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  FIGURE 4.15  Energy-Converting Organelles   
   ( a ) Mitochondria, with their inner folds called cristae, are the site 
of aerobic cellular respiration, where food energy is converted to 
usable cellular energy. ( b ) Chloroplasts, containing the pigment 
chlorophyll, are the site of photosynthesis. The chlorophyll, located 
in the grana, captures light energy, which is used to construct 
organic, sugarlike molecules in the stroma. 

         4.5  Nonmembranous Organelles 
  Suspended in the cytoplasm and associated with the 
 membranous organelles are various kinds of structures 
that are not composed of phospholipids and proteins 
arranged in sheets. These are referred to as  nonmembra-
nous  organelles.  

  Ribosomes 
 Ribosomes are nonmembranous organelles responsible for 
the synthesis of proteins from amino acids. They are com-
posed of RNA and protein. Each ribosome is composed of 
two subunits—a large one and a small one (   figure 4.16 ). 
Ribosomes assist in the process of joining amino acids 
together to form proteins. Many ribosomes are attached 
to the endoplasmic reticulum. Because ER that has 
attached ribosomes appears rough when viewed through 
an electron microscope it is called rough ER. Areas of 
rough ER are active sites of protein production. Many 
ribosomes are also found floating freely in the cytoplasm 
wherever proteins are being assembled. Cells that are 
actively producing protein (e.g., liver cells) have great 
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  FIGURE 4.16  Ribosomes   
   Each ribosome is constructed of two subunits. Each of the subunits is 
composed of protein and RNA. These globular organelles are 
associated with the construction of protein molecules from individual 
amino acids. The 2009 Nobel Prize in Chemistry was awarded to 
Drs. Venkatraman Ramakrishan, Thomas A. Steitz, and Ada E. Yonath 
for determining the structure and function of ribosomes. 

numbers of free and attached ribosomes. The details of 
how ribosomes function in protein synthesis will be dis-
cussed in chapter 8. 
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84    PART II  Cornerstones: Chemistry, Cells, and Metabolism

    Microtubules, Microfilaments, 
and Intermediate Filaments 
 The interior of a cell is not simply filled with liquid cytoplasm. 
Among the many types of nonmembranous organelles found 
there are elongated protein structures known as    microtubules,   
  microfilaments   (  actin filaments  ), and    intermediate filaments.   
All three types of organelles interconnect and some are attached 
to the inside of the plasma membrane, forming the   cytoskeleton   
of the cell (   figure 4.17 ). These cellular components provide the 
cell with shape, support, and the ability to move. 

  Think of the cytoskeleton components as the internal 
supports and cables required to construct a circus tent. The 

shape of the flexible canvas cover (i.e., the plasma membrane) 
is determined by the location of internal tent poles (i.e., 
microtubules) and the tension placed on them by attached 
wire or rope cables (i.e., intermediate filaments and microfila-
ments). Just as in the tent analogy, when one of the microfila-
ments or intermediate filaments is adjusted, the shape of the 
entire cell changes. For example, when a cell is placed on a 
surface to which it cannot stick, the internal tensions created 
by the cytoskeleton components can pull together and cause 
the cell to form a sphere. 

 During cell division, microtubules and microfilaments 
are involved in moving the chromosomes that contain the 
DNA and making other adjustments needed to make two 
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  FIGURE 4.17  The Cytoskeleton 
   Microtubules, microfilaments (actin filaments), and intermediate 
filaments are all interconnected within the cytoplasm of the cell.
 (a)  These structures, along with connections to other cellular 
organelles, form a cytoskeleton for the cell. The cellular skeleton is 
not a rigid, fixed-in-place structure but, rather, changes as the actin 
and intermediate filaments and microtubule component parts are 
assembled and disassembled.  (b)  The elements of the cytoskeleton 
have been labeled with a fluorescent dye to make them visible. The 
microtubules have fluorescent red dye, and actin filaments are 
green.         

(a)

(b)
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CHAPTER 4  Cell Structure and Function    85

cells from one. Microfilaments and microtubules of the cyto-
skeleton also transport organelles from place to place within 
the cytoplasm. In addition, information can be transported 
through the cytoskeleton. Enzymes attached to the cytoskel-
eton are activated when the cell is touched. Some of these 
events even affect gene activity.  

  Centrioles 
 An arrangement of two sets of microtubules at right angles to 
each other makes up a structure known as a   centriole.   Each 
set of microtubules is composed of nine groups of short 
microtubules arranged in a cylinder (   figure 4.18 ). The centri-
oles of many cells are located in a region called the  centro-
some.  The centrosome is often referred to as the microtubule 
organizing center and is usually located close to the nuclear 
membrane. 

  During cell division, centrioles are responsible for orga-
nizing microtubules into a complex of fibers known as the 
 spindle . The individual microtubules of the spindle are called 
 spindle fibers . The spindle is the structure to which chromo-
somes are attached, so that they can be separated properly 
during cell division. The functions of centrioles and spindle 
fibers in cell division will be referred to again in chapter 9. 
One curious fact about centrioles is that they are present in 
most animal cells but not in many types of plant cells, 
although plant cells do have a centrosome. Other structures, 
called  basal bodies,  resemble centrioles and are located at the 
base of cilia and flagella.  

  Cilia and Flagella 
 Many cells have microscopic, hairlike structures known as 
cilia and flagella, projecting from their surfaces (   figure 4.19 ). 
These structures are composed of microtubles and are 

 covered by plasma membrane. In general,   flagella   are long 
and few in number and move with an undulating whiplike 
motion;   cilia   are short and more numerous and move back 
and forth like oars on a boat. Both function to move the 
cell through its environment or to move the environment 
past the cell. Both cilia and flagella are constructed of a 
cylinder of nine sets of microtubules similar to those in the 
centriole, but they have an additional two microtubules in 
the center. This is often referred to as the  9  �  2 arrange-
ment  of microtubules. 

  The cell can control the action of these microtubular 
structures, enabling them to be moved in a variety of ways. 
The protozoan  Paramecium  is covered with thousands of 
cilia, which move in a coordinated, rhythmic way to move 
the cell through the water. A  Paramecium  can stop when it 
encounters an obstacle, reverse its direction, and then 
move forward in a new direction. Similarly, the cilia on the 
cells that line the human trachea beat in such a way that 
they  move mucus and particles trapped in the mucus 
from the lungs. Many single-celled algae have flagella that 
beat in such a way that the cells swim toward a source 
of  light. 

 Some kinds of Bacteria and Archaea also have flagella. 
However, their structure and the way they function are quite 
different from those of eukaryotic cells.  

  Inclusions 
   Inclusions   are collections of materials that do not have as well 
defined a structure as the organelles we have discussed so far. 
They might be concentrations of stored materials, such as 
starch grains, sulfur, or oil droplets, or they might be a collec-
tion of miscellaneous materials known as   granules.   Unlike 
organelles, which are essential to the survival of a cell, inclu-
sions are generally only temporary sites for the storage of 
nutrients and wastes. 

 Some inclusion materials are harmful to other cells. For 
example, cells of the rhubarb plant contain an inclusion com-
posed of oxalic acid, an organic acid. If you eat rhubarb 
leaves, the oxalic acid dissolves and later recrystalizes in the 
kidneys, contributing to kidney stones. The crystals might also 
cause harm to the glomeruli in the kidneys. Eating the stalks 
is unlikely to cause these problems since the concentration of 
oxalic acid is less in the stalks than in the leaves. Similarly, 
certain bacteria store, in their inclusions, crystals of a sub-
stance known to be harmful to insects. Spraying plants with 
these bacteria is a biological method of controlling the insect 
pest population while not interfering with the plant or with 
humans. 

 In the past, cell structures such as ribosomes, mitochon-
dria, and chloroplasts were also called  granules  because 
their structure and function were not clearly known. As sci-
entists learn more about inclusions and other unidentified 
particles in the cells, they, too, will be named and more fully 
described. 

Microtubule
triplet

  FIGURE 4.18  The Centriole   
   These two sets of short microtubules are located just outside the 
nuclear membrane in many types of cells. 
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86    PART II  Cornerstones: Chemistry, Cells, and Metabolism

        4.6  Nuclear Components 
  As stated at the beginning of this chapter, one of the first 
structures to be identified in eukaryotic cells was the 
nucleus. If the nucleus is removed from a eukaryotic cell 
or the cell loses its nucleus, the cell can live only a short 
time. For example, human red blood cells begin life in 

bone marrow, where they have nuclei. Before they are 
released into the bloodstream to carry oxygen and carbon 
dioxide, they lose their nuclei. As a consequence, red blood 
cells are able to function only for about 120 days before 
they disintegrate. 

 When nuclei were first identified, it was noted that cer-
tain dyes stained some parts of the nuclear contents more 
than others. The parts that stained more heavily were called 
  chromatin,   which means colored material. Today, we know 
that chromatin is composed of long molecules of DNA, 
along with proteins. Most of the time, the chromatin is 
arranged as a long, tangled mass of threads in the nucleus. 
However, during cell division, the chromatin becomes 
tightly coiled into short, dense structures called   chromo-
somes   ( chromo  � color;  some  � body). Chromatin and 

   4.5  CONCEPT REVIEW  
   10.   List the nonmembranous organelles of the cell and 

describe their functions.   

Flagellum

Cilium

Cilia on surface

Outer microtubule pair

Microtubules

Plasma
membrane

Central microtubule pair

  FIGURE 4.19  Cilia and Flagella   
   Cilia and flagella have the same structure and function. 
They are composed of groups of microtubules in a 9 � 2 
arrangement, are surrounded by plasma membrane, and 
function like oars or propellers that move the cell through its 
environment or move the environment past the cell. Flagella 
are less numerous and longer than cilia. 
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CHAPTER 4  Cell Structure and Function    87

chromosomes are really the same 
molecules, but they differ in struc-
tural arrangement. 

 In addition to chromosomes, the 
nucleus may also contain one, two, or 
several  nucleoli.  A   nucleolus   is the site 
of ribosome manufacture. Specific 
parts of the DNA become organized 
within the nucleus to produce ribo-
somes. A nucleolus is composed of this 
DNA, specific granules, and partially 
completed ribosomes. 

 The final component of the 
nucleus is its liquid matrix, called the 
  nucleoplasm.   It is a mixture com-
posed of water, nucleic acids, the mol-
ecules used in the construction of 
ribosomes, and other nuclear material 
(   figure 4.20 ).  

       4.7  Exchange Through 
Membranes 

  If a cell is to stay alive, it must be able to exchange materials 
with its surroundings. Because all cells are surrounded by a 
plasma membrane, the nature of the membrane influences 
what materials can pass through it. There are six ways in 
which materials enter and leave cells: diffusion, osmosis, facili-
tated diffusion, active transport, endocytosis, and exocytosis. 
The same mechanisms are involved in the movement of mate-
rials across the membranes of the various cellular organelles 
such as golgi, mitochondria, and chloroplasts. 

Nuclear pore complex

Nucleolus

Chromosomal
material
(Chromatin)

Nuclear
membrane

  FIGURE 4.20  The Nucleus   
   The nucleus is bounded by two layers of membrane which separate 
it from the cytoplasm. The nucleus contains DNA and associated 
proteins in the form of chromatin material or chromosomes, 
nucleoli, and the nucleoplasm. Chromosomes are tightly coiled 
chromatin. 

   4.6  CONCEPT REVIEW  
   11.   Define the following terms: chromosome,  chromatin.  
   12.   What is a nucleolus?  
   13.   What other type of molecules are attached to DNA 

in chromosomes?   

  Diffusion 
 A basic principle of physics states that all molecules are in a 
constant state of motion. Although in solids molecules tend 
to vibrate in place, in liquids and gases they are able to move 
past one another. Because the motion of molecules is ran-
dom, there is a natural tendency in gases and liquids for 
molecules of different types to mix completely with each 
other. 

 Consider a bottle of perfume or cologne. When you open 
the bottle, the perfume molecules and air molecules begin to 
mix and you smell the perfume. Perfume molecules leave the 
bottle and enter the bottle. Molecules from the air enter and 
leave the bottle. However, more perfume molecules leave the 
bottle than enter it. This overall movement is termed   net 
movement,   the movement in one direction minus the move-
ment in the opposite direction. The direction in which the 
greatest number of molecules of a particular kind moves (net 
movement) is determined by the difference in concentration 
of the molecules in different places.   Diffusion   is the net move-
ment of a kind of molecule from a place where that molecule 
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88    PART II  Cornerstones: Chemistry, Cells, and Metabolism

of oxygen than does the environment outside the cells. 
This creates a concentration gradient, and the oxygen mol-
ecules always diffuse from the outside of the cell to the 
inside. 

 Diffusion can take place as long as there are no barriers 
to the free movement of molecules. In the case of a cell, the 
plasma membrane surrounds the cell and serves as a partial 
barrier to the movement of molecules through it. Because the 
plasma membrane allows only certain molecules to pass 
through it, it is   selectively permeable.   A molecule’s ability to 
pass through the membrane depends on its size, electrical 
charge, and solubility in the phospholipid membrane. In 
general, the membrane allows small molecules, such as oxy-
gen or water, to pass through but prevents the passage of 
larger molecules. The membrane also regulates the passage 
of ions. If a particular portion of the membrane has a large 
number of positive ions on its surface, positively charged 
ions in the environment will be repelled and prevented from 
crossing. Molecules that are able to dissolve in phospholip-
ids, such as vitamins A and D, can pass through the mem-
brane rather easily; however, many molecules cannot pass 
through at all. 

 The cell has no control over the rate or direction of diffu-
sion. The direction of diffusion is determined by the relative 
con centration of specific molecules on the two sides of the mem-
brane. Diffusion is a passive process that does not require any 
energy expenditure on the part of the cell. The energy that causes 
diffusion to occur is supplied by the kinetic energy of the mole-
cules themselves.  

  Diffusion in Large Organisms 
 In large animals, many cells are buried deep within the 
body. If it were not for the animals’ circulatory systems, 
cells would have little opportunity to exchange gases or 
other molecules directly with their surroundings. Oxygen 
can diffuse into blood through the membranes of the lungs, 
gills, or other moist surfaces of an animal’s body. The circu-
latory system then transports the oxygen-rich blood 
throughout the body, and the oxygen automatically diffuses 
into cells. This occurs because the concentration of oxygen 
inside cells is lower than that of the blood. The opposite is 
true of carbon dioxide. Animal cells constantly produce 
carbon dioxide as a waste product, so there is always a high 
concentration of it within the cells. These molecules diffuse 
from the cells into the blood, where the concentration of 
carbon dioxide is kept constantly low, because the blood is 
pumped to the moist surfaces (e.g., gills, lungs) and the car-
bon dioxide again diffuses into the surrounding environ-
ment. In a similar manner, many other types of molecules 
constantly enter and leave cells. 

 The health of persons who have difficulty getting 
enough oxygen to their cells can be improved by increas-
ing the concentration gradient. Oxygen makes up about 
20 percent of the air. If this concentration is artificially 
raised by supplying a special source of oxygen, diffusion 
from the lungs to the blood will take place more rapidly. 

G
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  FIGURE 4.21  Concentration Gradient   
   The difference in concentrations of molecules over a distance is 
called a concentration gradient. When the top of this perfume 
bottle is removed, a concentration gradient is formed. The highest 
concentration is inside, decreasing as you measure farther away 
from the bottle. 

is in higher concentration to a place where that  molecule is 
less concentrated. The difference in concentration of the 
 molecules over a distance is known as a   concentration gradi-
ent or diffusion gradient   (   figure 4.21 ). When no concentra-
tion gradient exists, the movement of molecules is equal in all 
directions, and the system has reached a state of   dynamic 
equilibrium  . There is an equilibrium because there is no lon-
ger a net movement (diffusion), because the movement in one 
direction equals the movement in the other. It is dynamic, 
however, because the system still has energy, and the mole-
cules are still moving. 

  The rate at which diffusion takes place is determined by 
several factors. Diffusion occurs faster if the molecules are 
small, if they are moving rapidly, and if there is a large con-
centration gradient. 

  Diffusion in Cells 
 Diffusion is an important means by which materials are 
exchanged between a cell and its environment. For example, 
cells constantly use oxygen in various chemical reactions. 
Consequently, the oxygen concentration in cells always 
remains low. The cells, then, contain a lower concentration 
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CHAPTER 4  Cell Structure and Function    89

This will help assure that oxygen reaches the body cells 
that need it, and some of the person’s symptoms can be 
controlled (   figure 4.22 ). 

     Osmosis 
 Water molecules easily diffuse through cell membranes. 
  Osmosis   is the net movement (diffusion) of water molecules 
through a selectively permeable membrane. Although osmo-
sis is important in living things, it will take place in any situ-
ation in which there is a selectively permeable membrane 
and a difference in water concentration in the solutions on 
opposite sides of the membrane. For example, consider a 
solution of 90% water and 10% sugar separated by a 
 selectively permeable membrane from a sugar solution of 
60% water and 40% sugar (   figure 4.23 ). The membrane 
allows water molecules to pass freely but prevents the larger 
sugar molecules from crossing. There is a higher concentra-
tion of water molecules in one solution, compared with the 
concentration of water molecules in the other. Therefore, 
more of the water molecules move from the solution with 
90% water to the other solution, with 60% water. Be sure 
that you recognize (1) that osmosis is really diffusion in 
which the diffusing substance is water and (2) that the 
regions of different concentrations are separated by a mem-
brane that is more permeable to water than the substance 
dissolved in the water. 

  It is important to understand that, when one adds some-
thing to a water solution, the percentage of the water in the 
solution declines. For example, pure water is 100% water. If 
you add salt to the water, the solution contains both water 
and salt and the percentage of water is less than 100%. Thus, 
the more material you add to the solution, the lower the per-
centage of water. 

  Osmosis in Cells 
 A proper amount of water is required if a cell is to function 
efficiently. Too much water in a cell may dilute the cell con-
tents and interfere with the chemical reactions necessary to 
keep the cell alive. Too little water in the cell may result in a 
buildup of poisonous waste products. As with the diffusion of 
other molecules, osmosis is a passive process, because the cell 
has no control over the diffusion of water molecules. This 
means that the cell can remain in balance with an environ-
ment only if that environment does not cause the cell to lose 
or gain too much water. 

 If cells contain a concentration of water and dissolved 
materials equal to that of their surroundings, the cells are said 
to be   isotonic   to their surroundings. For example, the ocean 
contains many kinds of dissolved salts. Organisms such as 
sponges, jellyfishes, and protozoa are isotonic to the ocean, 
because the amount of material dissolved in their cellular 
water is equal to the amount of salt dissolved in the ocean’s 
water. 

 If an organism is to survive in an environment that has a 
different concentration of water than does its cells, it must 
expend energy to maintain this difference. Organisms that 
live in freshwater have a lower concentration of water (a 
higher concentration of dissolved materials) than their sur-
rounding and tend to gain water by osmosis very rapidly. 
They are said to be   hypertonic   to their surroundings, and the 

  FIGURE 4.22  Diffusion   
   As a result of molecular motion, molecules move from areas where 
they are concentrated to areas where they are less concentrated. The 
machine in the photo is called a  hyperbaric  ( hyper  � above;  baric  � 
pressure)  chamber . It is used to treat people who have certain kinds 
of infections (e.g., gangrene) or other conditions in which high 
concentrations of oxygen are beneficial. The concentration of the 
oxygen in the chamber is higher than in the atmospheric pressure, 
encouraging diffusion, and the gas pressure in the chamber is higher 
than atmospheric pressure. Both contribute to getting oxygen into 
the gangrenous tissue. 

60% water
40% sugar

Selectively permeable
membrane 90% water

10% sugar

Direction of net movement
of water molecules

  FIGURE 4.23  Osmosis   
   When two solutions with different percentages of water are 
separated by a selectively permeable membrane, there will be a net 
movement of water from the solution with the highest percentage 
of water to the one with the lowest percentage of water. 
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90    PART II  Cornerstones: Chemistry, Cells, and Metabolism

surroundings are   hypotonic,   compared with the cells. These 
two terms are always used to compare two different solu-
tions. The hypertonic solution is the one with more dissolved 
material and less water; the hypotonic solution has less dis-
solved material and more water. 

 The concept of osmosis is important in medical situations. 
Often, people are given materials by intravenous injections. 
However, the solutions added must have the right balance 
between water and dissolved substances, or red blood cells 
may be injured (   figure 4.24 ). Similarly, during surgery organs 
are bathed in a solution that is isotonic to the cells of the body.   

  Regulating Water Balance 
 If an organism is to survive in an environment that has a dif-
ferent concentration of water than does its cells, it must 
expend energy to maintain this difference. 

 Organisms whose cells gain water by osmosis must 
expend energy to eliminate any excess if they are to keep from 
swelling and bursting. Many kinds of freshwater protozoa 
have special organelles called contractile vacuoles that fill 
with water and periodically empty, forcing the water from the 
cell. The kidneys of freshwater fish are designed to get rid of 
the water they constantly receive as a result of osmosis from 

their surroundings. Similarly, organisms that are hypotonic 
to their surroundings (have a higher concentration of water 
than their surroundings) must drink water or their cells will 
shrink. Most ocean fish are in this situation. They lose water 
by osmosis to their salty surroundings and must drink sea-
water to keep their cells from shrinking. Because they are 
taking in additional salt with the seawater they drink, they 
must expend energy to excrete this excess salt. 

 Since terrestrial animals like us are not bathed in a watery 
solution, we do not gain and lose water through our surfaces by 
osmosis. However, we do lose water due to evaporation. Thus, 
we must drink water to replace that lost. Our desire to drink is 
directly related to the osmotic condition of the cells in our body. 
If we are dehydrated, we develop a thirst and drink some water. 
This is controlled by cells in the brain. Under normal condi-
tions, when we drink small amounts of water, the cells of the 
brain swell a little, and signals are sent to the kidneys to rid the 
body of excess water. By contrast, persons who are dehydrated, 
such as marathon runners, may drink large quantities of water 
in a very short time following a race. This rapid addition of 
water to the body may cause abnormal swelling of brain cells, 
because the excess water cannot be gotten rid of rapidly 
enough. If this happens, the person may lose consciousness or 
even die because the brain cells have swollen too much.  

  Water Balance in Plant Cells 
 Plant cells also experience osmosis. If the water concentration 
outside the plant cell is higher than the water concentration 
inside, more water molecules enter the cell than leave. This 
creates internal pressure within the cell. But plant cells do not 
burst, because they are surrounded by a strong cell wall. 
Lettuce cells that are crisp are ones that have gained water so 
that there is high internal pressure. Wilted lettuce has lost 
some of its water to its surroundings, so that it has only slight 
internal pressure. Osmosis occurs when you put salad dress-
ing on a salad. Because the dressing has a very low water 
concentration, water from the lettuce diffuses from the cells 
into the surroundings. Salad that has been “dressed” too long 
becomes limp and unappetizing (   table 4.1 ). 

     Controlled Methods 
of Transporting Molecules 
 So far, we have considered only situations in which cells have 
no control over the movement of molecules. Cells cannot rely 
solely on diffusion and osmosis, however, because many of 
the molecules they require either cannot pass through the 
plasma membrane or occur in relatively low concentrations in 
the cell’s surroundings. 

  Facilitated Diffusion 
 Some molecules move across the membrane by interacting 
with specific membrane proteins. When the rate of diffu-
sion of a substance is increased in the presence of such a 
protein, it is called   facilitated diffusion.   Because this move-
ment is still diffusion, the net direction of movement is 

Isotonic
solution

Hypotonic
solution

Hypertonic
solution

Red blood cells

Plant cells

normal cell normal turgid cell cytoplasm shrinks
from cell wall

normal cells cells swell, burst shriveled cells

  FIGURE 4.24  Osmotic Influences on Cells   
   Cells are affected by the amount of dissolved materials in the water 
that surrounds them. When in an isotonic situation the cells neither 
gain nor lose water. In a hypotonic solution water diffuses from the 
surroundings into the cell. Animal cells will swell and burst but 
plant cells have a tough cell wall surrounding the cell contents and 
the pressure generated on the inside of the cell causes it to become 
rigid. Both plant and animal cells shrink when in a hypertonic 
solution because water moves from the cells which have the higher 
water concentration to the surroundings. 
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CHAPTER 4  Cell Structure and Function    91

activities: phagocytosis, pinocytosis, and receptor mediated 
endocytosis.  

   Phagocytosis   is the process of engulfing large particles, 
such as cells. For example, protozoa engulf food and white 
blood cells engulf bacteria by wrapping them with membrane 
and taking them into the cell. Because of this, white blood 
cells often are called  phagocytes.  When phagocytosis occurs, 
the material to be engulfed touches the surface of the cell and 
causes a portion of the outer plasma membrane to be 
indented. The indented plasma membrane is pinched off 
inside the cell to form a sac containing the engulfed material. 
Recall that this sac, composed of a single membrane, is called 
a vacuole. Once inside the cell, the membrane of the vacuole 
fuses with the membrane of lysosomes, and the enzymes of 
the lysosomes break down the contents of the vacuole. 

   Pinocytosis   is the process of engulfing liquids and the mate-
rials dissolved in the liquids. In this form of endocytosis, the sacs 
that are formed are very small, compared with those formed 
during phagocytosis. Because of their small size they are called 
vesicles. In fact, an electron microscope is needed to see vesicles. 

   Receptor mediated endocytosis   is the process in which 
molecules from the cell’s surroundings bind to receptor mol-
ecules on the plasma membrane. The membrane then folds in 
and engulfs these molecules. Because receptor molecules are 
involved, the cell can gather specific necessary molecules from 
its surroundings and take the molecules into the cell. 

 Exocytosis occurs in the same manner as endocytosis. 
Membranous sacs containing materials from the cell migrate 
to the plasma membrane and fuse with it. This results in the 
sac contents’ being released from the cell. Many materials, 
such as mucus, digestive enzymes, and molecules produced by 
nerve cells, are released in this manner. 

from high to low concentration. The action of the carrier 
does not require an input of energy other than the mole-
cules’ kinetic energy. Therefore, this is considered a  passive 
transport  method, although it can occur only in living 
organisms with the necessary proteins. There are two 
groups of membrane proteins involved in facilitated diffu-
sion: (1)  carrier proteins  and (2)  ion channels . When a car-
rier protein attaches to the molecule to be moved across the 
membrane, the combination molecule changes shape. This 
shape change enables the  molecule to be shifted from one 
side of the membrane to the other. The carrier then releases 
the molecule and returns to its original shape (   figure 4.25a ). 
Ion channels do not really attach to the molecule being 
transported through the  membrane, but operate like gates. 
The opening and closing of a channel is controlled by 
changes in electrical charge at the pore, or “gate-keeping” 
signal molecules (   figure 4.25b ).   

  Active Transport 
 When molecules are moved across the membrane from an 
area of  low  concentration to an area of  high  concentration, 
the cell must expend energy. This is the opposite direction 
molecules move in osmosis and diffusion. The process of 
using a carrier protein to move molecules up a concentration 
gradient is called   active transport   (   figure 4.26 ). Active 
 transport is very specific: Only certain molecules or ions can 
be moved in this way, and they must be carried by specific 
 proteins in the membrane. The action of the carrier requires 
an input of energy other than the molecules’ kinetic energy; 
therefore, this process is termed  active  transport. For exam-
ple, some ions, such as sodium and potassium, are actively 
pumped across plasma membranes. Sodium ions are pumped 
 out  of cells up a concentration gradient. Potassium ions are 
pumped  into  cells up a concentration gradient.   

  Endocytosis and Exocytosis 
 Larger particles or collections of materials can be transported 
across the plasma membrane by being wrapped in membrane, 
rather than passing through the membrane molecule by mol-
ecule. When materials enter a cell in this manner, it is called 
  endocytosis.   When materials are transported out of cells in 
 membrane-wrapped packages, it is known as   exocytosis   
(    figure 4.27 ). Endocytosis can be divided into three sorts of 

  TABLE 4.1    Effects of Osmosis on Various Cell Types 

  Cell Type  
  What Happens When Cell Is Placed 
in Hypotonic Solution  

  What Happens When Cell Is Placed 
in Hypertonic Solution  

  With cell wall (e.g., 
bacteria, fungi, plants)  

  Water enters the cell, causing it to swell and generate 
pressure. However, the cell does not burst because 
the presence of an inelastic cell wall on the outside 
of the plasma (cell) membrane prevents the 
membrane from stretching and rupturing.  

  Water leaves the cell and the cell shrinks. The plasma 
membrane pulls away from inside the cell wall; the 
cell contents form a small mass.  

  Without cell wall (e.g., 
human red blood cells)  

  Water enters the cell and it swells, causing the plasma 
membrane to stretch and rupture.  

  Water leaves the cell and it shrinks into a compact 
mass.  

   4.7  CONCEPT REVIEW  
   14.   Describe what happens during the process of 

 endocytosis.  
   15.   How do diffusion, facilitated diffusion, osmosis, 

and active transport differ?  
   16.   What will happen if an animal is placed in a hyper-

tonic solution?   
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92    PART II  Cornerstones: Chemistry, Cells, and Metabolism

Three Na+ bind 
to the 
cytoplasmic side 
of the protein.

1 Phosphate is
transferred from
ATP to the 
protein.

2 Phosphorylation 
changes the
shape of the
protein, moving
Na+ across the
membrane.

3 Release of
phosphate
changes the
shape of the
protein, moving
K+ to the 
cytoplasm.

5K+ binds to the
protein, causing
phosphate
release.

4

Outside of a cell

Fluid has a high 
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of Na+

Inside of a cell

Cytoplasm has a 
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of K+

P
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P

P
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Key:
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Potassium ion

  FIGURE 4.26  Active Transport   
   The action of the carrier protein requires an input of energy (the compound ATP) other than the kinetic energy of the molecules; therefore, 
this process is termed  active  transport. Active transport mechanisms can transport molecules or ions up a concentration gradient from a low 
concentration to a higher concentration. 

(a)    

Sodium ions enter the cell by 
passing through a channel in 
the membrane protein receptor.

Ion channel
opens

Signal 
molecule

Sodium
ions

Membrane 
protein receptor

Signal
molecule
binding site

Signal molecule binds
to the membrane protein.

  FIGURE 4.25  Mechanisms for Facilitated Diffusion 
    (a)  The molecules being moved through the membrane attach to a specific transport carrier protein 
in the membrane. This causes a change in the shape of the protein, which propels the molecule or 
ion from inside to outside or from outside to inside.  (b)  Ion channels can be opened or closed to 
allow these sodium ions to be transported to the other side of the membrane. When the signal 
molecule binds to the ion channel protein, the gate is opened.         

(b)
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CHAPTER 4  Cell Structure and Function    93

have significant biochemical differences from the Bacteria. 
Many of the Archaea have special metabolic abilities and live 
in extreme environments of high temperature or extreme salti-
ness. Although only a few thousand Bacteria and only about 
200 Archaea have been described, recent DNA studies of sea-
water and soil suggest that there are millions of undescribed 
species. In all likelihood, these noneukaryotic organisms far 
outnumber all the species of eukaryotic organisms combined. 
All other living things are comprised of eukaryotic cells. 

  Prokaryotic Cell Structure 
 Prokaryotic cells, the Bacteria and Archaea, do not have a 
typical nucleus bound by a nuclear membrane, nor do they 
contain mitochondria, chloroplasts, Golgi, or extensive net-
works of endoplasmic reticula. However, prokaryotic cells 
contain DNA and enzymes and are able to reproduce and 
engage in metabolism. They perform all of the basic functions 
of living things with fewer and simpler organelles. Although 
some Eubacteria have a type of green photosynthetic pigment 
and carry on photosynthesis, they do so without chloroplasts 
and use somewhat different chemical reactions. 

 Most Bacteria are surrounded by a  capsule,  or slime layer, 
which is composed of a variety of compounds. In certain 
 bacteria, this layer is responsible for their ability to stick to 
 surfaces, forming  biofilms  (e.g., the film of bacteria on teeth), 
and to resist phagocytosis. Many bacteria also have fimbriae, 
hairlike protein structures, which help the cell stick to objects. 
Those with flagella are capable of propelling themselves 
through the environment. Below the capsule is the rigid cell 
wall, comprised of a unique protein/carbohydrate complex 
called peptidoglycan. This gives the cell the strength to resist 
osmotic pressure changes and gives it shape. Just beneath the 

Lysosomes Phagocytic
vacuole fuses
with lysosomes.

Phagocytic vacuole Microbes are
killed and
digested.

Exocytosis
of debris

MicrobeEndocytosis
of microbe

         4.8  Prokaryotic and Eukaryotic 
Cells Revisited 

  Now that you have an idea of how cells are constructed, we 
can look at the great diversity of the kinds of cells that exist. 
You already know that there are significant differences 
between prokaryotic and eukaryotic cells. 

 Because prokaryotic (noneukaryotic) and eukaryotic cells 
are so different and prokaryotic cells show up in the fossil 
records much earlier, the differences between the two kinds of 
cells are used to classify organisms. Thus, biologists have clas-
sified organisms into three large categories, called   domains.   
The following diagram illustrates how living things are 
 classified:  

Living Things

Cell type
Eukaryotic

Domain
Eucarya

Kingdom
Protista

Kingdom
Fungi

Kingdom
Plant

Kingdom
Animal

Cell type
Prokaryotes

(Noneukaryotic)

Domain
Archaea

Domain
Bacteria

 

 The Domain Bacteria contains most of the microorgan-
isms and can be found in a wide variety of environments. The 
Domain Archaea contains many kinds of microorganisms that 

  FIGURE 4.27  Endocytosis and Exocytosis   
   The sequence illustrates a white blood cell engulfing a microbe 
by endocytosis. The bacterium is surrounded by a portion of the 
plasma membrane. Once inside the cell, lysosomes add their 
digestive enzymes to the phagocytic vacuole, which speeds the 
breakdown of the contents of the vacuole. Finally, the vacuole 
containing the digested material moves to the inner surface of the 
plasma membrane, where the contents are discharged by exocytosis. 
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94    PART II  Cornerstones: Chemistry, Cells, and Metabolism

  The Cell—The Basic Unit of Life 
 Although the differences in these groups of organisms may 
seem to set them worlds apart, their similarity in cellular 
structure is one of the central themes unifying the field of 
biology. One can obtain a better understanding of how cells 
operate in general by studying specific examples. Because the 
organelles have the same general structure and function, 
regardless of the kind of cell in which they are found, we can 
learn more about how mitochondria function in plants by 
studying how mitochondria function in animals. There is a 
commonality among all living things with regard to their cel-
lular structure and function. The fact that all eukaryotic 
organisms have the same cellular structures is strong evidence 
that they all evolved from a common ancestor.      

wall is the plasma  membrane. Thinner and with a slightly 
 different chemical composition from that of eukaryotes, the 
plasma membrane carries out the same functions as the plasma 
membrane in eukaryotes. Most bacteria are either rod-shaped 
(bacilli), spherical (cocci),  corkscrew-shaped (spirilla), or 
comma-shaped  (vibrio). The genetic material within the cyto-
plasm is DNA in the form of a loop. 

 The Archaea share many characteristics with the Bacteria. 
Many have a rod or spherical shape, although some are square 
or triangular. Some have flagella and have cell walls, but the 
cell walls are made of a different material than that of bacteria. 

 One significant difference between the cells of Bacteria 
and Archaea is in the chemical makeup of their ribosomes. 
The ribosomes of Bacteria contain different proteins from 
those found in the cells of Eucarya or Archaea. Bacterial ribo-
somes are also smaller. This discovery was important to 
medicine, because many cellular forms of life that cause com-
mon diseases are bacterial. As soon as differences in the ribo-
somes were noted, researchers began to look for ways in 
which to interfere with the bacterial ribosome’s function, but 
 not  interfere with the ribosomes of eukaryotic cells.   Antibiotics,   
such as streptomycin, are the result of this research. This drug 
combines with bacterial ribosomes and causes bacteria to die 
because it prevents production of the proteins essential to 
survival of bacteria. Because eukaryotic ribosomes differ from 
bacterial ribosomes, streptomycin does not interfere with the 
normal function of the ribosomes in human cells.  

  Eukaryotic Cell Structure 
 Eukaryotic cells contain a true nucleus and most of the mem-
branous organelles described earlier. Eukaryotic organisms 
can be further divided into several categories, based on the 
specific combination of organelles they contain. The cells of 
plants, fungi, protozoa and algae, and animals are all eukary-
otic. The most obvious characteristic that sets plants and 
algae apart from other organisms is their green color, which 
indicates that the cells contain chlorophyll in chloroplasts. 
Chlorophyll is necessary for photosynthesis—the conversion 
of light energy into chemical-bond energy in food molecules. 
Another distinguishing characteristic of plant and algal cells 
is that their cell walls are made of cellulose (   table 4.2 ). 

  The fungi are a distinct group of organisms that lack 
chloroplasts but have a cell wall. However, the cell wall is 
made from a polysaccharide, called chitin, rather than cellu-
lose. Organisms that belong in this category of eukaryotic 
cells include yeasts, molds, mushrooms, and the fungi that 
cause such human diseases as athlete’s foot, jungle rot, and 
ringworm. 

 Eukaryotic organisms that lack cell walls and chloro-
plasts are placed in separate groups. Organisms that consist 
of only one cell are called protozoans—examples are  Amoeba  
and  Paramecium.  They have all the cellular organelles 
described in this chapter except the chloroplast; therefore, 
protozoans must consume food as do fungi and multicellular 
animals.  

   4.8  CONCEPT REVIEW  
   17.   List five differences in structure between prokaryotic 

and eukaryotic cells.  
   18.   What two types of organisms have prokaryotic cell 

structure?   

   Summary 

 The concept of the cell has developed over a number of years. 
Initially, only two regions, the cytoplasm and the nucleus, 
could be identified. At present, numerous organelles are 
 recognized as essential components of both noneukaryotic 
and eukaryotic cell types. The structure and function of some 
of these organelles are compared in    table 4.3 . This table also 
indicates whether the organelle is unique to noneukaryotic or 
eukaryotic cells or is found in both. 

  The cell is the common unit of life. Individual cells and 
their structures are studied to discover how they function as 
individual living organisms and as parts of many-celled 
beings. Knowing how prokaryotic and eukaryotic organisms 
resemble each other and differ from each other helps physi-
cians control some organisms dangerous to humans. 

 There are several ways in which materials enter or leave 
cells. These include diffusion and osmosis, which involve the 
net movement of molecules from an area of high to low 
 concentration. In addition, there are several processes that 
involve activities on the part of the cell to move things 
across the membrane. These include facilitated diffusion, 
which uses carrier molecules to diffuse across the mem-
brane; active transport, which uses energy from the cell to 
move materials from low to high concentration; and endo-
cytosis and exocytosis, in which membrane-enclosed packets 
are formed.  
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  TABLE 4.2   Comparison of Various Kinds of Cells  

  Prokaryotic Cells    Eukaryotic Cells  

  Cells are smaller than eukaryotic cells. 

 DNA is not separated from the cytoplasm by 
a membrane. 

 Cells have few membranous organelles.  

  Cells are generally much larger than noneukaryotic cells. 

 DNA is found within a nucleus, which is separated from the cytoplasm 
by a membrane. 

 Cells contain many complex organelles.  

  Domain Bacteria    Domain Archaea    Domain Eucarya  

  Kingdoms not 
specified  

  Kingdoms 
Euryarchaeota, 
Korarchaeota, 
Krenarchaeota  

  Kingdom Protista    Kingdom Fungi    Kingdom Plantae    Kingdom Animalia  

    1.   Single-celled 
organisms  

  2.   Some cause disease.  

  3.   Most are ecologically 
important.  

  4.   Cyanobacteria are 
able to perform a 
kind of 
photosynthesis.  

   

 Examples:  
Streptococcus 
pneumoniae  and 
 Escherichia coli   

    1.   Single-celled 
organisms  

  2.   They typically 
generate their own 
food.  

  3.   Most live in extreme 
environments.  

   

 Examples: 
 Methanococcus  and 
 Thermococcus   

    1.   Single-celled 
organisms commonly 
called algae and 
protozoa  

  2.   Some form colonies 
of cells.  

  3.   Some have cell walls 
and chloroplasts.  

   

 Examples:  Amoeba  
and  Spirogyra   

    1.   Multicellular 
organisms  

  2.   Cell wall contains 
chitin.  

  3.   None have 
chloroplasts.  

  4.   Many kinds of decay 
organisms and 
parasites are fungi.  

   

 Examples: yeast, 
molds, and 
mushrooms  

    1.   Multicellular 
organisms  

  2.   Cell wall contains 
cellulose.  

  3.   Chloroplasts are 
present.  

   

 Examples: moss, ferns, 
cone-bearing trees, 
and flowering 
plants  

    1.   Multicellular 
organisms  

  2.   They do not have 
a cell wall.  

  3.   They lack 
chloroplasts.  

   

 Examples: worms, 
insects, starfish, 
frogs, reptiles, birds, 
and mammals  

    Note: Viruses are not included in this classification system, because viruses are not composed of the basic cellular structural components. They are composed of a core of nucleic acid (DNA 
or RNA, never both) and a surrounding coat, or capsid, composed of protein. For this reason, viruses are called acellular or noncellular.    

    95
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96    PART II  Cornerstones: Chemistry, Cells, and Metabolism

  TABLE 4.3   Summary of the Structure and Function of the Cellular Organelles 

  Organelle  
  Type of Cell in 
Which Located    Structure    Function  

  Plasma membrane    Prokaryotic and 
eukaryotic  

  Membranous; typical membrane structure; 
phospholipid and protein present  

  Controls passage of some materials to 
and from the environment of the cell  

  Inclusions (granules)    Prokaryotic and 
eukaryotic  

  Nonmembranous; variable    May have a variety of functions  

  Chromatin material    Prokaryotic and 
eukaryotic  

  Nonmembranous; composed of DNA 
and proteins  

  Contains the hereditary information the cell 
uses in its day-to-day life and passes it on 
to the next generation of cells  

  Ribosomes    Prokaryotic and 
eukaryotic  

  Nonmembranous; protein and RNA 
structure  

  Are the site of protein synthesis  

  Microtubules, 
microfilaments, 
and intermediate 
filaments  

  Eukaryotic    Nonmembranous; strands composed 
of protein  

  Provide structural support and allow for 
movement  

  Nuclear membrane    Eukaryotic    Membranous; double membrane formed 
into a single container of nucleoplasm 
and nucleic acids  

  Separates the nucleus from the cytoplasm  

  Nucleolus    Eukaryotic    Nonmembranous; group of RNA molecules 
and DNA located in the nucleus  

  Is the site of ribosome manufacture 
and storage  

  Endoplasmic 
reticulum  

  Eukaryotic    Membranous; folds of membrane forming 
sheets and canals  

  Is a surface for chemical reactions 
and intracellular transport system  

  Golgi apparatus    Eukaryotic    Membranous; stack of single membrane sacs    Is associated with the production 
of secretions and enzyme activation  

  Vacuoles and vesicles    Eukaryotic    Membranous; microscopic single 
membranous sacs  

  Contain a variety of compounds  

  Peroxisomes    Eukaryotic    Membranous; submicroscopic membrane-
enclosed vesicle  

  Contain enzymes to break down hydrogen 
peroxide and perform other functions  

  Lysosomes    Eukaryotic    Membranous; submicroscopic membrane-
enclosed vesicle  

  Separate certain enzymes from cell contents  

  Mitochondria    Eukaryotic    Membranous; double membranous 
organelle: large membrane folded inside 
a smaller membrane  

  Are the site of aerobic cellular respiration 
associated with the release of energy from 
food  

  Chloroplasts    Eukaryotic    Membranous; double membranous 
organelle: inner membrane contains 
chlorophyll  

  Are the site of photosynthesis associated 
with the capture of light energy and the 
synthesis of carbohydrate molecules  

  Centriole    Eukaryotic    Two clusters of nine microtubules    Is associated with cell division  

  Contractile vacuole    Eukaryotic    Membranous; single-membrane container    Expels excess water  

  Cilia and flagella    Eukaryotic and 
prokaryotic  

  Nonmembranous; prokaryotes composed 
of a single type of protein arranged in a 
fiber that is anchored into the cell wall 
and membrane; eukaryotes consist of 
tubules in a 9 � 2 arrangement  

  Cause movement  
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CHAPTER 4  Cell Structure and Function    97

  Key Terms 

  Use the interactive flash cards on the   Concepts in Biology,  
 14/e website to help you learn the meaning of these terms.  

   actin filaments 84  
  active transport 91  
  aerobic cellular respiration 81  
  antibiotics 94  
  Archaea 71  
  Bacteria 71  
  cell 70  
  cell theory 70  
  cell wall 70  
  cellular membranes 74  
  centriole 85  
  chlorophyll 82  
  chloroplast 82  
  chromatin 86  
  chromosome 86  
  cilia 85  
  concentration gradient 

(diffusion gradient) 88  
  cristae 81  
  cytoplasm 71  
  cytoskeleton 84  
  diffusion 87  
  domain 93  
  dynamic equilibrium 88  
  endocytosis 91  
  endoplasmic reticulum 

(ER) 78  
  Eucarya 71  
  eukaryotic cells 71  
  exocytosis 91  
  facilitated diffusion 90  
  flagella 85  
  fluid-mosaic model 74  
  Golgi apparatus 79  
  grana 82  
  granules 85  

  hydrophilic 74  
  hydrophobic 74  
  hypertonic 89  
  hypotonic 90  
  inclusions 85  
  intermediate filaments 84  
  isotonic 89  
  lysosomes 79  
  microfilaments 84  
  microtubules 84  
  mitochondrion 81  
  net movement 87  
  noneukaryotic cells 71  
  nuclear membrane 80  
  nucleolus 87  
  nucleoplasm 87  
  nucleus 71  
  organelles 71  
  osmosis 89  
  peroxisomes 79  
  phagocytosis 91  
  photosynthesis 82  
  pinocytosis 91  
  plasma membrane (cell 

membrane) 76  
  prokaryotes 71  
  protoplasm 71  
  receptor mediated 

endocytosis 91  
  ribosomes 78  
  selectively permeable 88  
  signal transduction 77  
  stroma 82  
  thylakoid 82  
  vacuoles 80  
  vesicles 80    

  Basic Review  

   1.   The first structure to be distinguished within a cell was 
the    _____ .  

   2.   Membranous structures in cells are composed of  

  a.   phosopholipid.  

  b.   cellulose.  

  c.   ribosomes.  

  d.   chromatin.    

   3.   The Golgi apparatus produces  

  a.   ribosomes.  

  b.   DNA.  

  c.   lysosomes.  

  d.   endoplasmic reticulum.    

   4.   If a cell has chloroplasts, it is able to carry on 
photo synthesis. (T/F)  

   5.   The nucleolus is  

  a.   where the DNA of the cell is located.  

  b.   found only in prokaryotic cells.  

  c.   found in the cytoplasm.  

  d.   where ribosomes are made and stored.    

   6.   Diffusion occurs  

  a.   if molecules are evenly distributed.  

  b.   because of molecular motion.  

  c.   only in cells.  

  d.   when cells need it.    

   7.   Prokaryotic cells are larger than eukaryotic cells. (T/F)  

   8.   Osmosis involves the diffusion of      through a 
selectively permeable membrane.  

   9.   The structure of the plasma membrane contains 
proteins. (T/F)  

   10.   Which one of the following have cell walls made of 
cellulose?  

  a.   animals  

  b.   protozoa  

  c.   fungi  

  d.   plants    

   11.   The       manufactures some polysaccharides 
and lipids and packages molecules within sacs.  
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98    PART II  Cornerstones: Chemistry, Cells, and Metabolism

  Thinking Critically 

  Athletes and Osmosis 
 We all know that as we exercise, we sweat and, as a result, 
lose water and salt. These materials must be replaced. Athletes 
who participate in extremely long events of several hours 
have a special concern. They need to replace the water on a 
regular basis during the event. If they drink large quantities of 
water at one time at the end of the event, they may dilute their 
blood to the point that they develop hyponatremia. This 
 condition can result in swelling of the cells of the brain and 
lead to mental confusion and, in extreme cases, collapse and 
death.  

   1.   What is hyponatremia?  
   2.   What is a “sports drink”?  
   3.   How is one of these drinks supposed to help an athlete?  
   4.   What is the point of the drinks various colors and 

flavors?  
   5.   How could the kinds of liquids you drink affect your 

cell’s osmotic balance?  
   6.   Why can drinking electrolyte-free water at the end of an 

endurance athletic event cause the brain to swell?  
   7.   Should sports drinks be available to children in school 

cafeterias?        

   12.   Which is an example of a noneukaryotic cell?  

  a.   muscle cell  

  b.   bacterium  

  c.   fungal cell  

  d.   virus    

   13.   The internal structural framework or cytoskeleton of a 
cell is composed of which combination of elements?  

  a.   microtubules, microfilaments, and intermediate 
filaments  

  b.   centrioles, actin, and intermediate filaments  

  c.   ER, nuclear membrane, and Golgi  

  d.   thylakoid, cristae, and centrioles    

   14.   When a cell is placed in a    _____  solution, it loses water 
and it shrivels.  

   15.   These cell components are involved in the destruction of 
microbes.  

  a.   carrier proteins  

  b.   phagocytic vacuoles  

  c.   centrioles  

  d.   eucarya     

  Answers 
 1.  nucleus 2 . a  3 . c  4 . T  5 . d  6 . b  7 . F 
8. water 9. T 10. d 11. Golgi apparatus 12. b 13. a 
14.  hyper tonic 15. b   
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   Man Survives Body 

Temperature of 115.7! 

  Alcohol, drugs, and high temperatures 

just don’t mix.   
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    PART II  CORNERSTONES: CHEMISTRY, CELLS, AND METABOLISM    

  F ifty-two-year-old Willie Jones of Atlanta, Georgia, has 
been documented as having survived the highest body 
temperature ever recorded. Jones’s core body tempera-

ture reached 115.7°F (46.5°C). He was admitted to the hos-
pital with heatstroke (hyperthermia) on July 10, 1980, when 
the outside temperature reached 90°F (32.2°C). Hyperthermia 
may be caused by a combination of environmental exposure, 
physical exertion, infection, malfunction of temperature regu-
lation mechanisms in the brain, and/or by various drugs. 

 The Centers for Disease Control and Prevention (CDC) 
reported that from 1999–2003 there were 1,203 deaths associ-
ated with hyperthermia; 345 (29%) were associated with “exter-
nal causes (e.g., unintentional poisonings).” Willie suffered from 
environmental heatstroke, made worse by alcohol consumption. 
In fact, this patient’s peak body temperature was probably higher, 
since an accurate measurement was not made until 25 minutes 
after body-cooling devices were used. Other drugs that can cause 
this condition include amphetamines, cocaine, atropine, diphen-
hydramine, antidepressants, and antipsychotics. 

 Heatstroke victims commonly develop multisystem organ 
failure, resulting from damage to the body’s proteins, break-
down of muscle, and a bleeding disorder of the body’s clotting 
and anti-clotting mechanisms. Willie never developed the clot-
ting disorder or muscle breakdown despite extreme hyperther-
mia, thanks to the actions of emergency department personnel.   

  •   How are the body’s proteins affected by high temperatures?  

  •   What happens to proteins when the environmental 
temperature drops?  

  •   Will such information influence people to use alcohol and 
drugs more carefully?    

Enzymes,
Coenzymes, 
and Energy  

   CHAPTER 

5 
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100    PART II  Cornerstones: Chemistry, Cells, and Metabolism

  Background Check 
 Concepts you should already know to get the most out of this chapter:  
  •   The different ways that chemicals can react with one another (chapter 2)  
  •   How atoms and molecules bond together (chapter 2)  
  •   The variety of shapes proteins can take (chapter 3)  
  •   The molecular structure of cellular membranes (chapter 4)     

     5.1  How Cells Use Enzymes 
  All living things require energy and building materials in 
order to grow and reproduce. Energy may be in the form of 
visible light, or it may be in energy-containing covalent bonds 
found in nutrients.   Nutrients   are molecules required by 
organisms for growth, reproduction, and repair. The forma-
tion, breakdown, and rearrangement of molecules to provide 
organisms with essential energy and building blocks are 
known as  biochemical reactions.  Most reactions require an 
input of energy to get them started; this energy is referred to 
as   activation energy.   Activation energy is used to make reac-
tants unstable and more likely to react (   figure 5.1 ).  
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  FIGURE 5.1 The Lowering of Activation Energy 
Enzymes operate by lowering the amount of energy needed to get a reaction going—the activation energy. When this energy is lowered, the 
nature of the bonds is changed, so they are more easily broken. Although the figure shows the breakdown of a single reactant into many end 
products (as in a hydrolysis reaction), the lowering of activation energy can also result in bonds being broken so that new bonds may be 
formed in the construction of a single, larger end product from several reactants (as in a synthesis reaction). 

 If organisms are to survive, they must obtain sizable 
amounts of energy and building materials in a very short time. 
Experience tells us that the sugar in candy bars contains the 
potential energy needed to keep us active, as well as building 
materials to help us grow (sometimes to excess!). Yet, random 
chemical processes alone could take millions of years to break 
down a candy bar. Of course, living things cannot wait that 
long. To sustain life, biochemical reactions must occur at 
extremely rapid rates. One way to increase the rate of any 
chemical reaction and make its energy and component parts 
available to a cell is to increase the temperature of the reactants. 
In general, the hotter the reactants, the faster they will react. 
However, this method of increasing reaction rates has a major 

eng03466_ch05_099-114.indd   100eng03466_ch05_099-114.indd   100 22/09/10   12:26 PM22/09/10   12:26 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



CHAPTER 5  Enzymes, Coenzymes, and Energy    101

drawback when it comes to living things: Organisms die because 
cellular proteins are  denatured  before the temperature reaches 
the point required to sustain the biochemical reactions necessary 
for life. This is of practical concern to people who are experienc-
ing a fever. Should the fever stay too high for too long, major 
disruptions of cellular biochemical processes could be fatal. 

 Organisms have evolved a way of increasing the rate of 
chemical reactions without increasing the temperature. This 
involves using a   catalyst,   a chemical that speeds the reaction 
but is not used up in the reaction. It can be recovered 
unchanged when the reaction is complete. Catalysts lower the 
amount of activation energy needed to start the reaction 
(refer to    figure 5.1 ). A cell manufactures specific proteins that 
act as catalysts. An   enzyme   is a protein molecule that acts as 
a catalyst to speed the rate of a reaction. Enzymes are found 
throughout the cell and can be used over and over again until 
they are worn out or broken. The production of these protein 
catalysts is under the direct control of an organism’s genetic 
material (DNA). The instructions for the manufacture of all 
enzymes are found in the genes of the cell. How the genetic 
information is used to direct the synthesis of these specific 
protein molecules will be discussed in chapter 8.    

   1.   What is the difference between a catalyst and an 
enzyme?  

   2.   How do enzymes increase the rate of a chemical 
 reaction?   

   5.1  CONCEPT REVIEW  

    5.2  How Enzymes Speed 
Chemical Reaction Rates 

  As the instructions for the production of an enzyme are read 
from the genetic material, a specific sequence of amino acids 
is linked together at the ribosomes. Once bonded, the chain 

of amino acids folds and twists to form a molecule with a 
particular three-dimensional shape. 

  Enzymes Bind to Substrates 
 It is the nature of its three-dimensional shape, size, and electric 
charge that allows an enzyme to combine with a reactant and 
lower the activation energy. Each enzyme has a specific size 
and three-dimensional shape, which in turn is specific to the 
kind of reactant with which it can combine. The enzyme 
physically fits with the reactant. The molecule to which the 
enzyme attaches itself (the reactant) is known as the   substrate.   
When the enzyme attaches itself to the substrate molecule, a 
new, temporary molecule—the   enzyme-substrate complex  —is 
formed (   figure 5.2 ). When the substrate is combined with the 
enzyme, its chemical bonds are less stable and more likely to 
be altered and form new bonds. The enzyme is specific because 
it has a particular shape, which can combine only with specific 
parts of certain substrate molecules (Outlooks 5.1).   

 You can think of an enzyme as a tool that makes a job 
easier and faster. For example, the use of an open-end cres-
cent wrench can make the job of removing or attaching a nut 
and bolt go much faster than doing the same job by hand. To 
do this job, the proper wrench must be used. Just any old tool 
(screwdriver or hammer) won’t work! The enzyme must also 
physically attach itself to the substrate; therefore, there is a 
specific   binding site,   or  attachment site,  on the enzyme sur-
face.    Figure 5.3  illustrates the specificity of both wrench and 
enzyme. Note that the wrench and enzyme are recovered 
unchanged after they have been used. This means that the 
enzyme and wrench can be used again. Eventually, like 
wrenches, enzymes wear out and have to be replaced by syn-
thesizing new ones using the instructions provided by the 
cell’s genes. Generally, only very small quantities of enzymes 
are necessary, because they work so fast and can be reused.  

 Both enzymes and wrenches are specific in that they have 
a particular surface geometry, or shape, which matches 
the geometry of their respective substrates. Note that both the 
enzyme and the wrench are flexible. The enzyme can bend or 

Active
site

Enzyme-substrate complex

End products

+

Substrate

Enzyme Enzyme

+
+
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site

  FIGURE 5.2 Enzyme-Substrate Complex Formation 
During an enzyme-controlled reaction, the enzyme and substrate come together to form a new molecule—the enzyme-substrate complex 
molecule. This molecule exists for only a very short time. During that time, the activation energy is lowered and bonds are changed. The 
result is the formation of a new molecule or molecules, called the end products of the reaction. Notice that the enzyme comes out of the 
reaction intact and ready to be used again. 
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and those that do not—vary from person to person. This ratio 
dictates how much gas will be produced. 

 Biotechnology has been used to genetically engineer the fungus 
 Aspergillus niger . By inserting the gene for alpha galactosidase into 
the fungus and making other changes, Aspergillus is able to secrete 
the enzyme in a form that can be dissolved in glycerol and water. This 
product is then put into pill form and sold over the counter. Since 
the  flavor of alpha-
galactosidase is simi-
lar to soy sauce, it can 
be added to many 
foods without chang-
ing their flavor. 

  OUTLOOKS 5.1  

 Passing Gas, Enzymes, and Biotechnology 
 Certain foods like beans and peas will result in an increased 
amount of intestinal gas. The average person releases about a 
liter of gas every day (about 14 expulsions). As people shift to 
healthier diets which include more fruits, vegetables, milk 
products, bran and whole grains, the amount of intestinal gas 
(flatus) produced can increase, too.   

 The major components of intestinal gas are:  

  •   Nitrogen: 20–90%  
  •   Hydrogen: 0–50%  
  •   Carbon dioxide: 10–30%  
  •   Oxygen: 0–10%  
  •   Methane: 0–10%   

 The other offensive gases are pro-
duced when bacteria (i.e.,  Esch-
erichia coli ) living in the large 
in  testine hydrolyze complex carbo-
hydrates that humans cannot enzy-
matically break down. The enzyme 
alpha-galactosidase breaks down 
the complex carbohydrates found 
in these foods. When  E. coli  metab-
olizes these smaller carbohydrates, 
they release hydrogen and foul- 
smelling gases. Some people have 
more of a gas problem than others do. 
This is because the ratios of the two 
types of intestinal bacteria—those 
that produce alpha-galactosidase 

   

  

Leads to synthesis

Enzyme-substrate complex

+

Enzyme

+

End product Substrate

Leads to hydrolysisSubstrate End product

Enzyme Enzyme

Active site

  FIGURE 5.3 It Fits, It’s Fast, and It Works   
    (a)  Although removing the wheel from this bicycle could be done by hand, using an open-end 
crescent wrench is more efficient. The wrench is adjusted and attached, temporarily forming a 
nut-bolt-wrench complex. Turning the wrench loosens the bonds holding the nut to the bolt 
and the two are separated. Using the wrench makes the task much easier.  (b)  An enzyme will 
“adjust itself” as it attaches to its substrate, forming a temporary enzyme-substrate complex. 
The presence and position of the enzyme in relation to the substrate lowers the activation 
energy required to alter the bonds.   (a)

(b)
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CHAPTER 5  Enzymes, Coenzymes, and Energy    103

fold to fit the substrate, just as the wrench can be adjusted to 
fit the nut. This is called the  induced fit hypothesis.  The fit is 
induced because the presence of the substrate causes the 
enzyme to mold or adjust itself to the substrate as the two 
come together. 

 The   active site   is the place on the enzyme that causes a 
specific part of the substrate to change. It is the place where 
chemical bonds are formed or broken. (Note in the case illus-
trated in    figure 5.3  that the active site is the same as the 
binding site. This is typical of many enzymes.) This site is 
where the activation energy is lowered and the electrons are 
shifted to change the bonds. The active site may enable a 
positively charged surface to combine with the negative por-
tion of a reactant. Although the active site molds itself to a 
substrate, enzymes cannot fit all substrates. Enzymes are 
specific to certain substrates or a group of very similar sub-
strate molecules. One enzyme cannot speed the rate of all 
types of biochemical reactions. Rather, a special enzyme is 
required to control the rate of each type of reaction occur-
ring in an organism.  

  Naming Enzymes 
 Because an enzyme is specific to both the substrate to which 
it can attach and the reaction it can encourage, a unique name 
can be given to each enzyme. The first part of an enzyme’s 
name is usually the name of the molecule to which it can 
become attached. The second part of the name indicates the 
type of reaction it facilitates. The third part of the name is 
“-ase,” the ending that indicates it is an enzyme. For example, 
 DNA polymerase  is the name of the enzyme that attaches to 
the molecule DNA and is responsible for increasing its length 
through a polymerization reaction. Some enzymes (e.g., pep-
sin and trypsin) were identified before a formal naming sys-
tem was established and are still referred to by their original 
names. The enzyme responsible for the dehydration synthesis 
reactions among several glucose molecules to form glycogen 
is known as  glycogen synthetase.  The enzyme responsible for 
breaking the bond that attaches the amino group to the 
amino acid arginine is known as  arginine aminase.  When an 
enzyme is very common, its formal name is shortened: The 
salivary enzyme involved in the digestion of starch is  amylose  
(starch)  hydrolase;  it is generally known as  amylase.  Other 
enzymes associated with the human digestive system are 
noted in table 24.2.     

    5.3  Cofactors, Coenzymes, 
and Vitamins 

  Certain enzymes need an additional molecule to help them 
function.   Cofactors   are inorganic ions or organic molecules that 
serve as enzyme helpers. Ions such as zinc, iron, and magnesium 
assist enzymes in their performance as catalysts. These ions 
chemically combine with the enzyme. A   coenzyme   is an organic 
molecule that functions as a cofactor. They are made from 
 molecules such as certain amino acids, nitrogenous bases, and 
vitamins.   Vitamins   are a group of unrelated organic molecules 
used in the making of certain coenzymes; they also play a role 
in regulating gene action. Vitamins are either water- soluble 
(e.g.,  vitamin B complex) or fat-soluble (e.g., vitamin A). For 
example, the vitamin riboflavin (B 2 ) is metabolized by cells and 
becomes   flavin adenine dinucleotide (FAD).   The vitamin niacin 
is metabolized by cells and becomes   nicotinamide adenine 
dinucleotide (NAD � ).   Coenzymes such as NAD �  and FAD are 
used to carry electrons to and from many kinds of oxidation-
reduction reactions. NAD � , FAD, and other coenzymes are 
bonded only temporarily to their enzymes and therefore can 
assist various enzymes in their reaction. Vitamins are required 
in your diet because cells are not able to manufacture these 
molecules (   figure 5.4 ).  

 Another vitamin, pantothenic acid, becomes coenzyme A 
(CoA), a molecule used to carry a specific 2-carbon functional 
group,   acetyl   (-COCH 3 ), generated in one reaction to another 
reaction. Like enzymes, the cell uses inorganic cofactors, 
coenzymes, and vitamins repeatedly until these molecules are 
worn out and destroyed. Coenzymes play vital roles in metab-
olism. Without them, most cellular reactions would come to 
an end and the cell would die.    

   5.2  CONCEPT REVIEW  
   3.   Would you expect a fat and a sugar molecule to be 

acted upon by the same enzyme? Why or why not?  
   4.   Describe the sequence of events in an enzyme- 

controlled reaction.  
   5.   What is meant by the term  binding site ?   Active site ?   

   5.3  CONCEPT REVIEW  

   6.   How do enzymes, coenzymes, and vitamins relate 
to one another?  

   7.   Why must vitamins be a part of the human diet?  
   8.   What is the relationship between vitamins and 

 coenzymes?   

    5.4  How the Environment 
Affects Enzyme Action 

  An enzyme forms a complex with one substrate molecule, 
encourages a reaction to occur, detaches itself, and then forms 
a complex with another molecule of the same substrate. The 
number of molecules of substrate with which a single enzyme 
molecule can react in a given time (e.g., reactions per minute) 
is called the   turnover number.   

 Sometimes, the number of jobs an enzyme can perform 
during a particular time period is incredibly large—ranging 
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104    PART II  Cornerstones: Chemistry, Cells, and Metabolism
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  FIGURE 5.4 The Role 
of Coenzymes 
NAD �  is a coenzyme that works with 
the enzyme alcohol dehydrogenase 
(ADase) during the breakdown of 
alcohol in the liver. This coenzyme helps 
by carrying the hydrogen from the 
alcohol molecule after it is removed by 
the enzyme. Notice that the hydrogen 
on the alcohol is picked up by the 
NAD � . The use of the coenzyme NAD �  
makes the enzyme function more 
efficiently, because one of the end 
products of this reaction (hydrogen) is 
removed from the reaction site. If 
anything interferes with the formation 
of NAD �  (i.e., niacin deficiency or high 
temperatures), the breakdown of 
alcohol becomes less efficient, allowing 
the alcohol to cause cell damage. 

between a thousand (10 3 ) and 10 thousand trillion (10 16 ) 
times faster per minute than uncatalyzed reactions. Without 
the enzyme, perhaps only 50 or 100 substrate molecules 
might be altered in the same time. With this in mind, let’s 
identify the ideal conditions for an enzyme and consider how 
these conditions influence the turnover number. 

  Temperature 
 An important condition affecting enzyme-controlled reactions is 
the environmental temperature (   figure 5.5 ), which has two 
effects on enzymes: (1) It can change the rate of molecular 
motion, and (2) it can cause changes in the shape of an enzyme. 
An increase in environmental temperature increases molecular 
motion. Therefore, as the temperature of an enzyme-substrate 
system increases, the amount of product molecules formed 
increases, up to a point. The temperature at which the rate of 
formation of enzyme-substrate complex is fastest is termed the 
 optimum temperature .  Optimum  means the best or most pro-
ductive quantity or condition. In this case, the optimum tem-
perature is the temperature at which the product is formed most 
rapidly. As the temperature decreases below the optimum, 
molecular motion slows, and the rate at which the enzyme- 
substrate complexes form decreases. Even though the enzyme is 
still able to operate, it does so very slowly. Foods can be 
 preserved by storing them in freezers or refrigerators because the 
enzyme-controlled reactions of the food and spoilage organisms 
are slowed at lower temperatures.  

 When the temperature is raised above the optimum, some 
of the enzyme molecules are changed in such a way that they 
can no longer form the enzyme-substrate complex; thus, the 
reaction slows. If the temperature continues to increase, more 
and more of the enzyme molecules become inactive. If the 
temperature is high enough, it causes permanent changes in 
the three-dimensional shape of the molecules. The surface 

geometry of the enzyme molecule is not recovered, even when 
the temperature is reduced. Recall the wrench analogy. When 
a wrench is heated above a certain temperature, the metal 
begins to change shape. The shape of the wrench is changed 

T
u

rn
o

ve
r 

n
u

m
b

er
(i

n
 t

h
o

u
sa

n
d

s 
p

er
 m

in
u

te
)

Optimum

Human body
temperature
37°C

°C 

0 10 20 30 40 50 60

10

20

30

40

50

60

  FIGURE 5.5 The Effect of Temperature 
on Turnover Number  
As the temperature increases, the turnover number increases. The 
increasing temperature increases molecular motion and may increase 
the number of times an enzyme contacts and combines with a 
substrate molecule. Temperature may also influence the shape of the 
enzyme molecule, making it fit better with the substrate. At high 
temperatures, the enzyme molecule is irreversibly changed, so that it 
can no longer function as an enzyme. At that point, it has been 
denatured. Notice that the enzyme represented in this graph has an 
optimum (best) temperature range of between 30°C and 45°C. 
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CHAPTER 5  Enzymes, Coenzymes, and Energy    105

permanently, so that, even if the temperature is reduced, the 
surface geometry of the end of the wrench is permanently 
lost. When this happens to an enzyme, it has been  denatured.  
A denatured enzyme is one whose protein structure has been 
permanently changed, so that it has lost its original biochem-
ical properties. Because enzymes are molecules and are not 
alive, they are not killed but, rather, denatured. For example, 
although egg white is not an enzyme, it is a protein and pro-
vides a common example of what happens when denatur-
ation occurs as a result of heating. As heat is applied to the 
egg white, it is permanently changed from a runny substance 
to a rubbery solid (denatured). 

 Many people have heard that fevers cause brain damage. 
Brain damage from a fever can result from the denaturation 
of proteins if the fever is over 42°C (107.6°F). However, 
denaturation and brain damage from fevers is rare, because 
untreated fevers seldom go over 40.5°C (105°F) unless the 
child is overdressed or trapped in a hot place. Generally, 
the brain’s thermostat will stop the fever from going above 
(41.1°C) 106°F. Children with a rectal temperature of 106°F 
or higher also have a greater risk for serious bacterial infec-
tion and for viral illness, or both.  

  pH 
 Another environmental condition that influences enzyme 
action is pH. The three-dimensional structure of a protein 
leaves certain side chains exposed. These side chains may 
attract ions from the environment. Under the right condi-
tions, a group of positively charged hydrogen ions may accu-
mulate on certain parts of an enzyme. In an environment that 
lacks these hydrogen ions, this would not happen. Thus, 
variation in the enzyme’s shape could be caused by a change 
in the number of hydrogen ions present in the solution. 
Because the environmental pH is so important in determining 
the shapes of protein molecules, there is an optimum pH for 
each specific enzyme. The enzyme will fit with the substrate 

only when it has the proper shape, and it has the proper shape 
only when it is at the right pH. Many enzymes function best 
at a pH close to neutral (7). However, a number of enzymes 
perform best at pHs quite different from 7. Pepsin, an enzyme 
found in the stomach, works well at an acid pH of 1.5 to 2.2, 
whereas arginase, an enzyme in the liver, works well at a basic 
pH of 9.5 to 9.9 (   figure 5.6 ).   

  Enzyme-Substrate Concentration 
 In addition to temperature and pH, the concentration of 
enzymes, substrates, and products influences the rates of 
enzymatic reactions. Although the enzyme and the substrate 
are in contact with one another for only a short time, when 
there are huge numbers of substrate molecules it may happen 
that all the enzymes present are always occupied by substrate 
molecules. When this occurs, the rate of product formation 
cannot be increased unless the number of enzymes is 
increased. Cells can do this by synthesizing more enzymes. 
However, just because there are more enzyme molecules does 
not mean that any one enzyme molecule will work any faster. 
The turnover number for each enzyme stays the same. As the 
enzyme concentration increases, the amount of product 
formed increases in a specified time. A greater number of 
enzymes are turning over substrates; they are not turning over 
substrates faster. Similarly, if enzyme numbers are decreased, 
the amount of product formed declines. 

 We can also look at this from the point of view of the 
substrate. If substrate is in short supply, enzymes may have to 
wait for a substrate molecule to become available. Under 
these conditions, as the amount of substrate increases, the 
amount of product formed increases. The increase in product 
is the result of more substrate being available to be changed. 
When there is a very large amount of substrate, all the 
enzymes will be occupied all the time. However, if given 
enough time, even a small amount of enzyme can eventually 
change all the substrate to product; it just takes longer.     
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  FIGURE 5.6 The Effect of pH 
on the Turnover Number 
As the pH changes, the turnover number 
changes. The ions in solution alter the 
environment of the enzyme’s active site and 
the overall shape of the enzyme. The enzymes 
illustrated here are human amylase, pepsin, 
and trypsin. Amylase is found in saliva and is 
responsible for hydrolyzing starch to glucose. 
Pepsin is found in the stomach and 
hydrolyzes protein. Trypsin is produced in 
the pancreas and enters the small intestine, 
where it also hydrolyzes protein. Notice that 
each enzyme has its own pH range of activity, 
the optimum (shown in the color bars) being 
different for each. 
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106    PART II  Cornerstones: Chemistry, Cells, and Metabolism

    5.5  Cellular-Control Processes 
and Enzymes 

  In any cell, there are thousands of kinds of enzymes. Each 
controls specific chemical reactions and is sensitive to chang-
ing environmental conditions, such as pH and temperature. 
For a cell to stay alive in an ever-changing environment, its 
countless chemical reactions must be controlled. Recall from 
chapter 1 that control processes are mechanisms that ensure 
that an organism will carry out all metabolic activities in the 
proper sequence (coordination) and at the proper rate (regu-
lation). The  coordination  of enzymatic activities in a cell 
results when specific reactions occur in a given sequence—
for example,  A  →  B  →  C  →  D  →  E.  This ensures that a 
particular nutrient will be converted to a particular end 
product necessary to the survival of the cell. Should a cell be 
unable to coordinate its reactions, essential products might 
be produced at the wrong time or never be produced at all, 
and the cell would die. The  regulation  of biochemical reac-
tions is the way a cell controls the amount of chemical prod-
uct produced. The expression “having too much of a good 
thing” applies to this situation. For example, if a cell manu-
factures too much lipid, the presence of those molecules 
could interfere with other life-sustaining reactions, resulting 
in the cell’s death. On the other hand, if a cell does not pro-
duce enough of an essential molecule, such as a hydrolytic 
(digestive) enzyme, it might also die. The cellular-control 
process involves both enzymes and genes. 

   Enzymatic Competition for Substrates 
   Enzymatic competition   results whenever there are several 
kinds of enzymes available to combine with the same kind of 
substrate molecule. Although all these different enzymes may 
combine with the same substrate, they do not have the same 
chemical effect on the substrate, because each converts the 
substrate to different end products. For example, acetyl-
coenzyme A (  acetyl-CoA  ) is a substrate that can be acted 
upon by three different enzymes: citrate synthetase, fatty acid 
synthetase, and malate synthetase (   figure 5.7 ). Which enzyme 
has the greatest success depends on the number of each type 
of enzyme available and the suitability of the environment for 
the enzyme’s operation. The enzyme that is present in the 

greatest number or is best suited to the job in the environment 
of the cell wins, and the amount of its end product becomes 
the greatest.   

  Gene Regulation 
 The number and kind of enzymes produced are regulated 
by  the cell’s genes. It is the job of chemical messengers to 
inform the genes as to whether specific enzyme-producing 
genes should be turned on or off, or whether they should have 
their protein-producing activities increased or decreased. 
   Gene-regulator proteins   are chemical messengers that inform 
the genes of the cell’s need for enzymes. Gene-regulator pro-
teins that decrease protein production are called  gene-repressor 
proteins,  whereas those that increase protein production are 
 gene-activator proteins.  Look again at    figure 5.7 . If the cell 
were in need of protein, gene-regulator proteins could increase 
the amount of malate synthetase. This would result in an 
increase in the amount of acetyl-CoA being converted to 
malate. The additional malate would then be modified into one 
of the amino acids needed to produce the needed protein. On 
the other hand, if the cell required energy, an increase in the 
amount of citrate synthetase would cause more acetyl-CoA to 
be metabolized to release this energy. When the enzyme fatty 
acid synthetase is produced in greater amounts, it outcompetes 
the other two; the acetyl-CoA is used in fat production and 
storage.  

  Inhibition 
 An   inhibitor   is a molecule that attaches itself to an enzyme 
and interferes with that enzyme’s ability to form an enzyme-
substrate complex (How Science Works 5.1). For example, 
one of the early kinds of pesticides used to spray fruit trees 
contained  arsenic. The arsenic attached itself to insect 
enzymes and inhibited the normal growth and reproduction 
of insects. Organophos phates are pesticides that, at the right 
concentration, inhibit several enzymes necessary for the 
operation of the nervous system. When they are incorporated 
into nerve cells, they disrupt normal nerve transmission and 
cause the death of  the affected organisms (   figure 5.8 ). 
In humans, death that is due to pesticides is usually caused 
by uncontrolled muscle  contractions, resulting in breathing 
failure.   

  Competitive Inhibition 
 Some inhibitors have a shape that closely resembles the nor-
mal substrate of the enzyme. The enzyme is unable to distin-
guish the inhibitor from the normal substrate, so it combines 
with either or both. As long as the inhibitor is combined 
with an enzyme, the enzyme is ineffective in its normal role. 
Some of these enzyme-inhibitor complexes are permanent. 
An inhibitor removes a specific enzyme as a functioning part 
of the cell. The reaction that enzyme catalyzes no longer 
occurs, and none of the product is formed. This is termed 

   5.4  CONCEPT REVIEW  
   9.   What is the turnover number? Why is it important?  
   10.   How does changing temperature affect the rate of 

an enzyme-controlled reaction?  
   11.   What factors in a cell can speed up or slow down 

enzyme reactions?  
   12.   What effect might a change in pH have on enzyme 

activity?   
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  FIGURE 5.8 Inhibition of Enzyme at Active Site   
   (a) Organophosphate pesticides are capable of attaching to the enzyme acetylcholinesterase, preventing it from forming an enzyme-substrate 
complex with its regular substrate. Since acetylcholinesterase is necessary for normal nerve cell function, organophosphates pesticides are nerve 
poison and kills organisms. (b) Many farmers around the world use organophosphates to control crop-damaging insects.   

(b)

  FIGURE 5.7 Enzymatic Competition  
Acetyl-CoA can serve as a substrate for a number of reactions. Three 
such reactions are shown here. Whether it becomes a fatty acid, 
malate, or citrate is determined by the enzymes present. Each of the 
three enzymes can be thought of as being in competition for the 
same substrate—the acetyl-CoA molecule. The cell can partially 
control which end product will be produced in the greatest quantity 
by producing greater numbers of one kind of enzyme and fewer of 
the other kinds. If citrate synthetase is present in the highest 
quantity, more of the acetyl-CoA substrate will be acted upon by 
that enzyme and converted to citrate, rather than to the other two 
end products, malate and fatty acids. 

  competitive inhibition   because the inhibitor molecule com-
petes with the normal substrate for the active site of the 
enzyme (   figure 5.9 ).  

 Scientists use their understanding of enzyme inhibition 
to control disease. For instance, an anti-herpes drug is used 

to control herpes viruses responsible for lesions such as 
genital herpes or cold sores. The drug Valtrex inhibits the 
viral form of the enzyme DNA polymerase that is responsible 
for the production of compounds required for viral replica-
tion. As a result, the viruses are unable to replicate and cause 
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108    PART II  Cornerstones: Chemistry, Cells, and Metabolism

 HOW SCIENCE WORKS  5.1  

 Don’t Be Inhibited—Keep Your Memory Alive 
 Alcohol and drugs can interfere with your “short-term” 
memory, such as remembering the crazy things you might 
have done at a party Saturday night. However, they don’t 
seem to get in the way of older memories, such as the biol-
ogy exam you failed in high school. Neuroscientists thought 
this is because long-term memories become “hard-wired” 
into your brain in a way that makes them harder to wipe out. 
These long-term memories 
are kept in place by struc-
tural changes to the connec-
tions between nerve cells, 
but recent research has 
made this “simple” explana-
tion more  complicated. 

 The research involved 
injecting a drug that inhibits 
the enzyme protein kinase 
into the cerebral cortex of 
rat brains where taste mem-
ories are thought to reside. 
The data revealed that 
when this enzyme was 
blocked, the rats forgot a 
meal that made them sick 

weeks earlier. The results of these experiments suggest that 
the continuous activity of this enzyme is somehow necessary 
to maintain long-term memory. This is something that was 
not predicted by the hypotheses on the mechanisms of 
memory formation. Protein kinase and other similar enzymes 
were thought to only be important in the early stages of 
memory formation. Now it appears that they are needed to 

form and sustain long-term memory. 
One researcher at the University of 
Arizona in Tucson believes that it’s pos-
sible that protein kinase can erase all 
learning, no matter how long it has 
been stored in memory. 

 What does the future have in store 
for the therapeutic applications of such 
research? Some are thinking about the 
development of enzyme-altering drugs 
that could:  

  •    help sustain memories for longer than 
normal periods,  

  •   boost brainpower, and  
  •    eliminate the painful memories 

of trauma survivors.    

Few end products
(formed only when
inhibitor is removed)End products

Enzyme Enzyme

Enzyme-inhibited pathwayNormal pathway
(without inhibitor)

Fumaric
acid

Fumaric
acid

Normal
substrate
molecules
(succinic acid)

Normal
substrate
molecules
(succinic acid)

Succinic
acid

Succinic
acid

Malonic
acid

Competing
substrate

Waiting until
malonic acid
leaves active 
site

H2 H2

  FIGURE 5.9 Competitive Inhibition 
The left-hand side of the illustration shows the 
normal functioning of the enzyme. On the right-
hand side, the enzyme is unable to attach to 
succinic acid. This is because an inhibitor, malonic 
acid, is attached to the enzyme and prevents the 
enzyme from forming the normal complex with 
succinic acid. As long as malonic acid stays attached 
in the active site, the enzyme will be unable to 
produce fumaric acid. If the malonic acid is 
removed, the enzyme will begin to produce fumaric 
acid again. Its attachment to the enzyme in this case 
is not permanent but, rather, reduces the number of 
product molecules formed per unit of time, its 
turnover number. 
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CHAPTER 5  Enzymes, Coenzymes, and Energy    109

harm to their host cells. Because people do not normally 
produce this enzyme, they are not harmed by this drug.  

  Negative-Feedback Inhibition 
   Negative-feedback inhibition   is another method of control-
ling the synthesis of many molecules within a cell. This con-
trol process occurs within an enzyme-controlled reaction 
sequence. As the number of end products increases, some 
product molecules  feed back  to one of the previous reactions 
and have a  negative effect  on the enzyme controlling that 
reaction; that is, they  inhibit,  or prevent, that enzyme from 
performing at its best.  

    5.6  Enzymatic Reactions Used in 
Processing Energy and Matter 

  All living organisms require a constant supply of energy to 
sustain life. They obtain this energy through enzyme- 
controlled chemical reactions, which release the internal 

Enzymes:
Substrates: A

A-ase
B

B-ase

End product inhibits enzyme B-ase.

C
C-ase

D
D-ase

End product

End product inhibition

Too little end product to inhibit reaction

Average amount of end product

 If the enzyme is inhibited, the end product can no longer 
be produced at the same rapid rate, and its concentration falls. 
When there are too few end product molecules to have a 
negative effect on the enzyme, the enzyme is no longer inhib-
ited. The enzyme resumes its previous optimum rate of opera-
tion, and the end product concentration begins to increase. 
With this kind of regulation, the amount of the product rises 
and falls within a certain range and never becomes too large 
or small.       

   5.5  CONCEPT REVIEW  
   13.   What is enzyme competition, and why is it impor-

tant to all cells?  
   14.   Describe the nature and action of an enzyme 

 inhibitor.   
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  FIGURE 5.10 Life’s Energy: Chemical Bonds 
All living things use the energy contained in chemical bonds. 
As organisms break down molecules, they can use the energy 
released for metabolic processes, such as movement, growth, and 
reproduction. In all cases, there is a certain amount of heat released 
when chemical bonds are broken. 

potential energy stored in the chemical bonds of molecules 
(   figure 5.10 ). Burning wood is a chemical reaction that 
results in the release of energy by breaking chemical bonds. 
The chemical bonds of cellulose are broken, and smaller end 
products of carbon dioxide (CO 2 ) and water (H 2 O) are pro-
duced. There is less potential energy in the chemical bonds of 
carbon dioxide and water than in the complex organic cel-
lulose molecules, and the excess energy is released as light 
and heat.  

  Biochemical Pathways 
 In living things, energy is also released but it is released in 
a series of small steps and each is controlled by a specific 
enzyme. Each step begins with a substrate, which is con-
verted to a product, which in turn becomes the substrate for 
a different enzyme. Such a series of enzyme-controlled reac-
tions is called a   biochemical pathway,   or a  metabolic path-
way.  The processes of photosynthesis, respiration, protein 
synthesis, and many other cellular activities consist of a 
series of biochemical pathways. Biochemical pathways that 
result in the breakdown of compounds are generally 
referred to as   catabolism.   Biochemical pathways that result 
in the synthesis of new, larger compounds are known as 
  anabolism.      Figure 5.11  illustrates the nature of biochemical 
pathways.  

 One of the amazing facts of nature is that most organisms 
use the same basic biochemical pathways. For example, the bac-
terium  E. coli  and human cells have an estimated 1,000 genes 
that are the same. These two drastically different cell types 
manufacture many of the same enzymes and, therefore, run 
many of the same pathways. However, because the kinds of 
enzymes an organism is able to produce depend on its genes, 
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110    PART II  Cornerstones: Chemistry, Cells, and Metabolism

Organic
molecule

(a) A catabolic pathway breaks a large molecule into smaller molecules. 

ATP
energy

ATP
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ATP
energy

ATP
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ATP
energy

ATP
energy

Enzyme 1 Enzyme 2 Enzyme 3

Organic
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(b) An anabolic pathway combines smaller molecules to form a larger molecule.

Enzyme 1 Enzyme 2 Enzyme 3

  FIGURE 5.11 Biochemical Pathways  
Biochemical pathways are the result of a series of enzyme-controlled reactions. In each step, a substrate is acted upon by an enzyme to 
produce a product. The product then becomes the substrate for the next enzyme in the chain of reactions. Such pathways can be used to 
break down molecules, build up molecules, release energy, and perform many other actions. 
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  FIGURE 5.12 Adenosine Triphosphate (ATP) 
An ATP molecule is an energy carrier. A molecule of ATP consists 
of several subunits: a molecule of adenine, a molecule of ribose, and 
3 phosphate groups. The 2 end phosphate groups are bonded 
together by high-energy bonds. These bonds are broken easily, so 
they release a great amount of energy. Because they are high-energy 
bonds, they are represented by curved, solid lines. 

some variation occurs in the details of the biochemical path-
ways. The fact that so many kinds of organisms use essentially 
the same biochemical processes is a strong argument for the 
idea of evolution from a common ancestor. Once a successful 
biochemical strategy evolved, the genes and the pathways 
were retained (conserved) through evolutionary descendents, 
with slight modifications of the scheme.  

  Generating Energy in a Useful Form: ATP 
 The transfer of chemical energy within living things is han-
dled by an RNA nucleotide known as   adenosine triphosphate 
(ATP).   Chemical energy is stored when ATP is made and is 
released when it is broken apart. An ATP molecule is 
 composed of a molecule of adenine (a nitrogenous base), 
ribose (a sugar), and 3 phosphate groups (   figure 5.12 ). If only 
1 phosphate is present, the molecule is known as adenosine 
monophosphate (AMP).  

 When a second phosphate group is added to the AMP, a 
molecule of  a denosine  d i p hosphate (ADP) is formed. The 
ADP, with the addition of even more energy, is able to bond 
to a third phosphate group and form ATP. (Recall from 
 chapter 3 that the addition of phosphate to a molecule is 
called a  phosphorylation reaction. ) The bonds holding the 
last 2 phosphates to the molecule are easily broken to release 
energy for cellular processes that require energy. Because the 
bond between these phosphates is so easy for a cell to use, it 
is called a   high-energy phosphate bond.   These bonds are 
often shown as solid, curved lines (∼) in diagrams. Both ADP 
and ATP, because they contain high-energy bonds, are very 
unstable molecules and readily lose their phosphates. When 
this occurs, the energy held in the phosphate’s high-energy 
bonds can be transferred to a lower-energy molecule or 

released to the environment. Within a cell, specific enzymes 
(phosphorylases) speed this release of energy as ATP is bro-
ken down to ADP and P (phosphate). When the bond holding 
the third phosphate of an ATP molecule is broken, energy is 
released for use in other activities.   
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CHAPTER 5  Enzymes, Coenzymes, and Energy    111

 When energy is being harvested from a chemical reaction 
or another energy source, such as sunlight, it is stored when a 
phosphate is attached to an ADP to form ATP. 

 An analogy that might be helpful is to think of each ATP 
molecule used in the cell as a rechargeable battery. When the 
power has been drained, it can be recharged numerous times 
before it must be recycled (   figure 5.13 ).   

  Electron Transport 
 Another important concept that can be applied to many dif-
ferent biochemical pathways is the mechanism of  electron 
transport.  Because the electrons of an atom are on its exterior, 
the electrons in the outer energy level can be lost more easily 

ATP ADP + P + energy

(a) Used to power
      chemical reactions

(b) Lost as heat to
      the environment

Energy + ADP + P ATP

(a) Sunlight (photosynthesis)

(b) Chemical-bond energy (cellular respiration)

Public
Power

Inc.

Recharging batteries

ADP

Recharged
batteries

ATP

Discharged
batteries

ATP ATP

  FIGURE 5.13 ATP: The Power Supply for Cells 
When rechargeable batteries in a flashlight have been drained of their power, they can be recharged by placing them in a specially designed 
battery charger. This enables the right amount of power from a power plant to be packed into the batteries for reuse. Cells operate in much the 
same manner. When the cell’s “batteries,” ATPs are drained while powering a job, such as muscle contraction, the discharged “batteries,” ADPs 
can be recharged back to full ATP power. 

to the surroundings, particularly if they receive additional 
energy and move to a higher energy level. When they fall back 
to their original position, they give up that energy. This activ-
ity takes place whenever electrons gain or lose energy. In liv-
ing things, such energy changes are harnessed by special 
molecules that capture such “excited” electrons that can be 
transferred to other chemicals. These electron-transfer reac-
tions are commonly called  oxidation-reduction reactions.  In 
oxidation-reduction (redox) reactions, the molecules losing 
electrons become oxidized and those gaining electrons become 
reduced. The molecule that loses the electron loses energy; the 
molecule that gains the electron gains energy. 

 There are many different electron acceptors or carriers in 
cells. However, the three most important are the coenzymes: 
 n icotinamide  a denine  d inucleotide (NAD � ),  n icotinamide 
 a denine  d inucleotide  p hosphate (NADP � ), and  f lavin  a denine 
 d inucleotide (FAD). Recall that niacin is needed to make 
NAD �  and NADP �  and the riboflavin is needed to make 
FAD. Because NAD � , NADP � , FAD, and similar molecules 
accept and release electrons, they are often involved in 
 oxidation-reduction reactions. When NAD � , NADP � , and 
FAD accept electrons, they become negatively charged. Thus, 
they readily pick up hydrogen ions (H � ), so when they become 
reduced they are shown as NADH, NADPH, and FADH 2 . 
Therefore, it is also possible to think of these molecules as 
 hydrogen carriers.  In many biochemical pathways, there is a 
series of enzyme controlled oxidation-reduction reactions 
(electron-transport reactions) in which each step results in the 
transfer of a small amount of energy from a higher-energy 
molecule to a lower-energy molecule (   figure 5.14 ). Thus, elec-
tron transport is often tied to the formation of ATP.   
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112    PART II  Cornerstones: Chemistry, Cells, and Metabolism

Step 1. Electron transport
Electrons give up their energy as
they move through a series of
electron-transport reactions. 

Step 2. Proton gradient
established
Energy from the electron-transport
reactions is used to pump protons
(H+) across a membrane.

Step 3. Proton gradient used to
synthesize ATP
When protons move back through
special proteins in the membrane,
enzymes capture their energy and use
it to synthesize ATP from ADP and P.

H+

H+ H+
H+ H+ H+

H+

H+

H+ H+

ATP

Membrane

e–e–

e–e–
e–e–

ADP + P

  FIGURE 5.14 Electron Transport and Proton Gradient  
The transport of high-energy electrons through a series of electron carriers can allow the energy to be released in discrete, manageable packets. 
In some cases, the energy given up is used to move or pump protons (H � ) from one side of a membrane to the other and a proton concentration 
gradient is established. When the protons flow back through the membrane, enzymes in the membrane can capture energy and form ATP. 

  Proton Pump 
 In many of the oxidation-reduction reactions that take place 
in cells, the electrons that are transferred come from hydrogen 
atoms. A hydrogen nucleus (proton) is formed whenever elec-
trons are stripped from hydrogen atoms. When these higher-
energy electrons are transferred to lower-energy states, protons 
are often pumped across membranes. This creates a region 
with a high concentration of protons on one side of the mem-
brane. Therefore, this process is referred to as a  proton pump.  
The “pressure” created by this high concentration of protons 
is released when protons flow through pores in the membrane 
back to the side from which they were pumped. As they pass 
through the pores, an enzyme, ATP synthetase (a phosphory-
lase), uses their energy to speed the formation of an ATP 
 molecule by bonding a phosphate to an ADP molecule. Thus, 
making a proton gradient is an important step in the produc-
tion of much of the ATP produced in cells (review    figure 5.14 ). 

 The four concepts of biochemical pathways, ATP 
 production, electron transport, and the proton pump—are all 
interrelated. We will use these concepts to examine particular 
aspects of photosynthesis and respiration in chapters 6 and 7.      

   5.6  CONCEPT REVIEW  
   15.   What is a biochemical pathway, and what does it 

have to do with enzymes?  
   16.   Describe what happens during electron transport 

and what it has to do with a proton pump.   

   Summary 

 Enzymes are protein catalysts that speed up the rate of chem-
ical reactions without any significant increase in the tempera-
ture. They do this by lowering activation energy. Enzymes 
have a very specific structure that matches the structure of 
particular substrate molecules. The substrate molecule comes 
in  contact with only a specific part of the enzyme molecule—
the attachment site. The active site of the enzyme is the place 
where the substrate molecule is changed. The enzyme- 
substrate complex reacts to form the end product. The pro-
tein nature of enzymes makes them sensitive to environmental 
conditions, such as temperature and pH, that change the 
structure of  proteins. The number and kinds of enzymes are 
ultimately controlled by the genetic information of the cell. 
Other kinds of molecules, such as coenzymes, inhibitors, and 
competing enzymes, can influence specific enzymes. Changing 
conditions within the cell shift its enzymatic priorities by 
influencing the turnover number. 

 Enzymes are also used to speed and link chemical reac-
tions into biochemical pathways. The energy currency of the 
cell, ATP, is produced by enzymatic pathways known as elec-
tron transport and proton pumping. The four concepts of 
biochemical pathways, ATP production, electron transport, 
and the proton pump are all interrelated.  
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   acetyl 103  
  acetyl-CoA 106  
  activation energy 100  
  active site 103  
  adenosine triphosphate 

(ATP) 110  
  anabolism 109  
  binding site 

(attachment site) 101  
  biochemical pathway 

(metabolic pathway) 109  
  catabolism 109  
  catalyst 101  
  coenzyme 103  
  cofactors 103  
  competitive inhibition 107  
  enzymatic competition 106  

  enzyme 101  
  enzyme-substrate 

complex 101  
  flavin adenine 

dinucleotide (FAD) 103  
  gene-regulator proteins 106  
  high-energy phosphate 

bond 110  
  inhibitor 106  
  negative-feedback 

inhibition 109  
  nicotinamide adenine 

dinucleotide (NAD � ) 103  
  nutrients 100  
  substrate 101  
  turnover number 103  
  vitamins 103    

  Key Terms 

  Use the interactive flash cards on the   Concepts in Biology,  
 14/e website to help you learn the meaning of these terms.  

  Basic Review  

   1.   Something that speeds the rate of a chemical reaction 
but is not used up in that reaction is called a  

  a.   catalyst.  

  b.   catabolic molecule.  

  c.   coenzyme.  

  d.   ATP.    

   2.   The amount of energy it takes to get a chemical reaction 
going is known as  

  a.   starting energy.  

  b.   ATP.  

  c.   activation energy.  

  d.   denaturation.  

  e.   Q.    

   3.   A molecule that is acted upon by an enzyme is a  

  a.   cofactor.  

  b.   binding site.  

  c.   vitamin.  

  d.   substrate.    

   4.   Your cells require    ________  to manufacture certain 
coenzymes.  

   5.   When a protein’s three-dimensional structure has been 
altered to the extent that it no longer functions, it has 
been  

  a.   denatured.  

  b.   killed.  

  c.   anabolized.  

  d.   competitively inhibited.    

   6.   Whenever there are several different enzymes available 
to combine with a given substrate,    ________  results.  

   7.   In    ________  , a form of enzyme control, the end product 
inhibits one step of its formation when its concentration 
becomes high enough.  

   8.   Which of the following contains the greatest amount of 
potential chemical-bond energy?  

  a.   AMP  

  b.   ADP  

  c.   ATP  

  d.   ARP    

   9.   Electron-transfer reactions are commonly called    ________  
reactions.  

   10.   As electrons pass through the pores of cell membranes, 
an enzyme,    ________  (a phosphorylase), uses electron 
energy to speed the formation of an ATP molecule by 
bonding a phosphate to an ADP molecule.  

   11.   If a cleaning agent contains an enzyme that will get out 
stains that are protein in nature, it can also be used to 
take out stains caused by oil. (T/F)  

   12.   Keeping foods in the refrigerator helps make them last 
longer because the lower temperature    ________  enzyme 
activity.  

   13.   ATP is generated when hydrogen ions flow from a    ________  
to a    ______  concentration after they have been pumped 
from one side of the membrane to the other.  

   14.   What are teams competing for in a football game?    _____   

   15.   A person who is vitamin deficient will most likely 
experience a    ______  in their metabolism.   

  Answers 
 1. a 2. c 3. d 4. vitamins 5. a 6. enzymatic  competition 
7. negative feedback 8. c 9. oxidation-reduction 10. ATP 
 synthetase 11. F 12. slows/inhibits 13. higher, lower 14. the 
ball 15. disruption   
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114    PART II  Cornerstones: Chemistry, Cells, and Metabolism

 Data  
   a.   A lowering of the atmospheric temperature from 22°C 

to 18°C causes organisms to form a thick, protective 
coat.  

   b.   Below 18°C, no additional coat material is produced.  

   c.   If the cell is heated to 35°C and then cooled to 18°C, no 
coat is produced.  

   d.   The coat consists of a complex carbohydrate.  

   e.   The coat will form even if there is a low concentration 
of simple sugars in the surroundings.  

   f.   If the cell needs energy for growth, no cell coats are 
produced at any temperature.              5.4     

  Thinking Critically 

Nobel Prize Work 
 The following data were obtained by a number of Nobel 
Prize–winning scientists from Lower Slobovia. As a member 
of the group, interpret the data with respect to the following:   

   1.   Enzyme activities  

   2.   Movement of substrates into and out of the cell  

   3.   Competition among various enzymes for the same 
substrate  

   4.   Cell structure 
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    PART II  CORNERSTONES: CHEMISTRY, CELLS, AND METABOLISM    

  T en-year-old Latisha Franklin has suffered from her own 
personal energy crisis since she was four. Latisha has 
been diagnosed with an uncommon illness, an abnor-

mality called mitochondrial encephalopathy, or MELAS. 
MELAS is the acronym for mitochondrial encephalopathy, lactic 
acidosis, and stroke-like episodes. It is caused by mutations in 
the DNA found in her mitochondria, mDNA. Mitochondria 
manufacture proteins using their own DNA. Enzymes help to 
produce useful chemical bond energy for cells, ATP. mDNA 
differs from the chromosomes found in the nucleus. They are 
much smaller and circular. Any changes (mutations) in 
mDNA can have far-reaching effects on the body’s ability to 
control energy production. 

 Latisha has suffered encephalopathy in the form of epilepsy-
like seizures and migraine-like headaches. She has also had 
severe muscle pain caused by excess lactic acid in her muscles, 
and stroke-like symptoms leading to paralysis and confusion. 

 The mutations that cause MELAS and the chemical changes 
that occur in mitochondria have been identified; however, there 
is no cure. Medical professionals can only manage symptoms.   

  •   In what molecular form do cells use chemical-bond energy?  

  •   How are these energy-containing molecules generated 
by cells?  

  •   Why would a strict vitamin regimen be helpful in 
managing Latisha’s symptoms?    

Biochemical 
Pathways— 
Cellular Respiration  
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116    PART II  Cornerstones: Chemistry, Cells, and Metabolism

  Background Check 
  Concepts you should already know to get the most out of this chapter:   
  •   Features of oxidation-reduction chemical reactions (chapter 2)  
  •   The structure of carbohydrates (chapter 3)  
  •   The structure and function of mitochondria and the types of cells in which they are located (chapter 4)  
  •   How enzymes work in conjunction with ATP, electron transport, and a proton pump (chapter 5)     

     6.1  Energy and Organisms 
  There are hundreds of different chemical reactions taking 
place within the cells of organisms. Many of these reactions 
are involved in providing energy for the cells. Organisms are 
classified into groups based on the kind of energy they use. 
Organisms that are able to use basic energy sources, such as 
sunlight, to make energy-containing organic molecules from 
inorganic raw materials are called   autotrophs   ( auto  � self; 
 troph  � feeding). There are also prokaryotic organisms that 
use inorganic chemical reactions as a source of energy to 
make larger organic molecules. This process is known as 
  chemosynthesis.   Therefore, there are at least two kinds of 
autotrophs: Those that use light are called  photosynthetic  
autotrophs and those that use inorganic chemical reactions 
are called  chemosynthetic  autotrophs. All other organisms 

CO2
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CO2

CO2

O2

Plant cell Animal cell

Organic molecules

Chloroplast

Sun

Sunlight
energy

Storage
vacuole
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  FIGURE 6.1 Biochemical Pathways That Involve Energy  Transformation
Photosynthesis and cellular respiration both involve a series of chemical reactions that control the flow of energy. Organisms that contain 
photosynthetic machinery are capable of using light, water, and carbon dioxide to produce organic molecules, such as sugars, proteins, 
lipids, and nucleic acids. Oxygen is also released as a result of photosynthesis. In aerobic cellular respiration, organic molecules and oxygen 
are used to provide the energy to sustain life. Carbon dioxide and water are also released during aerobic respiration. 

require organic molecules as food and are called   hetero-
trophs   ( hetero  � other;  troph  � feeding). Heterotrophs get 
their energy from the chemical bonds of food molecules, such 
as carbohydrates, fats, and proteins, which they must obtain 
from their surroundings. 

 Within eukaryotic cells, certain biochemical processes are 
carried out in specific organelles. Chloroplasts are the sites of 
photosynthesis, and mitochondria are the sites of most of the 
reactions of cellular respiration (   figure 6.1 ). Because prokary-
otic cells lack mitochondria and chloroplasts, they carry out 
photosynthesis and cellular respiration within the cytoplasm 
or on the inner surfaces of the cell membrane or on other 
special membranes.    Table 6.1  provides a summary of the con-
cepts just discussed and how they are related to one another.   

 This chapter will focus on the reactions involved in the 
processes of cellular respiration. In   cellular respiration,   
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CHAPTER 6  Biochemical Pathways—Cellular Respiration  117

  TABLE 6.1   Summary of Biochemical Pathways, Energy Sources, and Kinds of Organisms 

  Autotroph or 
Heterotroph  

  Biochemical 
Pathways    Energy Source  

  Kinds 
of Organisms    Notes  

  Autotroph    Chemosynthesis    Inorganic chemical 
  reactions  

  Certain Bacteria 
  and Archaea  

  There are many types of chemosynthesis.  

  Autotroph    Photosynthesis    Light    Certain Bacteria 
  and Archaea  

  Photosynthesis in Bacteria and Archaea differs from 
   photosynthesis that takes place in the chloroplasts 

of eukaryotic organisms.  

              Eucarya—plants 
  and algae  

  Photosynthesis takes place in chloroplasts.  

  Autotroph 
   and 

heterotroph  

  Cellular respiration    Oxidation of large, 
  organic molecules  

  Bacteria and 
  Archaea  

  There are many forms of cellular respiration. Some 
   organisms use aerobic celluar respiration; others use 

anaerobic cellular respiration. Cellular respiration in 
Bacteria and Archaea does not take place in 
mitochondria.  

              Eucarya—plants, 
   animals, fungi, 

algae, protozoa  

  Most Eucarya use aerobic celluar respiration and it 
  takes place in mitochondria.  

organisms control the release of chemical-bond energy from 
large, organic molecules and use the energy for the many 
activities necessary to sustain life. All organisms, whether 
autotrophic or heterotrophic, must carry out cellular respira-
tion if they are to survive. Because nearly all organisms use 
organic molecules as a source of energy, they must obtain 
these molecules from their environment or manufacture these 
organic molecules, which they will later break down. Thus, 
photosynthetic organisms produce food molecules, such as 
carbohydrates, for themselves as well as for all the other 
organisms that feed on them. There are many variations of 
cellular respiration. Some organisms require the presence of 
oxygen for these processes, called  aerobic  processes. Other 
organisms carry out a form of respiration that does not 
require oxygen; these processes are called  anaerobic.     

   6.1  CONCEPT REVIEW  
   1.   How do autotrophs and heterotrophs differ?  
   2.   What is chemosynthesis?  
   3.   How are respiration and photosynthesis related to 

autotrophs and heterotrophs?   

    6.2  An Overview of Aerobic 
Cellular Respiration 

    Aerobic cellular respiration   is a specific series of enzyme-
controlled chemical reactions in which oxygen is involved in 
the breakdown of glucose into carbon dioxide and water; the 

chemical-bond energy from glucose is released to the cell in 
the form of ATP. The following equation summarizes this 
process as it occurs in your cells and those of many other 
organisms:

                              carbon
                        glucose       �      oxygen      →        dioxide      �      water      �      energy
         C  6    H   12     O  6       �      6      O  2       →        6       CO   2       �      6      H  2   O      �      energy                                        
 (  ATP   �   heat  )          

 Covalent bonds are formed by atoms sharing pairs of 
fast-moving, energetic electrons. Therefore, the covalent 
bonds in the sugar glucose contain chemical potential energy. 
The removal of the electrons from glucose results in glucose 
being  oxidized.  Of all the covalent bonds in glucose (O—H, 
C—H, C—C), those easiest to get at are the C—H and O—H 
bonds on the outside of the molecule. When these bonds are 
broken, two things happen:  

   1.   The energy of the electrons can ultimately be used to 
phosphorylate ADP molecules to produce higher-energy 
ATP molecules.  

   2.   Hydrogen ions (protons) are released and pumped across 
membranes, creating a gradient. When they flow back to 
the side from which they were pumped, their energy is 
used to generate even more ATP (refer to chapter 5, 
 Proton Pump).   

 These high-energy electrons cannot be allowed to fly 
about at random because they would quickly combine with 
other molecules, causing cell death. Electron-transfer mole-
cules, such as NAD� and FAD, hold electrons temporarily 
before passing them on to other molecules. ATP is formed 
when these transfers take place (see chapter 5). Once energy 
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118    PART II  Cornerstones: Chemistry, Cells, and Metabolism

the release of electrons and the formation of 
ATP. During glycolysis, the 6-carbon sugar 
glucose is split into two smaller, 3-carbon 
molecules, which undergo further modifica-
tion to form pyruvic acid or  pyruvate.  1     
Enough energy is released to produce two 
ATP molecules. Some of the bonds holding 
hydrogen atoms to the glucose molecule are 
broken, and the electrons are picked up by 
electron  carrier molecules (NAD�) and 

transferred to a series of electron-transfer reactions known as 
the electron-transport system (ETS).     

  The Krebs Cycle 
 The   Krebs cycle   is a series of enzyme-controlled reactions that 
takes place inside the mitochondrion, which completes the 
breakdown of pyruvic acid with the release of carbon diox-
ide, electrons, and ATP. During the Krebs cycle, the pyruvic 
acid molecules produced from glycolysis are further broken 
down. During these reactions, the remaining hydrogens are 
removed from the pyruvic acid, and their electrons are picked 
up by the electron carriers NAD �  and FAD. These electrons 
are sent to the electron-transport system. A small amount of 
ATP is also formed during the Krebs cycle. The carbon and 
oxygen atoms that are the remains of the pyruvic acid mole-
cules are released as carbon dioxide (CO 2 ).  

  The Electron-Transport System (ETS) 
 The   electron-transport system (ETS)   is a series of enzyme- 
controlled reactions that converts the kinetic energy of 
 hydrogen electrons to ATP. The electrons are carried to the 
electron-transport system from glycolysis and the Krebs cycle 
as NADH and FADH 2 . The electrons are transferred through 
a series of oxidation-reduction reactions involving enzymes 
until eventually the electrons are accepted by oxygen atoms 
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has been removed from electrons for ATP production, the 
electrons must be placed in a safe location. In  aerobic  cellular 
respiration, these electrons are ultimately attached to oxygen. 
Oxygen serves as the final resting place of the less energetic 
electrons. When the electrons are added to oxygen, it becomes 
a negatively charged ion, O � . 

 Because the oxygen has gained electrons, it has been 
 reduced. Thus, in the aerobic cellular respiration of glucose, 
glucose is oxidized and oxygen is reduced.  A molecule cannot 
simply lose its electrons—they have to go someplace! If some-
thing is oxidized (loses electrons), something else must be 
reduced (gains electrons). Eventually, the positively charged 
hydrogen ions (H � ) that were released from the glucose mol-
ecule combine with the negatively charged oxygen ion (O � ) 
to form water (H 2 O). 

 As all the hydrogens are stripped off the glucose molecule, 
the remaining carbon and oxygen atoms are rearranged to 
form individual molecules of CO 2 . All the hydrogen originally 
a part of the glucose has been moved to the oxygen to form 
water. All the remaining carbon and oxygen atoms of the 
original glucose are now in the form of CO 2 . The energy 
released from this process is used to generate ATP (   figure 6.2 ).  

 In cells, these reactions take place in a particular order 
and in particular places within the cell. In eukaryotic cells, the 
process of releasing energy from food molecules begins in the 
cytoplasm and is completed in the mitochondria. There are 
three distinct enzymatic pathways involved (   figure 6.3 ): gly-
colysis, the Krebs cycle, and the electron-transport system.  

  Glycolysis 
   Glycolysis   ( glyco  � sugar;  lysis  � to split) is a series of enzyme-
controlled, anaerobic reactions that takes place in the cyto-
plasm of cells, which results in the breakdown of glucose with 

 1 Several different ways of naming organic compounds have been used over 
the years. For our purposes, pyruvic acid and pyruvate are really the same 
basic molecule although technically, pyruvate is what is left when pyruvic 
acid has lost its hydrogen ion: pyruvic acid → H �  � pyruvate. You also will 
see terms such as lactic acid and lactate and citric acid and citrate and many 
others used in a similar way.

  FIGURE 6.2 Aerobic Cellular Respiration and 
Oxidation-Reduction Reaction 
During aerobic cellular respiration, a series of oxidation-reduction 
reactions takes place. When the electrons are removed (oxidation) 
from sugar, it is unable to stay together and breaks into smaller 
units. The reduction part of the reaction occurs when these 
electrons are attached to another molecule. In aerobic cellular 
respiration, the electrons are eventually picked up by oxygen and 
the negatively charged oxygen attracts two positively charged 
hydrogen ions (H � ) to form water. 
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Glucose + + + +O2 ATPCO2H2Ospecific sequence of reactions controlled by enzymes

  

Glucose Glycolysis Pyruvic Acid Krebs
Cycle

Electron-
Transport
System

ATP ATP ATP ENERGYATP

CO2 CO2 CO2

NADH NADH

FADH2

O2

H2O

e� e�
e�

  

CO2

O2

Sugar

H2O

Nucleus 
ATP

Mitochondrion: Krebs and ETS

Cytoplasm: Glycolysis

  FIGURE 6.3 Aerobic Cellular Respiration: Overview   
    (a)  This sequence of reactions in the aerobic oxidation of glucose is an overview of the energy-yielding reactions of a cell.  (b)  Glycolysis, the 
Krebs cycle, and the electron-transport system (ETS) are each a series of enzyme-controlled reactions that extract energy from the chemical 
bonds in a glucose molecule. During glycolysis, glucose is split into pyruvic acid and ATP and electrons are released. During the Krebs cycle, 
pyruvic acid is further broken down to carbon dioxide with the release of ATP and the release of electrons. During the electron-transport 
system, oxygen is used to accept electrons, and water and ATP are produced.  (c)  Glycolysis takes place in the cytoplasm of the cell. Pyruvic 
acid enters mitochondria, where the Krebs cycle and electron-transport system (ETS) take place.   

(a)

(b) (c)

to form oxygen ions (O � ). During this process, a great deal of 
ATP is produced. The ATP is formed as a result of a proton 
gradient established when the energy of electrons is used to 
pump protons across a membrane (refer to chapter 5). The 
subsequent movement of protons back across the membrane 
results in ATP formation. The negatively charged oxygen 
atoms attract two positively charged hydrogen ions to form 
water (H 2 O). 

 Aerobic respiration can be summarized as follows. 
 Glucose  enters glycolysis and is broken down to pyruvic acid, 
which enters the Krebs cycle, where the pyruvic acid molecules 
are further dismantled. The remains of the pyruvic acid mol-
ecules are released as  carbon dioxide.  The electrons and 
hydrogen ions released from glycolysis and the Krebs cycle are 
transferred as NADH and FADH 2  to the electron- transport 
system, where the electrons are transferred to  oxygen  available 
from the atmosphere. When hydrogen ions attach to oxygen 
ions,  water  is formed.  ATP  is formed during all three stages of 
aerobic cellular respiration, but most comes from the electron-
transfer system.   

   6.2  CONCEPT REVIEW  
   4.   Aerobic cellular respiration occurs in three stages. 

Name these and briefly describe what happens in 
each stage.  

   5.   Which cellular organelle is involved in the process 
of aerobic cellular respiration?   

   6.3  The Metabolic Pathways 
of Aerobic Cellular Respiration 

 It is a good idea to begin with the simplest description and 
add layers of understanding as you go to additional levels. 
Therefore, this discussion of aerobic cellular respiration is 
divided into two levels:  

   1.   a fundamental description and  
   2.   a detailed description.   

 Ask your instructor which level is required for your course 
of study. 

 Fundamental Description 
  Glycolysis 
 Glycolysis is a series of enzyme-controlled reactions that takes 
place in the cytoplasm. During glycolysis, a 6-carbon sugar mol-
ecule (glucose) has energy added to it from two ATP  molecules. 
Adding this energy makes some of the bonds of the glucose mol-
ecule unstable, and the glucose molecule is more easily broken 
down. After passing through several more enzyme-controlled 
reactions, the 6-carbon glucose is broken down to two 3-carbon 
molecules known as glyceraldehyde-3-phosphate (also known as 
PGA, or phosphoglyceraldehyde), which undergo additional 
reactions to form pyruvic acid (CH 3 COCOOH). 
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120    PART II  Cornerstones: Chemistry, Cells, and Metabolism

 Enough energy is released by this series of reactions to 
produce four ATP molecules. Because two ATP molecules were 
used to start the reaction and four were produced, there is a  net 
gain  of two ATPs from the glycolytic pathway (   figure 6.4 ). 
During the process of glycolysis, some hydrogens and their 
electrons are removed from the organic molecules being pro-
cessed and picked up by the electron-transfer molecule NAD �  
to form NADH. Enough hydrogens are released during gly-
colysis to form 2 NADHs. The NADH with its extra electrons 
contains a large amount of potential energy, which can be used 
to make ATP in the electron-transport system. The job of the 
coenzyme NAD �  is to transport these energy-containing elec-
trons and protons safely to the  electron-transport system. Once 
they have dropped off their electrons, the oxidized NAD � s are 
available to pick up more electrons and repeat the job.   

  Fundamental Summary of One Turn of Glycolysis  

          Glucose   �   2     ATP   �   2       NAD   �

         (   C  6    H   12     O  6   )      

        4     ATP   �   2     NADH   �   2     pyruvic     acid         
                                (    CH   3   COCOOH  )            

  The Krebs Cycle 
 The series of reactions known as the Krebs cycle takes place 
within the mitochondria of cells. It gets its name from its dis-
coverer, Hans Krebs, and the fact that the series of reactions 
begins and ends with the same molecule; it cycles. The Krebs 
cycle is also known as the citric acid cycle and the TriCarboxylic 
Acid cycle (TCA). The 3-carbon pyruvic acid molecules 
released from glycolysis enter the mitochondria. These are 
acted upon by specific enzymes made using genetic information 
found on DNA located within the mitochondria (mDNA). One 
of these carbons is stripped off and the remaining 2- carbon 
fragment is attached to a molecule of  coenzyme A (CoA) , 
becoming a compound called   acetyl-CoA.   Coenzyme A is made 
from pantethine (pantothenic acid), a form of vitamin B5. 
Acetyl-CoA is the molecule that proceeds through the Krebs 
cycle. At the time the acetyl-CoA is produced, 2 hydrogens are 
attached to NAD �  to form NADH. The carbon atom that was 
removed is released as carbon dioxide. 

Summary of Changes as Pyruvic Acid is Converted 
to Acetyl-CoA

Pyruvic Acid � NAD� � Coenzyme A 

CO � NADH � Acetyl-CoA

 During the Krebs cycle (   figure 6.5 ), the acetyl-CoA is 
completely oxidized (i.e., the remaining hydrogens and their 

electrons are removed). Most of the electrons are picked up 
by NAD �  to form NADH, but at one point in the process 
FAD picks up electrons to form FADH 2 . Regardless of 
which electron carrier is being used, the electrons are sent to 
the electron-transport system. The remaining carbon and 
oxygen atoms are combined to form CO 2 . As in glycolysis, 
enough energy is released to generate 2 ATP molecules. At 
the end of the Krebs cycle, the acetyl portion of the acetyl-
CoA has been completely broken down (oxidized) to CO 2 . 
The CoA is released and available to be used again. The 
energy in the molecule has been transferred to ATP, NADH, 
or FADH 2 . Also, some of the energy has been released as 
heat. For each of the acetyl-CoA molecules that enters the 
Krebs cycle, 1 ATP, 3 NADHs, and 1 FADH 2  are produced. 
If we count the NADH produced during glycolysis, when 
acetyl-CoA was formed, there are a total of 4 NADHs for 
each pyruvic acid that enters a mitochondrion.   

 Fundamental Summary of One Turn 
of the Krebs Cycle 

          Acetyl-    Coenzyme     A    �   ADP   �   3     NAD   �   FAD
        (    CH   3   OC-CoA  )

              CoA � ATP   �   2       CO   2    �   3     NADH   �     FADH   2                                     

Glyceraldehyde-3-phosphate
(3 carbons)

Glyceraldehyde-3-phosphate
(3 carbons)

Glucose
(6 carbons)

ATP

2 ADP

2 ATP

NAD+

NADH

2 ADP

2 ATP

NAD+

NADH

Pyruvic acid
(3 carbons)

Pyruvic acid
(3 carbons)

ADP

ATP

ADP

  FIGURE 6.4 Glycolysis: Fundamental Description 
Glycolysis is the biochemical pathway many organisms use to oxidize 
glucose. During this sequence of chemical reactions, the 6-carbon 
molecule of glucose is oxidized. As a result, pyruvic acid is produced, 
electrons are picked up by NAD � , and ATP is produced. 
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