 include vertebrates like deer, koalas, and some bird species, as well as invertebrates such
as crickets and caterpillars. These animals have evolved digestive systems capable of handling large
amounts of plant material. Herbivores can be further classified into frugivores (fruit-eaters), granivores
(seed eaters), nectivores (nectar feeders), and folivares (leaf eaters).

Figure 34.2 Herbivores, like this (@) mule deer and (b) monarch caterpillar, eat primarily plant
material. (credit a: modification of work by Bill Ebbesen; credit b: modification of work by Doug
Bowman)

Carnivores are animals that eat other animals. The word carnivore is derived from Latin and literally
means “meat eater.” Wild cats such as lions, shown in Figure 34.3a and tigers are examples of vertebrate
carnivores, as are snakes and sharks, while invertebrate carnivores include sea stars, spiders, and
ladybugs, shown in Figure 34.3b. Obligate carnivores are those that rely entirely on animal flesh to
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obtain their nutrients; examples of obligate carnivores are members of the cat family, such as lions
and cheetahs. Facultative carnivores are those that also eat non-animal food in addition to animal food.
Note that there is no clear line that differentiates facultative carnivores from omnivores; dogs would be
considered facultative carnivores.

Figure 34.3 Carnivores like the (a) lion eat primarily meat. The (b) ladybug is also a carnivore
that consumes small insects called aphids. (credit a: modification of work by Kevin Pluck; credit b:
modification of work by Jon Sullivan)

Omnivores are animals that eat both plant- and animal-derived food. In Latin, omnivore means to eat
everything. Humans, bears (shown in Figure 34.4a), and chickens are example of vertebrate omnivores;
invertebrate omnivores include cockroaches and crayfish (shown in Figure 34.4b).

Figure 34.4 Omnivores like the (a) bear and (b) crayfish eat both plant and animal based food.
(credit a: modification of work by Dave Menke; credit b: modification of work by Jon Sullivan)

Invertebrate Digestive Systems

Animals have evolved different types of digestive systems to aid in the digestion of the different foods
they consume. The simplest example is that of a gastrevascular cavity and is found in organisms with
only one opening for digestion. Platyhelminthes (flatworms), Ctenophora (comb jellies), and Cnidaria
(coral, jelly fish, and sea anemones) use this type of digestion. Gastrovascular cavities, as shown in
Figure 34.5a, are typically a blind tube or cavity with only one opening, the “mouth”, which also serves
as an “anus”. Ingested material enters the mouth and passes through a hollow, tubular cavity. Cells within
the cavity secrete digestive enzymes that break down the food. The food particles are engulfed by the
cells lining the gastrovascular cavity.

The alimentary canal, shown in Figure 34.5b, is a more advanced system: it consists of one tube with
a mouth at one end and an anus at the other. Earthworms are an example of an animal with an alimentary
canal. Once the food is ingested through the mouth, it passes through the esophagus and is stored in an
organ called the crop; then it passes into the gizzard where it is churned and digested. From the gizzard,
the food passes through the intestine, the nutrients are absorbed, and the waste is eliminated as feces,
called castings, through the anus.
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Figure 34.5 (a) A gastrovascular cavity has a single opening through which food is ingested and
waste is excreted, as shown in this hydra and in this jellyfish medusa. (b) An alimentary canal
has two openings: a mouth for ingesting food, and an anus for eliminating waste, as shown in this
nematode.

Vertebrate Digestive Systems

Vertebrates have evolved more complex digestive systems to adapt to their dietary needs. Some animals
have a single stomach, while others have multi-chambered stomachs. Birds have developed a digestive
system adapted to eating unmasticated food.

Monogastric: Single-chambered Stomach

As the word monogastric suggests, this type of digestive system consists of one (“mono”) stomach
chamber (“gastric”). Humans and many animals have a monogastric digestive system as illustrated in
Figure 34.6ab. The process of digestion begins with the mouth and the intake of food. The teeth play
an important role in masticating (chewing) or physically breaking down food into smaller particles. The
enzymes present in saliva also begin to chemically break down food. The esophagus is a long tube
that connects the mouth to the stomach. Using peristalsis, or wave-like smooth muscle contractions, the
muscles of the esophagus push the food towards the stomach. In order to speed up the actions of enzymes
in the stomach, the stomach is an extremely acidic environment, with a pH between 1.5 and 2.5. The
gastric juices, which include enzymes in the stomach, act on the food particles and continue the process
of digestion. Further breakdown of food takes place in the small intestine where enzymes produced
by the liver, the small intestine, and the pancreas continue the process of digestion. The nutrients are
absorbed into the blood stream across the epithelial cells lining the walls of the small intestines. The
waste material travels on to the large intestine where water is absorbed and the drier waste material is
compacted into feces; it is stored until it is excreted through the rectum.

Download for free at: http://cnx.org/content/col11448/latest/


http://cnx.org/content/col11448/latest/

CHAPTER 34 | ANIMAL NUTRITION AND THE DIGESTIVE SYSTEM 981

Figure 34.6 (a) Humans and herbivores, such as the (b) rabbit, have a monogastric digestive
system. However, in the rabbit the small intestine and cecum are enlarged to allow more time to
digest plant material. The enlarged organ provides more surface area for absorption of nutrients.
Rabbits digest their food twice: the first time food passes through the digestive system, it collects
in the cecum, and then it passes as soft feces called cecotrophes. The rabbit re-ingests these
cecotrophes to further digest them.

Avian

Birds face special challenges when it comes to obtaining nutrition from food. They do not have teeth and
so their digestive system, shown in Figure 34.7, must be able to process un-masticated food. Birds have
evolved a variety of beak types that reflect the vast variety in their diet, ranging from seeds and insects to
fruits and nuts. Because most birds fly, their metabolic rates are high in order to efficiently process food
and keep their body weight low. The stomach of birds has two chambers: the proventriculus, where
gastric juices are produced to digest the food before it enters the stomach, and the gizzard, where the
food is stored, soaked, and mechanically ground. The undigested material forms food pellets that are
sometimes regurgitated. Most of the chemical digestion and absorption happens in the intestine and the
waste is excreted through the cloaca.
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Figure 34.7 The avian esophagus has a pouch, called a crop, which stores food. Food passes from
the crop to the first of two stomachs, called the proventriculus, which contains digestive juices that
break down food. From the proventriculus, the food enters the second stomach, called the gizzard,
which grinds food. Some birds swallow stones or grit, which are stored in the gizzard, to aid the
grinding process. Birds do not have separate openings to excrete urine and feces. Instead, uric acid
from the kidneys is secreted into the large intestine and combined with waste from the digestive
process. This waste is excreted through an opening called the cloaca.

e/olution CONNECTION

Avian Adaptations

Birds have a highly efficient, simplified digestive system. Recent fossil evidence has shown
that the evolutionary divergence of birds from other land animals was characterized by
streamlining and simplifying the digestive system. Unlike many other animals, birds do not
have teeth to chew their food. In place of lips, they have sharp pointy beaks. The horny
beak, lack of jaws, and the smaller tongue of the birds can be traced back to their dinosaur
ancestors. The emergence of these changes seems to coincide with the inclusion of seeds
in the bird diet. Seed-eating birds have beaks that are shaped for grabbing seeds and the
two-compartment stomach allows for delegation of tasks. Since birds need to remain light
in order to fly, their metabolic rates are very high, which means they digest their food very
quickly and need to eat often. Contrast this with the ruminants, where the digestion of plant
matter takes a very long time.

Ruminants

Ruminants are mainly herbivores like cows, sheep, and goats, whose entire diet consists of eating large
amounts of roughage or fiber. They have evolved digestive systems that help them digest vast amounts
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of cellulose. An interesting feature of the ruminants’ mouth is that they do not have upper incisor teeth.
They use their lower teeth, tongue and lips to tear and chew their food. From the mouth, the food travels
to the esophagus and on to the stomach.

To help digest the large amount of plant material, the stomach of the ruminants is a multi-chambered
organ, as illustrated in Figure 34.8. The four compartments of the stomach are called the rumen,
reticulum, omasum, and abomasum. These chambers contain many microbes that break down cellulose
and ferment ingested food. The abomasum is the “true” stomach and is the equivalent of the monogastric
stomach chamber where gastric juices are secreted. The four-compartment gastric chamber provides
larger space and the microbial support necessary to digest plant material in ruminants. The fermentation
process produces large amounts of gas in the stomach chamber, which must be eliminated. As in other
animals, the small intestine plays an important role in nutrient absorption, and the large intestine helps in
the elimination of waste.

Figure 34.8 Ruminant animals, such as goats and cows, have four stomachs. The first two
stomachs, the rumen and the reticulum, contain prokaryotes and protists that are able to digest
cellulose fiber. The ruminant regurgitates cud from the reticulum, chews it, and swallows it into a
third stomach, the omasum, which removes water. The cud then passes onto the fourth stomach,
the abomasum, where it is digested by enzymes produced by the ruminant.

Pseudo-ruminants

Some animals, such as camels and alpacas, are pseudo-ruminants. They eat a lot of plant material
and roughage. Digesting plant material is not easy because plant cell walls contain the polymeric
sugar molecule cellulose. The digestive enzymes of these animals cannot break down cellulose, but
microorganisms present in the digestive system can. Therefore, the digestive system must be able to
handle large amounts of roughage and break down the cellulose. Pseudo-ruminants have a three-chamber
stomach in the digestive system. However, their cecum—a pouched organ at the beginning of the large
intestine containing many microorganisms that are necessary for the digestion of plant materials—is
large and is the site where the roughage is fermented and digested. These animals do not have a rumen
but have an omasum, abomasum, and reticulum.

Parts of the Digestive System

The vertebrate digestive system is designed to facilitate the transformation of food matter into the
nutrient components that sustain organisms.

Oral Cavity

The oral cavity, or mouth, is the point of entry of food into the digestive system, illustrated in Figure
34.9. The food consumed is broken into smaller particles by mastication, the chewing action of the teeth.

All mammals have teeth and can chew their food.
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The extensive chemical process of digestion begins in the mouth. As food is being chewed, saliva,
produced by the salivary glands, mixes with the food. Saliva is a watery substance produced in the
mouths of many animals. There are three major glands that secrete saliva—the parotid, the
submandibular, and the sublingual. Saliva contains mucus that moistens food and buffers the pH of the
food. Saliva also contains immunoglobulins and lysozymes, which have antibacterial action to reduce
tooth decay by inhibiting growth of some bacteria. Saliva also contains an enzyme called salivary
amylase that begins the process of converting starches in the food into a disaccharide called maltose.
Another enzyme called lipase is produced by the cells in the tongue. Lipases are a class of enzymes
that can break down triglycerides. The lingual lipase begins the breakdown of fat components in the
food. The chewing and wetting action provided by the teeth and saliva prepare the food into a mass
called the bolus for swallowing. The tongue helps in swallowing—moving the bolus from the mouth
into the pharynx. The pharynx opens to two passageways: the trachea, which leads to the lungs, and the
esophagus, which leads to the stomach. The trachea has an opening called the glottis, which is covered
by a cartilaginous flap called the epiglottis. When swallowing, the epiglottis closes the glottis and food
passes into the esophagus and not the trachea. This arrangement allows food to be kept out of the trachea.

Figure 34.9 Digestion of food begins in the (a) oral cavity. Food is masticated by teeth and
moistened by saliva secreted from the (b) salivary glands. Enzymes in the saliva begin to digest
starches and fats. With the help of the tongue, the resulting bolus is moved into the esophagus by
swallowing. (credit: modification of work by the National Cancer Institute)

Esophagus

The esophagus is a tubular organ that connects the mouth to the stomach. The chewed and softened food
passes through the esophagus after being swallowed. The smooth muscles of the esophagus undergo a
series of wave like movements called peristalsis that push the food toward the stomach, as illustrated in
Figure 34.10. The peristalsis wave is unidirectional—it moves food from the mouth to the stomach, and
reverse movement is not possible. The peristaltic movement of the esophagus is an involuntary reflex; it
takes place in response to the act of swallowing.
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a r t CONNECTION

Figure 34.11 The human stomach has an extremely acidic environment where most of the
protein gets digested. (credit: modification of work by Mariana Ruiz Villareal)

Which of the following statements about the digestive system is false?
a. Chyme is a mixture of food and digestive juices that is produced in the stomach.
b. Food enters the large intestine before the small intestine.
c. Inthe small intestine, chyme mixes with bile, which emulsifies fats.
d

The stomach is separated from the small intestine by the pyloric sphincter.

The stomach is also the major site for protein digestion in animals other than ruminants. Protein digestion
is mediated by an enzyme called pepsin in the stomach chamber. Pepsin is secreted by the chief cells
in the stomach in an inactive form called pepsinogen. Pepsin breaks peptide bonds and cleaves proteins
into smaller polypeptides; it also helps activate more pepsinogen, starting a positive feedback mechanism
that generates more pepsin. Another cell type—parietal cells—secrete hydrogen and chloride ions, which
combine in the lumen to form hydrochloric acid, the primary acidic component of the stomach juices.
Hydrochloric acid helps to convert the inactive pepsinogen to pepsin. The highly acidic environment also
kills many microorganisms in the food and, combined with the action of the enzyme pepsin, results in the
hydrolysis of protein in the food. Chemical digestion is facilitated by the churning action of the stomach.
Contraction and relaxation of smooth muscles mixes the stomach contents about every 20 minutes. The
partially digested food and gastric juice mixture is called chyme. Chyme passes from the stomach to
the small intestine. Further protein digestion takes place in the small intestine. Gastric emptying occurs
within two to six hours after a meal. Only a small amount of chyme is released into the small intestine
at a time. The movement of chyme from the stomach into the small intestine is regulated by the pyloric
sphincter.

When digesting protein and some fats, the stomach lining must be protected from getting digested by
pepsin. There are two points to consider when describing how the stomach lining is protected. First,
as previously mentioned, the enzyme pepsin is synthesized in the inactive form. This protects the chief
cells, because pepsinogen does not have the same enzyme functionality of pepsin. Second, the stomach
has a thick mucus lining that protects the underlying tissue from the action of the digestive juices. When
this mucus lining is ruptured, ulcers can form in the stomach. Ulcers are open wounds in or on an organ
caused by bacteria (Helicobacter pylori) when the mucus lining is ruptured and fails to reform.

Small Intestine

Chyme moves from the stomach to the small intestine. The small intestine is the organ where the
digestion of protein, fats, and carbohydrates is completed. The small intestine is a long tube-like organ
with a highly folded surface containing finger-like projections called the villi. The apical surface of each
villus has many microscopic projections called microvilli. These structures, illustrated in Figure 34.12,
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are lined with epithelial cells on the luminal side and allow for the nutrients to be absorbed from the
digested food and absorbed into the blood stream on the other side. The villi and microvilli, with their
many folds, increase the surface area of the intestine and increase absorption efficiency of the nutrients.
Absorbed nutrients in the blood are carried into the hepatic portal vein, which leads to the liver. There,
the liver regulates the distribution of nutrients to the rest of the body and removes toxic substances,
including drugs, alcohol, and some pathogens.

a r t CONNECTION

Figure 34.12 Villi are folds on the small intestine lining that increase the surface area to facilitate
the absorption of nutrients.

Which of the following statements about the small intestine is false?

a. Absorptive cells that line the small intestine have microvilli, small projections that
increase surface area and aid in the absorption of food.

b. The inside of the small intestine has many folds, called villi.
Microvilli are lined with blood vessels as well as lymphatic vessels.
d. The inside of the small intestine is called the lumen.

The human small intestine is over 6m long and is divided into three parts: the duodenum, the jejunum,
and the ileum. The “C-shaped,” fixed part of the small intestine is called the duoedenum and is shown
in Figure 34.11. The duodenum is separated from the stomach by the pyloric sphincter which opens
to allow chyme to move from the stomach to the duodenum. In the duodenum, chyme is mixed with
pancreatic juices in an alkaline solution rich in bicarbonate that neutralizes the acidity of chyme and acts
as a buffer. Pancreatic juices also contain several digestive enzymes. Digestive juices from the pancreas,
liver, and gallbladder, as well as from gland cells of the intestinal wall itself, enter the duodenum. Bile
is produced in the liver and stored and concentrated in the gallbladder. Bile contains bile salts which
emulsify lipids while the pancreas produces enzymes that catabolize starches, disaccharides, proteins,
and fats. These digestive juices break down the food particles in the chyme into glucose, triglycerides,
and amino acids. Some chemical digestion of food takes place in the duodenum. Absorption of fatty
acids also takes place in the duodenum.

The second part of the small intestine is called the jejunum, shown in Figure 34.11. Here, hydrolysis
of nutrients is continued while most of the carbohydrates and amino acids are absorbed through the
intestinal lining. The bulk of chemical digestion and nutrient absorption occurs in the jejunum.

The ileum, also illustrated in Figure 34.11 is the last part of the small intestine and here the bile salts
and vitamins are absorbed into blood stream. The undigested food is sent to the colon from the ileum
via peristaltic movements of the muscle. The ileum ends and the large intestine begins at the ileocecal
valve. The vermiform, “worm-like,” appendix is located at the ileocecal valve. The appendix of humans

secretes no enzymes and has an insignificant role in immunity.
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Large Intestine

The large intestine, illustrated in Figure 34.13, reabsorbs the water from the undigested food material
and processes the waste material. The human large intestine is much smaller in length compared to
the small intestine but larger in diameter. It has three parts: the cecum, the colon, and the rectum. The
cecum joins the ileum to the colon and is the receiving pouch for the waste matter. The colon is home
to many bacteria or “intestinal flora” that aid in the digestive processes. The colon can be divided into
four regions, the ascending colon, the transverse colon, the descending colon and the sigmoid colon. The
main functions of the colon are to extract the water and mineral salts from undigested food, and to store
waste material. Carnivorous mammals have a shorter large intestine compared to herbivorous mammals
due to their diet.

Figure 34.13 The large intestine reabsorbs water from undigested food and stores waste material
until it is eliminated.

Rectum and Anus

The rectum is the terminal end of the large intestine, as shown in Figure 34.13. The primary role of the
rectum is to store the feces until defecation. The feces are propelled using peristaltic movements during
elimination. The anus is an opening at the far-end of the digestive tract and is the exit point for the
waste material. Two sphincters between the rectum and anus control elimination: the inner sphincter is
involuntary and the outer sphincter is voluntary.

Accessory Organs

The organs discussed above are the organs of the digestive tract through which food passes. Accessory
organs are organs that add secretions (enzymes) that catabolize food into nutrients. Accessory organs
include salivary glands, the liver, the pancreas, and the gallbladder. The liver, pancreas, and gallbladder
are regulated by hormones in response to the food consumed.

The liver is the largest internal organ in humans and it plays a very important role in digestion of fats and
detoxifying blood. The liver produces bile, a digestive juice that is required for the breakdown of fatty
components of the food in the duodenum. The liver also processes the vitamins and fats and synthesizes
many plasma proteins.

The pancreas is another important gland that secretes digestive juices. The chyme produced from the
stomach is highly acidic in nature; the pancreatic juices contain high levels of bicarbonate, an alkali that
neutralizes the acidic chyme. Additionally, the pancreatic juices contain a large variety of enzymes that
are required for the digestion of protein and carbohydrates.

The gallbladder is a small organ that aids the liver by storing bile and concentrating bile salts. When
chyme containing fatty acids enters the duodenum, the bile is secreted from the gallbladder into the
duodenum.
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34.2 | Nutrition and Energy Production

By the end of this section, you will be able to:
¢ Explain why an animal’s diet should be balanced and meet the needs of the body
* Define the primary components of food

¢ Describe the essential nutrients required for cellular function that cannot be synthesized by the
animal body

¢ Explain how energy is produced through diet and digestion

¢ Describe how excess carbohydrates and energy are stored in the body

Given the diversity of animal life on our planet, it is not surprising that the animal diet would also vary
substantially. The animal diet is the source of materials needed for building DNA and other complex
molecules needed for growth, maintenance, and reproduction; collectively these processes are called
biosynthesis. The diet is also the source of materials for ATP production in the cells. The diet must be
balanced to provide the minerals and vitamins that are required for cellular function.

Food Requirements

What are the fundamental requirements of the animal diet? The animal diet should be well balanced and
provide nutrients required for bodily function and the minerals and vitamins required for maintaining
structure and regulation necessary for good health and reproductive capability. These requirements for a
human are illustrated graphically in Figure 34.14

Figure 34.14 For humans, a balanced diet includes fruits, vegetables, grains, and protein. (credit:
USDA)

LINK T@ARNING

The first step in ensuring that you are meeting the food requirements of your body is an awareness
of the food groups and the nutrients they provide. To learn more about each food group and the
recommended daily amounts, explore this interactive site (http://openstaxcollege.org/l/
food_groups) by the United States Department of Agriculture.
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everyday CONNECTION

Let’s Move! Campaign

Obesity is a growing epidemic and the rate of obesity among children is rapidly rising in
the United States. To combat childhood obesity and ensure that children get a healthy
start in life, first lady Michelle Obama has launched the Let's Move! campaign. The goal
of this campaign is to educate parents and caregivers on providing healthy nutrition and
encouraging active lifestyles to future generations. This program aims to involve the entire
community, including parents, teachers, and healthcare providers to ensure that children
have access to healthy foods—more fruits, vegetables, and whole grains—and consume
fewer calories from processed foods. Another goal is to ensure that children get physical
activity. With the increase in television viewing and stationary pursuits such as video
games, sedentary lifestyles have become the norm. Learn more at www.letsmove.gov.

Organic Precursors

The organic molecules required for building cellular material and tissues must come from food.
Carbohydrates or sugars are the primary source of organic carbons in the animal body. During digestion,
digestible carbohydrates are ultimately broken down into glucose and used to provide energy through
metabolic pathways. Complex carbohydrates, including polysaccharides, can be broken down into
glucose through biochemical modification; however, humans do not produce the enzyme cellulase and
lack the ability to derive glucose from the polysaccharide cellulose. In humans, these molecules provide
the fiber required for moving waste through the large intestine and a healthy colon. The intestinal flora
in the human gut are able to extract some nutrition from these plant fibers. The excess sugars in the body
are converted into glycogen and stored in the liver and muscles for later use. Glycogen stores are used
to fuel prolonged exertions, such as long-distance running, and to provide energy during food shortage.
Excess glycogen can be converted to fats, which are stored in the lower layer of the skin of mammals
for insulation and energy storage. Excess digestible carbohydrates are stored by mammals in order to
survive famine and aid in mobility.

Another important requirement is that of nitrogen. Protein catabolism provides a source of organic
nitrogen. Amino acids are the building blocks of proteins and protein breakdown provides amino acids
that are used for cellular function. The carbon and nitrogen derived from these become the building block
for nucleotides, nucleic acids, proteins, cells, and tissues. Excess nitrogen must be excreted as it is toxic.
Fats add flavor to food and promote a sense of satiety or fullness. Fatty foods are also significant sources
of energy because one gram of fat contains nine calories. Fats are required in the diet to aid the absorption
of fat-soluble vitamins and the production of fat-soluble hormones.

Essential Nutrients

While the animal body can synthesize many of the molecules required for function from the organic
precursors, there are some nutrients that need to be consumed from food. These nutrients are termed
essential nutrients, meaning they must be eaten, and the body cannot produce them.

The omega-3 alpha-linolenic acid and the omega-6 linoleic acid are essential fatty acids needed to
make some membrane phospholipids. Vitamins are another class of essential organic molecules that are
required in small quantities for many enzymes to function and, for this reason, are considered to be co-
enzymes. Absence or low levels of vitamins can have a dramatic effect on health, as outlined in Table
34.1 and Table 34.2. Both fat-soluble and water-soluble vitamins must be obtained from food. Minerals,
listed in Table 34.3, are inorganic essential nutrients that must be obtained from food. Among their many
functions, minerals help in structure and regulation and are considered co-factors. Certain amino acids
also must be procured from food and cannot be synthesized by the body. These amino acids are the
“essential” amino acids. The human body can synthesize only 11 of the 20 required amino acids; the rest
must be obtained from food. The essential amino acids are listed in Table 34.4.
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Water-soluble Essential Vitamins

Deficiencies Can Lead

Vitamin Function To Sources
Needed by the body to process
Vitamin B lipids, proteins, and Muscle weakness, Beriberi: Milk, meat,
(Thiamine; carbohydrates Coenzyme reduced heart function, CNS |dried beans,
removes COz2 from organic problems whole grains
compounds
Cracks or sores on the outer
Takes an active role in surface of the lips (cheliosis); |Meat, eggs,
Vitamin B2 | metabolism, aiding in the inflammation and redness of |enriched
(Riboflavin) | conversion of food to energy the tongue; moist, scaly skin |grains,
(FAD and FMN) inflammation (seborrheic vegetables
dermatitis)
Used by the body to release
energy from carbohydrates and ) )
Vitamin B |to process alcohol; required for Pellagra, which can resultin | Meat, eggs,
(Niacin) |the synthesis of sex hormones; dermatitis, diarrhea, grains, nuts,
+ |dementia, and death potatoes
component of coenzyme NAD
and NADP*
Vitamin Bs | Assists in producing energy from | Fatigue, poor coordination, N:Z?rféwrzﬁ:(e
(Pantothenic | foods (lipids, in particular); retarded growth, numbness, ?ruits ’ ’
acid) component of coenzyme A tingling of hands and feet vegetables
The principal vitamin for Irritability, depression, Meat, dairy
N . . . . products,
Vitamin Bg | processing amino acids and confusion, mouth sores or whole
(Pyridoxine) |lipids; also helps convert ulcers, anemia, muscular rains
nutrients into energy twitching 9 T
orange juice
Used in energy and amino acid | Hair loss, dermatitis, Meat, eggs,
Vitamin B7 | metabolism, fat synthesis, and | depression, numbness and legumes and
(Biotin)  |fat breakdown; helps the body tingling in the extremities; other
use blood sugar neuromuscular disorders vegetables
Leafy green
Assists the normal development [ Deficiency during pregnancy |vegetables,
Vitamin Bg | of cells, especially during fetal is associated with birth whole
(Folic acid) |development; helps metabolize |defects, such as neural tube [wheat, fruits,
nucleic and amino acids defects and anemia nuts,
legumes
Maintains healthy nervous Anemia, neurological Meat, eggs
Vitamin B12 | system and assists with blood disord ' bg | f : 'I 9gs,
(Cobalamin) | cell formation; coenzyme in ISOrders, numbness, loss of | anima
SN : balance products
nucleic acid metabolism
N Helps maintain connective Scurvy, which results in Citrus ff“'ts’
Vitamin C |,. . . ; . . | broccoli,
. |tissue: bone, cartilage, and bleeding, hair and tooth loss;
(Ascorbic . . o : . tomatoes,
X dentin; boosts the immune joint pain and swelling;
acid) . red sweet
system delayed wound healing
bell peppers
Table 34.1
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Fat-soluble Essential Vitamins

Deficiencies
Vitamin Function Can Lead Sources
To
Critical to the development of bones, . . Dark green leafy
L L. Night-blindness, |vegetables,
. teeth, and skin; helps maintain R
Vitamin A - . skin disorders, |yellow-orange
- eyesight, enhances the immune ; ;

(Retinol) impaired vegetables
system, fetal development, gene - : - .
expression immunity fruits, milk,

P butter
Critical for calcium absorption for bone
development and strength; maintains a | Rickets, . .
N A . Cod liver oil,
Vitamin D stable nervous system; maintains a osteomalacia, milk. e olk
normal and strong heartbeat; helps in |immunity » €90 ¥/
blood clotting
Deficiency is Wheat germ oil,
N Lessens oxidative damage of cells,and . y! unrefined
Vitamin E ~ |rare; anemia, .
prevents lung damage from pollutants; vegetable oils,
(Tocopherol) . . nervous system
vital to the immune system . nuts, seeds,
degeneration -
grains
V"am'F‘ K Essential to blood clotting Bleedlng_ a_nd Leafy green
(Phylloguinone) easy bruising vegetables, tea

Table 34.2

Figure 34.15 A healthy diet should include a variety of foods to ensure that needs for essential
nutrients are met. (credit: Keith Weller, USDA ARS)

Minerals and Their Function in the Human Body

Mineral Function g::‘:_'g:g':_(s) Sources
;\Lljiecggg'fﬁre;nr? ﬁglgltzr'“lj)trjliledusron (_)steoporosis, Milk, yogunt, fish, green
. ' ’ : rickets, muscle ’ ! ’
*Calcium bone and supports synthesis and spasms. impaired leafy vegetables,
function of blood cells; nerve P + 1Mp legumes
function growth
Table 34.3
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Minerals and Their Function in the Human Body

. . Deficiencies
Mineral Function Can Lead To Sources
Needed for production of Muscle cramps,
*Chlorine hydrochloric acid (HCI) in th_e m_ood Table salt
stomach and nerve function; disturbances,
osmotic balance reduced appetite
Copper Required component of many Liver, oysters, cocoa
PP redox enzymes, including Copper deficiency O ’ ’
(trace . ] . chocolate, sesame,
cytochrome ¢ oxidase; cofactor |is rare
amounts) . . nuts
for hemoglobin synthesis
. Required for the synthesis of . Seafood, iodized salt,
lodine . Goiter .
thyroid hormones dairy products
Anemia, which Red meat, leafy green
Required for many proteins and |causes poor vegetables, fish (tuna,
Iron enzymes, notably hemoglobin, to | concentration, salmon), eggs, dried
prevent anemia fatigue, and poor |fruits, beans, whole
immune function |grains
Required co-factor for ATP
N . Mood .
N . formation; bone formation; ; Whole grains, leafy
Magnesium S disturbances,
normal membrane functions; green vegetables
. muscle spasms
muscle function
Manganese . L
(trace A cofactor in enzyme fu_nctlons, Ma_nganes_e Common in most foods
trace amounts are required deficiency is rare
amounts)
Acts as a cofactor for three
Molybdenum - . .
(trace ess.entlallenzymes |n_humaps. Mo!y_bdenqm
sulfite oxidase, xanthine oxidase, | deficiency is rare
amounts) .
and aldehyde oxidase
A component of bones and teeth; | Weakness, bone .
. . o Milk, hard cheese,
Phosphorus | helps regulate acid-base abnormalities, .
; ; . : whole grains, meats
balance; nucleotide synthesis calcium loss
. . Vital for muscles, heart, and Qardlac rhythm Legumes, potato skin,
Potassium ) disturbance,
nerve function tomatoes, bananas
muscle weakness
. A cofactor essential to activity of
Selenium antioxidant enzymes like Selenium
(trace X ym ) . . Common in most foods
glutathione peroxidase; trace deficiency is rare
amounts) )
amounts are required
Systemic e!ectr.olytg required for Muscle cramps,
- many functions; acid-base .
Sodium . . fatigue, reduced Table salt
balance; water balance; nerve )
. appetite
function
Required for several enzymes Anemia, poor
Zinc (trace |[such as carboxypeptidase, liver |wound healing, .
Common in most foods
amounts) alcohol dehydrogenase, and can lead to short

carbonic anhydrase

stature

*Greater than 200mg/day required

Table 34.3
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Essential Amino Acids

Amino acids that must be consumed Amino acids anabolized by the body
isoleucine alanine
leucine selenocysteine
lysine aspartate
methionine cysteine
phenylalanine glutamate
tryptophan glycine
valine proline
histidine* serine
threonine tyrosine
arginine* asparagine

*The human body can synthesize histidine and arginine, but not in the quantities required,
especially for growing children.

Table 34.4

Food Energy and ATP

Animals need food to obtain energy and maintain homeostasis. Homeostasis is the ability of a system
to maintain a stable internal environment even in the face of external changes to the environment. For
example, the normal body temperature of humans is 37°C (98.6°F). Humans maintain this temperature
even when the external temperature is hot or cold. It takes energy to maintain this body temperature, and
animals obtain this energy from food.

The primary source of energy for animals is carbohydrates, mainly glucose. Glucose is called the body’s
fuel. The digestible carbohydrates in an animal’s diet are converted to glucose molecules through a series
of catabolic chemical reactions.

Adenosine triphosphate, or ATP, is the primary energy currency in cells; ATP stores energy in phosphate
ester bonds. ATP releases energy when the phosphodiester bonds are broken and ATP is converted
to ADP and a phosphate group. ATP is produced by the oxidative reactions in the cytoplasm and
mitochondrion of the cell, where carbohydrates, proteins, and fats undergo a series of metabolic reactions
collectively called cellular respiration. For example, glycolysis is a series of reactions in which glucose
is converted to pyruvic acid and some of its chemical potential energy is transferred to NADH and ATP.

ATP is required for all cellular functions. It is used to build the organic molecules that are required for
cells and tissues; it provides energy for muscle contraction and for the transmission of electrical signals
in the nervous system. When the amount of ATP is available in excess of the body’s requirements,
the liver uses the excess ATP and excess glucose to produce molecules called glycogen. Glycogen is a
polymeric form of glucose and is stored in the liver and skeletal muscle cells. When blood sugar drops,
the liver releases glucose from stores of glycogen. Skeletal muscle converts glycogen to glucose during
intense exercise. The process of converting glucose and excess ATP to glycogen and the storage of excess
energy is an evolutionarily important step in helping animals deal with mobility, food shortages, and
famine.
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Obesity

Obesity is a major health concern in the United States, and there is a growing focus on
reducing obesity and the diseases it may lead to, such as type-2 diabetes, cancers of the
colon and breast, and cardiovascular disease. How does the food consumed contribute to
obesity?

Fatty foods are calorie-dense, meaning that they have more calories per unit mass than
carbohydrates or proteins. One gram of carbohydrates has four calories, one gram of
protein has four calories, and one gram of fat has nine calories. Animals tend to seek lipid-
rich food for their higher energy content.

The signals of hunger (“time to eat”) and satiety (“time to stop eating”) are controlled in the
hypothalamus region of the brain. Foods that are rich in fatty acids tend to promote satiety
more than foods that are rich only in carbohydrates.

Excess carbohydrate and ATP are used by the liver to synthesize glycogen. The pyruvate
produced during glycolysis is used to synthesize fatty acids. When there is more glucose
in the body than required, the resulting excess pyruvate is converted into molecules that
eventually result in the synthesis of fatty acids within the body. These fatty acids are stored
in adipose cells—the fat cells in the mammalian body whose primary role is to store fat for
later use.

It is important to note that some animals benefit from obesity. Polar bears and seals need
body fat for insulation and to keep them from losing body heat during Arctic winters. When
food is scarce, stored body fat provides energy for maintaining homeostasis. Fats prevent
famine in mammals, allowing them to access energy when food is not available on a daily
basis; fats are stored when a large kill is made or lots of food is available.

34.3 | Digestive System Processes

By the end of this section, you will be able to:
¢ Describe the process of digestion
¢ Detail the steps involved in digestion and absorption
¢ Define elimination

¢ Explain the role of both the small and large intestines in absorption

Obtaining nutrition and energy from food is a multi-step process. For true animals, the first step is
ingestion, the act of taking in food. This is followed by digestion, absorption, and elimination. In the
following sections, each of these steps will be discussed in detail.

Ingestion

The large molecules found in intact food cannot pass through the cell membranes. Food needs to be
broken into smaller particles so that animals can harness the nutrients and organic molecules. The
first step in this process is ingestion. Ingestion is the process of taking in food through the mouth. In
vertebrates, the teeth, saliva, and tongue play important roles in mastication (preparing the food into
bolus). While the food is being mechanically broken down, the enzymes in saliva begin to chemically
process the food as well. The combined action of these processes modifies the food from large particles
to a soft mass that can be swallowed and can travel the length of the esophagus.

Digestion and Absorption

Digestion is the mechanical and chemical break down of food into small organic fragments. It is
important to break down macromolecules into smaller fragments that are of suitable size for absorption

across the digestive epithelium. Large, complex molecules of proteins, polysaccharides, and lipids must
Download for free at: http://cnx.org/content/col11448/latest/


http://cnx.org/content/col11448/latest/

996 CHAPTER 34 | ANIMAL NUTRITION AND THE DIGESTIVE SYSTEM

be reduced to simpler particles such as simple sugar before they can be absorbed by the digestive
epithelial cells. Different organs play specific roles in the digestive process. The animal diet needs
carbohydrates, protein, and fat, as well as vitamins and inorganic components for nutritional balance.
How each of these components is digested is discussed in the following sections.

Carbohydrates

The digestion of carbohydrates begins in the mouth. The salivary enzyme amylase begins the breakdown
of food starches into maltose, a disaccharide. As the bolus of food travels through the esophagus to the
stomach, no significant digestion of carbohydrates takes place. The esophagus produces no digestive
enzymes but does produce mucous for lubrication. The acidic environment in the stomach stops the
action of the amylase enzyme.

The next step of carbohydrate digestion takes place in the duodenum. Recall that the chyme from
the stomach enters the duodenum and mixes with the digestive secretion from the pancreas, liver,
and gallbladder. Pancreatic juices also contain amylase, which continues the breakdown of starch and
glycogen into maltose, a disaccharide. The disaccharides are broken down into monosaccharides by
enzymes called maltases, sucrases, and lactases, which are also present in the brush border of the small
intestinal wall. Maltase breaks down maltose into glucose. Other disaccharides, such as sucrose and
lactose are broken down by sucrase and lactase, respectively. Sucrase breaks down sucrose (or “table
sugar”) into glucose and fructose, and lactase breaks down lactose (or “milk sugar”) into glucose and
galactose. The monosaccharides (glucose) thus produced are absorbed and then can be used in metabolic
pathways to harness energy. The monosaccharides are transported across the intestinal epithelium into
the bloodstream to be transported to the different cells in the body. The steps in carbohydrate digestion
are summarized in Figure 34.16 and Table 34.5.

Figure 34.16 Digestion of carbohydrates is performed by several enzymes. Starch and glycogen are
broken down into glucose by amylase and maltase. Sucrose (table sugar) and lactose (milk sugar)
are broken down by sucrase and lactase, respectively.

Digestion of Carbohydrates

Enzyme Produced By f\::i:r]: i:tt:rs\g:g?\ End Products

Polysaccharides Disaccharides
Salivary amylase | Salivary glands Mouth (maltose),
(Starch) - .
oligosaccharides
. Small Polysaccharides Disaccharides
Pancreatic amylase | Pancreas ; - (maltose),
intestine | (starch) .
monosaccharides
Lining of the Monosaccharides
. . . . Small . .
Oligosaccharidases | intestine; brush : - Disaccharides |(e.g., glucose,
intestine
border membrane fructose, galactose)
Table 34.5
Protein

A large part of protein digestion takes place in the stomach. The enzyme pepsin plays an important role
in the digestion of proteins by breaking down the intact protein to peptides, which are short chains of
four to nine amino acids. In the duodenum, other enzymes— trypsin, elastase, and chymetrypsin—act
on the peptides reducing them to smaller peptides. Trypsin elastase, carboxypeptidase, and chymotrypsin
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are produced by the pancreas and released into the duodenum where they act on the chyme. Further
breakdown of peptides to single amino acids is aided by enzymes called peptidases (those that break
down peptides). Specifically, carboxypeptidase, dipeptidase, and aminopeptidase play important roles
in reducing the peptides to free amino acids. The amino acids are absorbed into the bloodstream through
the small intestines. The steps in protein digestion are summarized in Figure 34.17 and Table 34.6.

Figure 34.17 Protein digestion is a multistep process that begins in the stomach and continues
through the intestines.

Digestion of Protein

Enzvme Produced Site of Substrate End Products
y By Action Acting On
Pepsin féﬁ;nach chief Stomach Proteins Peptides
Trypsin
Elastase Pancreas _Small_ Proteins Peptides
. intestine
Chymotrypsin
. Small : Amino acids and
Carboxypeptidase | Pancreas intestine Peptides peptides
Table 34.6
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Digestion of Protein

Produced Site of Substrate

Enzyme By Action Acting On End Products
Aminopeptidase Linin
g of Small . . .
Dipeptidase intestine intestine Peptides Amino acids
Table 34.6
Lipids

Lipid digestion begins in the stomach with the aid of lingual lipase and gastric lipase. However, the
bulk of lipid digestion occurs in the small intestine due to pancreatic lipase. When chyme enters the
duodenum, the hormonal responses trigger the release of bile, which is produced in the liver and
stored in the gallbladder. Bile aids in the digestion of lipids, primarily triglycerides by emulsification.
Emulsification is a process in which large lipid globules are broken down into several small lipid
globules. These small globules are more widely distributed in the chyme rather than forming large
aggregates. Lipids are hydrophobic substances: in the presence of water, they will aggregate to form
globules to minimize exposure to water. Bile contains bile salts, which are amphipathic, meaning they
contain hydrophobic and hydrophilic parts. Thus, the bile salts hydrophilic side can interface with water
on one side and the hydrophobic side interfaces with lipids on the other. By doing so, bile salts emulsify
large lipid globules into small lipid globules.

Why is emulsification important for digestion of lipids? Pancreatic juices contain enzymes called lipases
(enzymes that break down lipids). If the lipid in the chyme aggregates into large globules, very little
surface area of the lipids is available for the lipases to act on, leaving lipid digestion incomplete. By
forming an emulsion, bile salts increase the available surface area of the lipids many fold. The pancreatic
lipases can then act on the lipids more efficiently and digest them, as detailed in Figure 34.18. Lipases
break down the lipids into fatty acids and glycerides. These molecules can pass through the plasma
membrane of the cell and enter the epithelial cells of the intestinal lining. The bile salts surround long-
chain fatty acids and monoglycerides forming tiny spheres called micelles. The micelles move into the
brush border of the small intestine absorptive cells where the long-chain fatty acids and monoglycerides
diffuse out of the micelles into the absorptive cells leaving the micelles behind in the chyme. The long-
chain fatty acids and monoglycerides recombine in the absorptive cells to form triglycerides, which
aggregate into globules and become coated with proteins. These large spheres are called chylomicrons.
Chylomicrons contain triglycerides, cholesterol, and other lipids and have proteins on their surface. The
surface is also composed of the hydrophilic phosphate "heads" of phospholipids. Together, they enable
the chylomicron to move in an aqueous environment without exposing the lipids to water. Chylomicrons
leave the absorptive cells via exocytosis. Chylomicrons enter the lymphatic vessels, and then enter the
blood in the subclavian vein.

Download for free at: http://cnx.org/content/col11448/latest/


http://cnx.org/content/col11448/latest/

CHAPTER 34 | ANIMAL NUTRITION AND THE DIGESTIVE SYSTEM 999

Figure 34.18 Lipids are digested and absorbed in the small intestine.

Vitamins

Vitamins can be either water-soluble or lipid-soluble. Fat soluble vitamins are absorbed in the same
manner as lipids. It is important to consume some amount of dietary lipid to aid the absorption of
lipid-soluble vitamins. Water-soluble vitamins can be directly absorbed into the bloodstream from the

intestine.

LINK T C}YLEARNING

This website (http://openstaxcollege.org/l/digest_enzymes) has an overview of the digestion of

protein, fat, and carbohydrates.
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Figure 34.19 Mechanical and chemical digestion of food takes place in many steps, beginning
in the mouth and ending in the rectum.

Which of the following statements about digestive processes is true?
a. Amylase, maltase, and lactase in the mouth digest carbohydrates.
b. Trypsin and lipase in the stomach digest protein.

c. Bile emulsifies lipids in the small intestine.

d

No food is absorbed until the small intestine.

Elimination

The final step in digestion is the elimination of undigested food content and waste products. The
undigested food material enters the colon, where most of the water is reabsorbed. Recall that the colon
is also home to the microflora called “intestinal flora” that aid in the digestion process. The semi-solid
waste is moved through the colon by peristaltic movements of the muscle and is stored in the rectum. As
the rectum expands in response to storage of fecal matter, it triggers the neural signals required to set up
the urge to eliminate. The solid waste is eliminated through the anus using peristaltic movements of the
rectum.

Common Problems with Elimination

Diarrhea and constipation are some of the most common health concerns that affect digestion.
Constipation is a condition where the feces are hardened because of excess water removal in the colon.
In contrast, if enough water is not removed from the feces, it results in diarrhea. Many bacteria, including
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the ones that cause cholera, affect the proteins involved in water reabsorption in the colon and result in
excessive diarrhea.

Emesis

Emesis, or vomiting, is elimination of food by forceful expulsion through the mouth. It is often in
response to an irritant that affects the digestive tract, including but not limited to viruses, bacteria,
emotions, sights, and food poisoning. This forceful expulsion of the food is due to the strong contractions
produced by the stomach muscles. The process of emesis is regulated by the medulla.

34.4 | Digestive System Regulation

By the end of this section, you will be able to:
¢ Discuss the role of neural regulation in digestive processes

» Explain how hormones regulate digestion

The brain is the control center for the sensation of hunger and satiety. The functions of the digestive
system are regulated through neural and hormonal responses.

Neural Responses to Food

In reaction to the smell, sight, or thought of food, like that shown in Figure 34.20, the first hormonal
response is that of salivation. The salivary glands secrete more saliva in response to the stimulus
presented by food in preparation for digestion. Simultaneously, the stomach begins to produce
hydrochloric acid to digest the food. Recall that the peristaltic movements of the esophagus and other
organs of the digestive tract are under the control of the brain. The brain prepares these muscles for
movement as well. When the stomach is full, the part of the brain that detects satiety signals fullness.
There are three overlapping phases of gastric control—the cephalic phase, the gastric phase, and the
intestinal phase—each requires many enzymes and is under neural control as well.

Figure 34.20 Seeing a plate of food triggers the secretion of saliva in the mouth and the production
of HCL in the stomach. (credit: Kelly Bailey)

Digestive Phases

The response to food begins even before food enters the mouth. The first phase of ingestion, called the
cephalic phase, is controlled by the neural response to the stimulus provided by food. All aspects—such
as sight, sense, and smell—trigger the neural responses resulting in salivation and secretion of gastric
juices. The gastric and salivary secretion in the cephalic phase can also take place due to the thought of
food. Right now, if you think about a piece of chocolate or a crispy potato chip, the increase in salivation
is a cephalic phase response to the thought. The central nervous system prepares the stomach to receive
food.
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The gastric phase begins once the food arrives in the stomach. It builds on the stimulation provided
during the cephalic phase. Gastric acids and enzymes process the ingested materials. The gastric phase
is stimulated by (1) distension of the stomach, (2) a decrease in the pH of the gastric contents, and (3)
the presence of undigested material. This phase consists of local, hormonal, and neural responses. These
responses stimulate secretions and powerful contractions.

The intestinal phase begins when chyme enters the small intestine triggering digestive secretions. This
phase controls the rate of gastric emptying. In addition to gastrin emptying, when chyme enters the small
intestine, it triggers other hormonal and neural events that coordinate the activities of the intestinal tract,
pancreas, liver, and gallbladder.

Hormonal Responses to Food

The endocrine system controls the response of the various glands in the body and the release of
hormones at the appropriate times.

One of the important factors under hormonal control is the stomach acid environment. During the gastric
phase, the hormone gastrin is secreted by G cells in the stomach in response to the presence of proteins.
Gastrin stimulates the release of stomach acid, or hydrochloric acid (HCI) which aids in the digestion of
the proteins. However, when the stomach is emptied, the acidic environment need not be maintained and
a hormone called somatostatin stops the release of hydrochloric acid. This is controlled by a negative
feedback mechanism.

In the duodenum, digestive secretions from the liver, pancreas, and gallbladder play an important role
in digesting chyme during the intestinal phase. In order to neutralize the acidic chyme, a hormone
called secretin stimulates the pancreas to produce alkaline bicarbonate solution and deliver it to the
duodenum. Secretin acts in tandem with another hormone called chelecystokinin (CCK). Not only does
CCK stimulate the pancreas to produce the requisite pancreatic juices, it also stimulates the gallbladder
to release bile into the duodenum.

LINK T@ARNING

Visit this website (http://openstaxcollege.org/l/enteric_endo) to learn more about the endocrine
system. Review the text and watch the animation of how control is implemented in the endocrine
system.

Another level of hormonal control occurs in response to the composition of food. Foods high in lipids
take a long time to digest. A hormone called gastric inhibitory peptide is secreted by the small intestine
to slow down the peristaltic movements of the intestine to allow fatty foods more time to be digested and
absorbed.

Understanding the hormonal control of the digestive system is an important area of ongoing research.
Scientists are exploring the role of each hormone in the digestive process and developing ways to target
these hormones. Advances could lead to knowledge that may help to battle the obesity epidemic.
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KEY TERMS
alimentary canal tubular digestive system with a mouth and anus

aminopeptidase protease that breaks down peptides to single amino acids; secreted by the brush
border of small intestine

anus exit point for waste material
bile digestive juice produced by the liver; important for digestion of lipids
bolus mass of food resulting from chewing action and wetting by saliva

carboxypeptidase protease that breaks down peptides to single amino acids; secreted by the brush
border of the small intestine

carnivore animal that consumes animal flesh

cephalic phase first phase of digestion, controlled by the neural response to the stimulus provided
by food

cholecystokinin hormone that stimulates the contraction of the gallbladder to release bile
chylomicron small lipid globule

chyme mixture of partially digested food and stomach juices

chymotrypsin pancreatic protease

digestion mechanical and chemical break down of food into small organic fragments

dipeptidase protease that breaks down peptides to single amino acids; secreted by the brush border
of small intestine

duodenum first part of the small intestine where a large part of digestion of carbohydrates and fats
occurs

elastase pancreatic protease

endocrine system system that controls the response of the various glands in the body and the
release of hormones at the appropriate times

esophagus tubular organ that connects the mouth to the stomach
essential nutrient nutrient that cannot be synthesized by the body; it must be obtained from food
gallbladder organ that stores and concentrates bile

gastric inhibitory peptide hormone secreted by the small intestine in the presence of fatty acids
and sugars; it also inhibits acid production and peristalsis in order to slow down the rate at which
food enters the small intestine

gastric phase digestive phase beginning once food enters the stomach; gastric acids and enzymes
process the ingested materials

gastrin hormone which stimulates hydrochloric acid secretion in the stomach

gastrovascular cavity digestive system consisting of a single opening

gizzard muscular organ that grinds food

herbivore animal that consumes strictly plant diet

ileum last part of the small intestine; connects the small intestine to the large intestine; important for

absorption of B-12
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ingestion act of taking in food

intestinal phase third digestive phase; begins when chyme enters the small intestine triggering
digestive secretions and controlling the rate of gastric emptying

jejunum second part of the small intestine
lactase enzyme that breaks down lactose into glucose and galactose

large intestine digestive system organ that reabsorbs water from undigested material and processes
waste matter

lipase enzyme that chemically breaks down lipids

liver organ that produces bile for digestion and processes vitamins and lipids

maltase enzyme that breaks down maltose into glucose

mineral inorganic, elemental molecule that carries out important roles in the body
monogastric digestive system that consists of a single-chambered stomach
omnivore animal that consumes both plants and animals

pancreas gland that secretes digestive juices

pepsin enzyme found in the stomach whose main role is protein digestion
pepsinogen inactive form of pepsin

peristalsis wave-like movements of muscle tissue

proventriculus glandular part of a bird’s stomach

rectum area of the body where feces is stored until elimination

roughage component of food that is low in energy and high in fiber

ruminant animal with a stomach divided into four compartments

salivary amylase enzyme found in saliva, which converts carbohydrates to maltose
secretin hormone which stimulates sodium bicarbonate secretion in the small intestine
small intestine organ where digestion of protein, fats, and carbohydrates is completed
somatostatin hormone released to stop acid secretion when the stomach is empty
sphincter band of muscle that controls movement of materials throughout the digestive tract
stomach saclike organ containing acidic digestive juices

sucrase enzyme that breaks down sucrose into glucose and fructose

trypsin pancreatic protease that breaks down protein

villi folds on the inner surface of the small intestine whose role is to increase absorption area

vitamin organic substance necessary in small amounts to sustain life
CHAPTER SUMMARY

34.1 Digestive Systems

Different animals have evolved different types of digestive systems specialized to meet their dietary
needs. Humans and many other animals have monogastric digestive systems with a single-chambered
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stomach. Birds have evolved a digestive system that includes a gizzard where the food is crushed into
smaller pieces. This compensates for their inability to masticate. Ruminants that consume large
amounts of plant material have a multi-chambered stomach that digests roughage. Pseudo-ruminants
have similar digestive processes as ruminants but do not have the four-compartment stomach.
Processing food involves ingestion (eating), digestion (mechanical and enzymatic breakdown of large
molecules), absorption (cellular uptake of nutrients), and elimination (removal of undigested waste as
feces).

Many organs work together to digest food and absorb nutrients. The mouth is the point of ingestion and
the location where both mechanical and chemical breakdown of food begins. Saliva contains an enzyme
called amylase that breaks down carbohydrates. The food bolus travels through the esophagus by
peristaltic movements to the stomach. The stomach has an extremely acidic environment. An enzyme
called pepsin digests protein in the stomach. Further digestion and absorption take place in the small
intestine. The large intestine reabsorbs water from the undigested food and stores waste until
elimination.

34.2 Nutrition and Energy Production

Animal diet should be balanced and meet the needs of the body. Carbohydrates, proteins, and fats are
the primary components of food. Some essential nutrients are required for cellular function but cannot
be produced by the animal body. These include vitamins, minerals, some fatty acids, and some amino
acids. Food intake in more than necessary amounts is stored as glycogen in the liver and muscle cells,
and in fat cells. Excess adipose storage can lead to obesity and serious health problems. ATP is the
energy currency of the cell and is obtained from the metabolic pathways. Excess carbohydrates and
energy are stored as glycogen in the body.

34.3 Digestive System Processes

Digestion begins with ingestion, where the food is taken in the mouth. Digestion and absorption take
place in a series of steps with special enzymes playing important roles in digesting carbohydrates,
proteins, and lipids. Elimination describes removal of undigested food contents and waste products
from the body. While most absorption occurs in the small intestines, the large intestine is responsible
for the final removal of water that remains after the absorptive process of the small intestines. The cells
that line the large intestine absorb some vitamins as well as any leftover salts and water. The large
intestine (colon) is also where feces is formed.

34.4 Digestive System Regulation
The brain and the endocrine system control digestive processes. The brain controls the responses of

hunger and satiety. The endocrine system controls the release of hormones and enzymes required for
digestion of food in the digestive tract.

ART CONNECTION QUESTIONS

1. Figure 34.11 Which of the following projections that increase surface area
statements about the digestive system is false? and aid in the absorption of food.
b. The inside of the small intestine has
a. Chyme is a mixture of food and many folds, called villi.
digestive juices that is produced in the €. Microvilli are lined with blood vessels
stomach. as well as lymphatic vessels.
b. Food enters the large intestine before d. The inside of the small intestine is
the small intestine. called the lumen.
C. In the small intestine, cyme mixes 3. Figure 34.19 Which of the following

with bile, which emulsifies fats.
d. The stomach is separated from the
small intestine by the pyloric sphincter.

statements about digestive processes is true?

a. Amylase, maltase and lactase in the

2. Figure 34.12 Which of the following mouth digest carbohydrates.
statements about the small intestine is false? b. Trypsin and lipase in the stomach
digest protein.
a. Absorptive cells that line the small c. Bile emulsifies lipids in the small
intestine have microvilli, small intestine.
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