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pass through the channels, a phosphorylase enzyme (ATP 
synthetase, also referred to as ATPase) speeds the formation 
of an ATP molecule by bonding a phosphate to an ADP mol-
ecule (phosphorylation). When all the electrons and hydrogen 
ions are accounted for, a total of 32 ATPs are formed from the 
electrons and hydrogens removed from the original glucose 
molecule. The hydrogens are then bonded to oxygen to form 
water.   

  Fundamental Summary of 
the Electron-Transport System  

          32      ADP      �   10     NADH   �   2       FADH   2    �   6     O2
 (free)

              32     ATP   �   10       NAD   �    �   2     FAD   �   12      H  2   O             

  Detailed Description 
  Glycolysis 
 The first stage of the cellular respiration process takes place 
in the cytoplasm. This first step, known as glycolysis, consists 
of the enzymatic breakdown of a glucose molecule without 
the use of molecular oxygen. Because no oxygen is required, 
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  FIGURE 6.5 Krebs Cycle: Fundamental Description 
The Krebs cycle takes place in the mitochondria of cells to complete 
the oxidation of glucose. During this sequence of chemical 
reactions, a pyruvic acid molecule produced from glycolysis is 
stripped of its hydrogens. The hydrogens are picked up by NAD �  
and FAD for transport to the ETS. The remaining atoms are 
reorganized into molecules of carbon dioxide. Enough energy is 
released during the Krebs cycle to form 2 ATPs. Because 2 pyruvic 
acid molecules were produced from glycolysis, the Krebs cycle must 
be run twice in order to complete their oxidation (once for each 
pyruvic acid). 

  The Electron-Transport System 
 Of the three steps of aerobic cellular respiration, (glycolysis, 
Krebs cycle, and electron-transport system) cells generate the 
greatest amount of ATP from the electron-transport system 
 (   figure 6.6 ). During this stepwise sequence of oxidation-
reduction reactions, the energy from the NADH and FADH 2  
molecules generated in glycolysis and the Krebs cycle is used 
to  produce ATP. Iron-containing  cytochrome  ( cyto  � cell; 
 chrom  � color) enzyme molecules are located on the mem-
branes of the mitochondrion. The energy-rich electrons are 
passed  (transported)  from one cytochrome to another, and the 
energy is used to pump protons (hydrogen ions) from one side 
of the membrane to the other. The result of this is a higher 
concentration of hydrogen ions on one side of the membrane. 
As the concentration of hydrogen ions increases on one side, 
a proton gradient builds up. Because of this concentration 
gradient, when a membrane channel is opened, the protons 
flow back to the side from which they were pumped. As they 
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  FIGURE 6.6 The Electron-Transport System: 
Fundamental Description  
The electron-transport system (ETS) is also known as the 
cytochrome system. With the help of enzymes, the electrons are 
passed through a series of oxidation-reduction reactions. The 
energy the electrons give up is used to pump protons (H � ) across a 
membrane in the mitochondrion. When protons flow back through 
the membrane, enzymes in the membrane cause the formation of 
ATP. The protons eventually combine with the oxygen that has 
gained electrons, and water is produced. 
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122    PART II  Cornerstones: Chemistry, Cells, and Metabolism

glycolysis is called an anaerobic process. The glycolysis path-
way can be divided into two general sets of reactions. The 
first reactions make the glucose molecule unstable, and later 
oxidation-reduction  reactions are used to synthesize ATP and 
capture hydrogens. 

 Because glucose is a very stable molecule and will not 
automatically break down to release energy, some energy 
must be added to the glucose molecule in order to start gly-
colysis. In glycolysis, the initial glucose molecule gains a 
phosphate to become glucose-6-phosphate, which is con-
verted to fructose-6-phosphate. When a second phosphate is 
added, fructose-1,6-bisphosphate (P—C 6 —P) is formed. This 
6-carbon molecule is unstable and breaks apart to form two 
3-carbon, glyceraldehyde-3-phosphate molecules. 

 Each of the two glyceraldehyde-3-phosphate molecules 
acquires a second phosphate from a phosphate supply 
 normally found in the cytoplasm. Each molecule now has 
2  phosphates attached to form 1,3-bisphosphoglycerate 
(P—C 3 —P). A series of reactions follows, in which energy 
is  released by breaking chemical bonds that hold the 
 phosphates to 1,3-bisphosphoglycerate. The energy and the 
phosphates are used to produce ATP. Since there are two 
1,3-bisphosphoglycerate molecules each with 2 phosphates, a 
total of 4 ATPs are produced. Because 2 ATPs were used to 
start the process, a net yield of 2 ATPs results. In addition, 
4 hydrogen atoms detach from the carbon skeleton and their 
electrons are transferred to NAD �  to form NADH, which 
transfers the electrons to the electron-transport system. The 
3-carbon pyruvic acid molecules that remain are the raw 
material for the Krebs cycle. Because glycolysis occurs in the 
cytoplasm and the Krebs cycle takes place inside mitochon-
dria, the pyruvic acid must enter the mitochondrion before it 
can be broken down further (   figure 6.7 ).   

  Summary of Detailed Description of Glycolysis 
 The process of glycolysis takes place in the cytoplasm of a cell, 
where glucose (C 6 H 12 O 6 ) enters a series of reactions that:  

   1.   requires the use of 2 ATPs,  
   2.   ultimately results in the formation of 4 ATPs,  
   3.   results in the formation of 2 NADHs, and  
   4.   results in the formation of 2 molecules of pyruvic acid 

(CH 3 COCOOH).   
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  FIGURE 6.7 Glycolysis: Detailed Description 
Glycolysis is a process that takes place in the cytoplasm of cells. It does 
not require the use of oxygen, so it is an anaerobic process. During the 
first few steps, phosphates are added from ATP and ultimately the 
6-carbon sugar is split into two 3-carbon compounds. During the final 
steps in the process, NAD �  accepts electrons and hydrogen to form 
NADH. In addition, ATP is produced. Two ATPs form for each of the 
3-carbon molecules that are processed in glycolysis. Because there are 
two 3-carbon compounds, a total of 4 ATPs are formed. However, 
because 2 ATPs were used to start the process, there is a net gain of 
2 ATPs. Pyruvic acid (pyruvate) is left at the end of glycolysis. 

 Because 2 molecules of ATP are used to start the process and 
a total of 4 ATPs are generated, each glucose molecule that 
undergoes glycolysis produces a net yield of 2 ATPs.  
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CHAPTER 6  Biochemical Pathways—Cellular Respiration  123

 Long-term, excessive use of alcohol can cause damage to 
the liver, resulting in the development of a fatty liver, alcoholic 
hepatitis, and alcoholic cirrhosis. It can also interfere with the 
kidneys’ regulation of water, sodium, potassium, calcium, and 
phosphate and with the kidney’s ability to maintain a proper 
acid-base balance, and produce hormones. It also causes low 
blood sugar levels, dehydration, high blood pressure, strokes, 
heart disease, birth defects, osteoporosis, and certain cancers. 

 Drinking alcohol in moderation does have some health ben-
efits if the beverage contains antioxidants (for example, red 
wines and dark beers). The antioxidants in red wine (polyphenols) 
appear to counteract the negative effect of chemicals called free 
radicals released during metabolism. Free radicals are known to 
destroy cell components and cause mutations, damage which 
can lead to heart disease and cancers. Antioxidants protect 
against this kind of harm by capturing free radicals. 

  OUTLOOKS 6.1  

 What Happens When You Drink Alcohol 
 Ethyl alcohol (CH 3 CH 2 OH) is a 2-carbon organic compound with a 
single alcoholic functional group. Because it is soluble in water, it 
is easily absorbed into the bloodstream. After an alcoholic bever-
age enters the body, it is spread by the circulatory system rapidly 
throughout the body and enters the brain. The majority of the 
alcohol is absorbed from the stomach (20%) and small intestine 
(80%). The more a person drinks, the higher the blood alcohol 
level. How fast alcohol is absorbed depends on several factors.  

  1.   Food in the stomach slows absorption.  
  2.   Strenuous physical exercise decreases absorption.  
  3.   Drugs (e.g., nicotine, marijuana, and ginseng) increase 

absorption.   

 Ninety percent of ethyl alcohol is oxidized in mitochondria 
to acetate (CH 3 CH 2 OH � NAD �  → CH 3 CHO � NADH  ). The 
acetate is then converted to acetyl-CoA that enters the Krebs 
cycle where ATP is produced. Alcohol is high in calories (1g � 
7,000 calories, or 7  food  calories). A standard glass of wine has 
about 15 g of alcohol and about 100 kilocalories. The 10% not 
metabolized is eliminated in sweat or urine, or given off in 
breath. It takes the liver one hour to deal with one unit of 
 alcohol. A unit of alcohol is:  

  •   250 ml (1/2 pint) of ordinary strength beer/lager.  
  •   One glass (125 ml/4 fl oz) of wine.  
  •   47 ml/1.5 oz of sherry/vermouth.  
  •   47 ml/1.5 oz of liquor.   

 If alcohol is consumed at a rate faster than the liver can break it 
down, the blood alcohol level rises. This causes an initial feeling 
of warmth and light-headedness. However, alcohol is a depres-
sant, that is, it decreases the activity of the nervous system. At 
first, it may inhibit circuits in the brain that normally inhibit a per-
son’s actions. This usually results in a person becoming more 
talkative and active—uninhibited. However, as the alcohol’s 
effect continues, other changes can take place. These include 
increased aggression, loss of memory, and loss of motor control.  

 

  The Krebs Cycle 
 After pyruvate (pyruvic acid) enters the mitochondrion, it is 
first acted upon by an enzyme, along with a molecule known 
as  coenzyme A  ( CoA ) (   figure 6.8 ). This results in three signifi-
cant products. Hydrogen atoms are removed and NADH is 
formed, a carbon is removed and carbon dioxide is formed, 
and a 2-carbon fragment is formed, which temporarily attaches 
to coenzyme A to produce acetyl-coenzyme A. (These and sub-
sequent reactions of the Krebs cycle take place in the fluid 
between the membranes of the mitochondrion.) The acetyl 
coenzyme A enters the series of reactions known as the Krebs 
cycle. During the Krebs cycle, the acetyl-CoA is systematically 
dismantled. Its hydrogen atoms are removed and the remaining 
carbons are released as carbon dioxide (Outlooks 6.1).   

 The first step in this process involves the acetyl-CoA. The 
acetyl portion of the complex is transferred to a 4- carbon 
compound called  oxaloacetate (oxaloacetic acid)  and a new 
6-carbon citrate molecule (citric acid) is formed. The  coenzyme 
A is released to participate in another reaction with pyruvic 
acid. This newly formed citrate is broken down in a series of 
reactions, which ultimately produces oxaloacetate, which was 
used in the first step of the cycle (hence, the names Krebs 
cycle, citric acid cycle, and tricarboxylic acid cycle). The com-
pounds formed during this cycle are called  keto acids.  

 In the process, electrons are removed and, along with pro-
tons, become attached to the coenzymes NAD �  and FAD. Most 
become attached to NAD �  but some become attached to FAD. 
As the molecules move through the Krebs cycle, enough energy 
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124    PART II  Cornerstones: Chemistry, Cells, and Metabolism

is released to allow the synthesis of 1 ATP molecule for each 
acetyl-CoA that enters the cycle. The ATP is formed from ADP 
and a phosphate already present in the mitochondria. For each 
pyruvate molecule that enters a mitochondrion and is processed 
through the Krebs cycle, 3 carbons are released as 3 carbon 
dioxide molecules, 5 pairs of hydrogen atoms are removed and 
become attached to NAD �  or FAD, and 1 ATP molecule is 
generated. When both pyruvate molecules have been processed 
through the Krebs cycle, (1) all the original carbons from the 
glucose have been released into the atmosphere as 6 carbon 
dioxide molecules; (2) all the hydrogen originally found on the 
glucose has been transferred to either NAD �  or FAD to form 
NADH or FADH 2 ; and (3) 2 ATPs have been formed from the 
addition of phosphates to ADPs (review    figure 6.8 ).  

  Summary of Detailed Description 
of the Eukaryotic Krebs Cycle 
 The Krebs cycle takes place within the mitochondria. For 
each acetyl-CoA molecule that enters the Krebs cycle:  

   1.   The three carbons from a pyruvate are converted to 
 acetyl-CoA and released as carbon dioxide (CO 2 ). 
One CO 2  is actually released before acetyl-CoA is 
formed.  

   2.   Five pairs of hydrogens become attached to hydrogen carri-
ers to become 4 NADHs and 1 FADH 2 . One of the 
NADHs is released before acetyl-CoA enters the Krebs 
cycle.  

   3.   One ATP is generated.    
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  FIGURE 6.8 Krebs Cycle: Detailed Descriptions 
The Krebs cycle occurs within the mitochondrion. Pyruvate enters 
the mitochondrion from glycolysis and is converted to a 2-carbon 
fragment, which becomes attached to coenzyme A to from acetyl-
CoA. With the help of CoA, the 2-carbon fragment (acetyl) 
combines with 4-carbon oxaloacetate to form a 6-carbon citrate 
molecule. Through a series of reactions in the Krebs cycle, electrons 
are removed and picked up by NAD�   and FAD to form NADH and 
FADH 2 , which will be shuttled to the electron-transport system. 
Carbons are removed as carbon dioxide. Enough energy is released 
that 1 ATP is formed for each acetyl-CoA that enters the cycle. 
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CHAPTER 6  Biochemical Pathways—Cellular Respiration  125

  The Electron-Transport System 
 The series of reactions in which energy is transferred from the 
electrons and protons carried by NADH and FADH 2  is 
known as the electron-transport system (ETS) (   figure 6.9 ). 
This is the final stage of aerobic cellular respiration and is 
dedicated to generating ATP. The reactions that make up the 
electron-transport system are a series of oxidation-reduction 
reactions in which the electrons are passed from one electron 
carrier molecule to another until, ultimately, they are accepted 
by oxygen atoms. The negatively charged oxygen combines 
with the hydrogen ions to form water. It is this step that 
makes the process aerobic. Keep in mind that potential energy 
increases whenever things experiencing a repelling force are 
pushed together, such as adding the third phosphate to an 
ADP molecule. Potential energy also increases whenever 
things that attract each other are pulled apart, as in the sepa-
ration of the protons from the electrons.  

 Let’s now look in just a bit more detail at what happens 
to the electrons and protons that are carried to the electron-
transport systems by NADH and FADH 2  and how these 
activities are used to produce ATP. The mitochondrion con-
sists of two membranes—an outer, enclosing membrane and 
an inner, folded membrane. The reactions of the ETS are asso-
ciated with this inner membrane. Within the structure of the 
membrane are several  enzyme complexes,  which perform 
particular parts of the ETS reactions (review    figure 6.9 ). The 
production of ATPs involves two separate but connected pro-
cesses. Electrons carried by NADH enter reactions in enzyme 

complex I, where they lose some energy and are eventually 
picked up by a coenzyme (coenzyme Q). Electrons from 
FADH 2  enter enzyme complex II and also are eventually 
transferred to coenzyme Q. Coenzyme Q transfers the elec-
trons to enzyme complex III. In complex III, the electrons lose 
additional energy and are transferred to cytochrome c, which 
transfers electrons to enzyme complex IV. In complex IV, the 
electrons are eventually transferred to oxygen. As the elec-
trons lose energy in complex I, complex III, and complex IV, 
additional protons are pumped into the intermembrane space. 
When these protons flow down the concentration gradient 
through channels in the membrane, phosphorylase enzymes 
(ATPase) in the membrane are able to use the energy to 
 generate ATP. 

 A total of 12 pairs of electrons and hydrogens are trans-
ported to the ETS from glycolysis and the Krebs cycle for 
each glucose that enters the process. In eukaryotic organ-
isms, the pairs of electrons can be accounted for as follows: 
2 pairs are carried by NADH and were generated during 
glycolysis outside the mitochondrion, 8 pairs are carried as 
NADH and were generated within the mitochondrion, and 
2 pairs are carried by FADH 2  and were generated within the 
 mitochondrion.  

   •   For each of the 8 NADHs generated within the mito-
chondrion, enough energy is released to produce 3 ATP 
molecules. Therefore, 24 ATPs are released from these 
electrons carried by NADH.  
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  FIGURE 6.9 The Electron-Transport System: Detailed Description 
Most of the ATP produced by aerobic cellular respiration comes from the ETS. NADH and FADH 2  deliver electrons to the enzymes 
responsible for the ETS. There are several protein complexes in the inner membrane of the mitochondrion, each of which is responsible for 
a portion of the reactions that yield ATP. The energy of electrons is given up in small amounts and used to pump protons into the 
intermembrane space. When these protons flow back through pores in the membrane, ATPase produces ATP. The electrons eventually are 
transferred to oxygen and the negatively charged oxygen ions accept protons to form water. 
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126    PART II  Cornerstones: Chemistry, Cells, and Metabolism

   •   In eukaryotic cells, the electrons released during glycoly-
sis are carried by NADH and converted to 2 FADH 2  in 
order to shuttle them into the mitochondria. Once they 
are inside the mitochondria, they follow the same path-
way as the other 2 FADH 2 s from the Krebs cycle.   

 The electrons carried by FADH 2  are lower in energy. 
When these electrons go through the series of oxidation-
reduction reactions, they release enough energy to produce a 
total of 8 ATPs. Therefore, a total of 32 ATPs are produced 
from the hydrogen electrons that enter the ETS. 

 Finally, a complete accounting of all the ATPs produced 
during all three parts of aerobic cellular respiration results in 
a total of 36 ATPs: 32 from the ETS, 2 from glycolysis, and 
2 from the Krebs cycle.  

  Summary of Detailed Description of the Eukaryotic 
Electron-Transport System 
 The electron-transport system takes place within the mito-
chondrion, where:  

   1.   Oxygen is used up as the oxygen atoms accept hydro-
gens from NADH and FADH 2  forming water (H 2 O).  

   2.   NAD �  and FAD are released, to be used over again.  
   3.   Thirty-two ATPs are produced.        

   6.   For glycolysis, the Krebs cycle, and the electron-
transport system, list two molecules that enter and 
two that leave each pathway.  

   7.   How is each of the following involved in aerobic 
cellular respiration: NAD � , pyruvic acid, oxygen, 
and ATP?   

   6.3  CONCEPT REVIEW  

   8.   How is aerobic cellular respiration different in pro-
karyotic and eukaryotic organisms?   

   6.4  CONCEPT REVIEW  

  TABLE 6.2   Aerobic ATP Production: 
Prokaryotes vs. Eukaryotic Cells 

  Stage of Aerobic 
Cellular Respiration    Prokaryotes    Eukaryotes  

  Glycolysis    Net gain 2 ATP    Net gain 2 ATP  

  Krebs cycle    2 ATP    2 ATP  

  ETS     34 ATP    32 ATP  

  Total    38 ATP    36 ATP  

    6.4  Aerobic Cellular Respiration 
in Prokaryotes 

  The discussion so far in this chapter has dealt with the  process 
of aerobic cellular respiration in eukaryotic organisms. 
However, some  prokaryotic cells  also use aerobic cellular 
respiration. Because  prokaryotes  do not have mitochondria, 
there are some differences between what they do and what 
eukaryotes do. The primary difference involves the electrons 
carried from glycolysis to the electron-transport system. In 
eukaryotes, the electrons released during glycolysis are carried 
by NADH and transferred to FAD to form FADH 2  in order 
to get the electrons across the outer membrane of the mito-
chondrion. Because FADH 2  results in the production of fewer 
ATPs than NADH, there is a cost to the eukaryotic cell of 
getting the electrons into the mitochondrion. This transfer is 
not necessary in  prokaryotes , so they are able to produce a 
theoretical 38 ATPs for each glucose metabolized, rather than 
the 36 ATPs produced by eukaryotes (   table 6.2 ).     

    6.5  Anaerobic Cellular Respiration 
  Although aerobic cellular respiration is the fundamental 
process by which most organisms generate ATP, some 
organisms do not have the necessary enzymes to carry out 
the Krebs cycle and ETS. Most of these are Bacteria or 
Archaea, but there are certain eukaryotic organisms, such 
as yeasts, that can live in the absence of oxygen and do not 
use their Krebs cycle and ETS. Even within multicellular 
organisms, there are differences in the metabolic activities 
of cells. For example some of your cells are able to survive 
for periods of time without oxygen. However, all cells still 
need a constant supply of ATP. An organism that does not 
require O 2  as its final electron acceptor is called  anaerobic  
( an  � without;  aerob  � air) and performs   anaerobic cellu-
lar respiration.   Although some anaerobic organisms do not 
use oxygen, they are capable of using other inorganic or 
organic molecules as their final electron acceptors. The 
acceptor molecule might be sulfur, nitrogen, or other inor-
ganic atoms or ions. It might also be an organic molecule, 
such as pyruvic acid (CH 3 COCOOH). Anaerobic respiration 
is an incomplete oxidation and results in the production of 
smaller electron-containing molecules and energy in the form 
of ATP and heat (   figure 6.10 ).  

 Many organisms that perform anaerobic cellular respira-
tion use the glycolytic pathway to obtain energy.   Fermentation   
is the word used to describe anaerobic pathways that oxidize 
glucose to generate ATP by using an organic molecule as the 
ultimate hydrogen electron acceptor. Electrons removed from 
sugar in the earlier stages of glycolysis are added to the pyru-
vic acid formed at the end of glycolysis. Depending on the 
kind of organism and the specific enzymes it possesses, the 
pyruvic acid can be converted into lactic acid, ethyl alcohol, 
acetone, or other organic molecules (   figure 6.11 ).  
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  FIGURE 6.10 Anaerobic Cellular Respiration 
in Perspective 
This flowchart shows the relationships among the various types 
of cellular respiration and the descriptive terminology used. Notice 
that all begin with a molecular source of energy and end with the 
generation of ATP. 

 Organisms that produce ethyl alcohol have genes for the 
production of enzymes that guide electrons onto pyruvic acid. 
This reaction results in the conversion of pyruvic acid to ethyl 
alcohol (ethanol) and carbon dioxide. Other organisms have 
different genes, produce different enzymes, carry out different 
reactions, and, therefore, lead to the formation of different 
end products of fermentation. The formation of molecules 
such as alcohol and lactic acid is necessary to regenerate the 
NAD �  needed for continued use in glycolysis. It must be done 
here, because it is not being regenerated by an ETS, as hap-
pens in aerobic respiration. Although many products can be 
formed from pyruvic acid, we will look at only two fermenta-
tion pathways in more detail. 

  Alcoholic Fermentation 
   Alcoholic fermentation   is the anaerobic respiration pathway that 
yeast cells follow when oxygen is lacking in their environment. In 
this pathway, the pyruvic acid (CH 3 COCOOH) is converted to 
ethanol (a 2-carbon alcohol, 
CH 3 CH 2 OH) and carbon diox-
ide. Yeast cells then are able to 
generate only 4 ATPs from gly-
colysis. The cost for glycolysis is 
still 2 ATPs; thus, for each glu-
cose a yeast cell oxidizes, it prof-
its by 2 ATPs.  

 Although during alcoholic 
fermentation yeasts get ATP 
and discard the waste products 
ethanol and carbon dioxide, 
these waste products are useful 
to humans. In making bread, 
the carbon dioxide is the 
important end product; it 
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  FIGURE 6.11 Fermentations 
The upper portion of this figure is a simplified version of glycolysis. 
Many organisms can carry out the process of glycolysis and derive 
energy from it. The ultimate end product is determined by the kinds 
of enzymes the specific organism can produce. The synthesis of these 
various molecules is the organism’s way of oxidizing NADH to 
regenerate NAD �  and reducing pyruvic acid to a new end product. 

becomes trapped in the bread dough and makes it rise—the 
bread is  leavened.  Dough that has not undergone this pro-
cess is called  unleavened.  The alcohol produced by the 
yeast evaporates during the baking process. In the brewing 
industry, ethanol is the desirable product produced by 
yeast cells. Champagne, other sparkling wines, and beer 
are products that contain both carbon dioxide and alcohol. 
The alcohol accumulates, and the carbon dioxide in the 
bottle makes them sparkling (bubbly) beverages. In the 
manufacture of many wines, the carbon dioxide is allowed 
to escape, so these wines are not sparkling; they are called 
“still” wines. 
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128    PART II  Cornerstones: Chemistry, Cells, and Metabolism

Spoilage, or putrefaction, is the anaerobic respiration of 
proteins with the release of nitrogen and sulfur- 

containing organic compounds as products.   
 Protein fermentation by the bacterium 

Clostridium produces foul-smelling chemicals 
such as putrescine, cadaverine, hydrogen 
sulfide, and methyl mercaptan. Clostridium 
perfringens and C. sporogenes are the 
two anaerobic bacteria associated with 
the disease gas gangrene. A gangrenous 
wound is a foul-smelling infection result-
ing from the fermentation activities of 

those two bacteria. 

  OUTLOOKS 6.2  

 Souring vs. Spoilage 
 The fermentation of carbohydrates to organic 
acid products, such as lactic acid, is com-
monly called souring. Cultured sour cream, 
cheese, and yogurt are produced by the 
action of fermenting bacteria. Lactic-acid 
bacteria of the genus Lactobacillus are 
used in the fermentation process. While 
growing in the milk, the bacteria convert 
lactose to lactic acid, which causes the 
proteins in the milk to coagulate and come 
out of solution to form a solid curd. The higher 
acid level also inhibits the growth of spoilage 
microorganisms. 

  Summary of Alcohol Fermentation  
   1.   Starts with glycolysis  

  a.   Glucose is metabolized to pyruvic acid.  
  b.   A net of 2 ATP is made.    

   2.   During alcoholic fermentation  
  a.   pyruvic acid is reduced to form ethanol.  
  b.   carbon dioxide is released.    

   3.   Yeasts do this in  
  a.   leavened bread.  
  b.   sparkling wine.       

  Lactic Acid Fermentation 
 In   lactic acid fermentation,   the pyruvic acid (CH 3 COCOOH) 
that results from glycolysis is converted to lactic acid 
(CH 3 CHOHCOOH) by the transfer of electrons that had 
been removed from the original glucose. In this case, the net 
profit is again only 2 ATPs per glucose. The buildup of the 
waste product, lactic acid, eventually interferes with normal 
metabolic functions and the bacteria die. The lactic acid 
waste product from these types of anaerobic bacteria are 
used to make yogurt, cultured sour cream, cheeses, and other 
fermented dairy products. The lactic acid makes the milk 
protein coagulate and become pudding-like or solid. It also 
gives the products their tart flavor, texture, and aroma 
(Outlooks 6.2).  

 In the human body, different cells have different metabolic 
capabilities. Nerve cells must have a constant supply of oxy-
gen to conduct aerobic cellular respiration. Red blood cells 
lack mitochondria and must rely on the anaerobic process of 
lactic acid fermentation to provide themselves with energy. 
Muscle cells can do either. As long as oxygen is available to 
skeletal muscle cells, they function aerobically. However, when 
oxygen is unavailable—because of long periods of exercise or 

heart or lung problems that prevent oxygen from getting to 
the skeletal muscle cells—the cells make a valiant effort to 
meet energy demands by functioning anaerobically. 

 When skeletal muscle cells function anaerobically, they 
accumulate lactic acid. This lactic acid must ultimately be 
metabolized, which requires oxygen. Therefore, the accumu-
lation of lactic acid represents an  oxygen debt,  which must be 
repaid in the future. It is the lactic acid buildup that makes 
muscles tired when we exercise. When the lactic acid concen-
tration becomes great enough, lactic acid fatigue results. As a 
person cools down after a period of exercise, breathing and 
heart rate stay high until the oxygen debt is repaid and the 
level of oxygen in the muscle cells returns to normal. During 
this period, the lactic acid that has accumulated is converted 
back into pyruvic acid. The pyruvic acid can then continue 
through the Krebs cycle and the ETS as oxygen becomes 
available. In addition to what is happening in the muscles, 
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CHAPTER 6  Biochemical Pathways—Cellular Respiration  129

much of the lactic acid is transported by the bloodstream to 
the liver, where about 20% is metabolized through the Krebs 
cycle and 80% is resynthesized into glucose.  

  Summary of Lactic Acid Fermentation  
   1.   Starts with glycolysis  

  a.   Glucose is metabolized to pyruvic acid.  
  b.   A net of 2 ATP is made.    

   2.   During lactic acid fermentation  
  a.   pyruvic acid is reduced to form lactic acid.  
  b.   no carbon dioxide is released.    

   3.   Muscle cells have the enzymes to do this, but brain cells 
do not.  
  a.   Muscle cells can survive brief periods of oxygen depri- 

vation, but brain cells cannot.  
  b.   Lactic acid “burns” in muscles.          

bonds between the glycerol and the fatty acids. Glycerol is 
a 3-carbon molecule that is converted into glyceraldehyde-
3-phosphate. Because glyceraldehyde-3-phosphate is involved 
in one of the steps in glycolysis, it can enter the glycolysis path-
way (   figure 6.12  ). The remaining fatty acids are often long 
molecules (typically 14 to 20 carbons long), which also must be 
processed before they can be further metabolized. First, they 
need to enter the mitochondrion, where subsequent reactions 
take place. Once inside the mitochondrion, each long chain of 
carbons that makes up the carbon skeleton is hydrolyzed (split 
by the addition of a water molecule) into 2-carbon fragments. 
Next, each of the 2-carbon fragments is carried into the Krebs 
cycle by coenzyme A molecules. Once in the Krebs cycle, they 
proceed through the Krebs cycle just like the acetyl-CoAs from 
glucose (Outlooks 6.3).    

 By following the glycerol and each 2-carbon fragment 
through the cycle, you can see that each molecule of fat has the 
potential to release several times as much ATP as does a mol-
ecule of glucose. Each glucose molecule has 6 pairs of hydro-
gen, whereas a typical molecule of fat has up to 10 times that 
number. This is why fat makes such a good long-term energy 

   6.5  CONCEPT REVIEW  
   9.   Why are there different end products from different 

forms of fermentation?   

    6.6  Metabolic Processing 
of Molecules Other 
Than Carbohydrates 

  Up to this point, we have discussed only the methods and 
pathways that allow organisms to release the energy tied up 
in carbohydrates (sugars). Frequently, cells lack sufficient 
carbohydrates for their energetic needs but have other materi-
als from which energy can be removed. Fats and proteins, in 
addition to carbohydrates, make up the diet of many organ-
isms. These three foods provide the building blocks for the 
cells, and all can provide energy. Carbohydrates can be 
digested to simple sugars, proteins can be digested to amino 
acids, and fats can be digested to glycerol and fatty acids. The 
basic pathways organisms use to extract energy from fat and 
protein are the same as for carbohydrates: glycolysis, the 
Krebs cycle, and the electron-transport system. However, 
there are some additional steps necessary to get fats and pro-
teins ready to enter these pathways at several points in gly-
colysis and the Krebs cycle where fats and proteins enter to 
be respired. 

  Fat Respiration 
 A triglyceride (also known as a neutral fat) is a large molecule 
that consists of a molecule of glycerol with 3 fatty acids attached 
to it. Before these fats can be broken down to release energy, they 
must be converted to smaller units by digestive processes. Several 
enzymes are involved in these steps. The first step is to break the 

      

CARBOHYDRATES

Glucose

6-carbon

3-carbon
Glyceraldehyde-3-phosphate

(Digestion)

3-carbon
(glycerol)

3-carbon
(pyruvic acid)

Lactic acid

2-carbon
(acetyl)

2-carbon
fragments

(Acetyl-CoA)

Krebs
cycle

FATS

PROTEINS

Amino acids

Keto acids

Fatty
acids

CO2

CO2

NH3

(Digestion)

(Digestion)

  FIGURE 6.12 The Interconversion of Fats, Carbohydrates, 
and Proteins  
Cells do not necessarily use all food as energy. One type of food can be 
changed into another type to be used as raw materials for the 
construction of needed molecules or for storage. Notice that many of 
the reaction arrows have two heads (i.e., these reactions can go in either 
direction). For example, glycerol can be converted into glyceraldehyde-
3-phosphate and glyceraldehyde-3-phosphate can become glycerol. 
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130    PART II  Cornerstones: Chemistry, Cells, and Metabolism

 kidney disease, or liver disease can lead to 
profuse sweating in some cases. Foods, 
such as garlic and onions, and spices, such 
as curry, can lead to stronger body aroma. 
Caffeine, in coffee, tea, sodas, and choco-
late, also affects body odor. People with an 
imbalance of magnesium and zinc are also 
more likely to generate more pungent 
body odors.  

 These bacteria are usually controlled 
with commercially available products. 
Deodorants mask the odors, antiperspirants 
reduce the flow of perspiration, antiseptics 
destroy the microorganisms, and soaps 

remove them. Most antiperspirants work by 
using aluminum compounds (aluminum chlorhy-

drate) that reduce the flow of sweat and are moderately antibac-
terial. If a person is allergic to such compounds, it may be 
necessary to use deodorant soaps with more powerful antimi-
crobials, such as chlorhexidine. 

  OUTLOOKS 6.3  

 Body Odor and Bacterial Metabolism 
 In our culture, natural body odor is consid-
ered by most to be undesirable. Body odor 
is the result of bacteria metabolizing chem-
icals released by glands called aprocrine 
glands. These glands are associated with 
hair follicles and are especially numerous 
within the scalp, underarms, and genitals. 
They produce fatty acids and other com-
pounds that are secreted onto the skin 
when people sweat as a result of becoming 
overheated, exercising, or being stressed. 
Bacteria metabolize these compounds in 
perspiration, releasing other compounds 
responsible for body odor. 

 A number of factors affect how bacteria 
metabolize fatty acids and, therefore, the 
strength and nature of a person’s body odor. Hereditary factors 
can play an important role, as evidenced by the genetic abnor-
mality, hyperhidrosis. People with this condition experience 
excessive perspiration. Diabetes, low blood sugar, menopause,

storage material. It is also why it takes so long for people on 
a weight-reducing diet to remove fat. It takes time to use all 
the energy contained in the fatty acids. On a weight basis, 
there are twice as many calories in a gram of fat as there are 
in a gram of carbohydrate. 

 Fats are an excellent source of energy and the storage of fat 
is an important process. Furthermore, other kinds of molecules 
can be converted to fat. You already know that people can get 
fat from eating sugar. Notice in    figure 6.12  that both carbohy-
drates and fats can enter the Krebs cycle and release energy. 
Although people require both fats and carbohydrates in their 
diets, they need not be in precise ratios; the body can make 
some interconversions. This means that people who eat exces-
sive amounts of carbohydrates will deposit body fat. It also 
means that people who starve can generate glucose by breaking 
down fats and using the glycerol to synthesize glucose. 

  Summary of Fat Respiration  
   1.   Fats are broken down into  

  a.   glycerol.  
  b.   fatty acids.    

   2.   Glycerol   
  a.   is converted to glyceraldehyde-3-phosphate.  
  b.   enters glycolysis.    

   3.   Fatty acids  
  a.   are converted to acetyl-CoA.  
  b.   enter the Kreb’s cycle.    

   4.   Each molecule of fat fuels the formation of many more 
ATP than glucose.  
  a.   This makes it a good energy-storage molecule.       

  Protein Respiration 
 Proteins can be catabolized and interconverted just as fats and 
carbohydrates are (review    figure 6.12 ). The first step in using 
protein for energy is to digest the protein into individual 
amino acids. Each amino acid then needs to have the amino 
group (—NH 2 ) removed, a process (deamination) that takes 
place in the liver. The remaining non-nitrogenous part of the 
protein is converted to keto acid and enters the respiratory 
cycle as acetyl-CoA, pyruvic acid, or one of the other types of 
molecules found in the Krebs cycle. As the acids progress 
through the Krebs cycle, the electrons are removed and sent to 
the ETS, where their energy is converted into the chemical-
bond energy of ATP. The amino group that was removed from 
the amino acid is converted into ammonia. Some organisms 
excrete ammonia directly; others convert ammonia into other 
nitrogen-containing compounds, such as urea (humans) or 
uric acid (birds). All of these molecules are toxic, increase the 
workload of the liver, can damage the kidneys and other 
organs, and must be eliminated. They are transported in the 
blood to the kidneys, where they are eliminated. In the case of 
a high-protein diet, increasing fluid intake will allow the kid-
neys to remove the urea or uric acid efficiently. 

 When proteins are eaten, they are digested into their com-
ponent amino acids. These amino acids are then available to be 
used to construct other proteins. Proteins cannot be stored; if 
they or their component amino acids are not needed immedi-
ately, they will be converted into fat or carbohydrates or will be 
metabolized to provide energy. This presents a problem for indi-
viduals who do not have ready access to a continuous source of 
amino acids in their diet (e.g., individuals on a low-protein diet). 
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CHAPTER 6  Biochemical Pathways—Cellular Respiration  131

 HOW SCIENCE WORKS  6.1  

 Applying Knowledge of Biochemical Pathways 
 As scientists have developed a better understanding of the 
processes of aerobic cellular respiration and anaerobic cellular 
respiration, several practical applications of this knowledge 
have developed:  

  1.   Newborn human infants have a modified respiratory plan 
that allows them to shut down the ATP production of their 
mitochondria in certain fatty tissue. Even though ATP 
production is reduced, it allows them to convert fat directly 
to heat to keep them warm.  

  2.   Studies have shown that horses metabolize their nutrients 
20 times faster during the winter than the summer.  

  3.   Although for centuries people have fermented beverages 
such as beer and wine, they were often plagued by sour 
products that were undrinkable. Once people 
understood that there were yeasts that produced alcohol 
under anaerobic conditions and bacteria that converted 
alcohol to acetic acid under aerobic conditions, it was a 
simple task to prevent acetic acid production by 
preventing oxygen from getting to the fermenting 
mixture.  

  4.   When it was discovered that the bacterium that 
causes gas gangrene is anaerobic and is, in fact, 
poisoned by the presence of oxygen, various oxygen 
therapies were developed to help cure patients with 
gangrene. Some persons with gangrene are placed in 
hyperbaric chambers, with high oxygen levels under 
pressure. In other patients, only the affected part of 
the body is enclosed. Under such conditions, the 
gangrene-causing bacteria die or are inhibited (see 
figure 4.22).             

 5. When physicians recognized that the breakdown of fats 
releases ketone bodies, they were able to diagnose 
diseases such as diabetes and anorexia more easily, 
because people typically have low amounts of 
carbohydrates and therefore metabolize fats. The ketones 
produced by excess breakdown of fats results in foul-
smelling breath. No Blanket Needed

Winter Baby and Blanket

If they do not have a source of dietary protein, they must break 
down proteins from important  cellular components to supply 
the amino acids they need. This is why proteins and amino acids 
are considered an important daily food requirement. 

  Summary of Protein Respiration  
   1.   Proteins are digested into amino acids.  
   2.   Then amino acids have the amino group removed,  

  a.   generating a keto acid (acetic acid, pyruvic acid, 
etc.), and  

  b.   entering the Kreb’s cycle at the appropriate place.     

 One of the most important concepts is that carbohy-
drates, fats, and proteins can all be used to provide energy. 
The fate of any type of nutrient in a cell depends on the cell’s 

momentary needs. An organism whose daily food-energy 
intake exceeds its daily energy expenditure will convert only 
the necessary amount of food into energy. The excess food 
will be interconverted according to the enzymes present and 
the organism’s needs at that time. In fact, glycolysis and the 
Krebs cycle allow molecules of the three major food types 
(carbohydrates, fats, and proteins) to be interchanged. 

 As long as a person’s diet has a certain minimum of each of 
the three major types of molecules, a cell’s metabolic machinery 
can manipulate molecules to satisfy its needs. If a person is on 
a starvation diet, the cells will use stored carbohydrates first. 
When the carbohydrates are gone (after about 2 days), the cells 
begin to metabolize stored fat. When the fat is gone (after a few 
days to weeks), proteins will be used. A person in this condition 
is likely to die (How Science Works 6.1).        
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132    PART II  Cornerstones: Chemistry, Cells, and Metabolism

   2.   Cellular respiration processes that do not use molecular 
oxygen are called  

  a.   heterotrophic.  

  b.   anaerobic.  

  c.   aerobic.  

  d.   anabolic.    

   3.   The chemical activities that remove electrons from 
glucose result in the glucose being  

  a.   reduced.  

  b.   oxidized.  

  c.   phosphorylated.  

  d.   hydrolysed.    

   4.   The positively charged hydrogen ions that are released 
from the glucose during cellular respiration eventually 
combine with    _____  ion to form    _____ .  

  a.   another hydrogen, a gas  

  b.   a carbon, carbon dioxide  

  c.   an oxygen, water  

  d.   a pyruvic acid, lactic acid    

   5.   The Krebs cycle and ETS are biochemical pathways 
performed in which eukaryotic organelle?  

  a.   nucleus  

  b.   ribosome  

  c.   chloroplast  

  d.   mitochondria    

   6.   In a complete accounting of all the ATPs produced in 
aerobic cellular respiration in eukaryotic cells, there are 
a total of    _____  ATPs:    _____  from the ETS,    _____  from 
glycolysis, and    _____  from the Krebs cycle.  

  a.   36, 32, 2, 2  

  b.   38, 34, 2, 2  

  c.   36, 30, 2, 4  

  d.   38, 30, 4, 4    

   7.   Anaerobic pathways that oxidize glucose to generate 
ATP energy by using an organic molecule as the ultimate 
hydrogen acceptor are called  

  a.   fermentation.  

  b.   reduction.  

  c.   Krebs.  

  d.   electron pumps.    

   8.   When skeletal muscle cells function anaerobically, they 
accumulate the compound    _____ , which causes muscle 
soreness.  

  a.   pyruvic acid  

  b.   malic acid  

  c.   carbon dioxide  

  d.   lactic acid    

   6.6  CONCEPT REVIEW  
   10.   What are the differences between fat and protein 

metabolism biochemical pathways?  
   11.   Describe how carbohydrates, fats, and proteins can 

be interconverted from one to another.   

   Summary 

 In aerobic cellular respiration, organisms convert foods into 
energy (ATP) and waste materials (carbon dioxide and water). 
Three distinct metabolic pathways are involved in aerobic 
 cellular respiration: glycolysis, the Krebs cycle, and the 
 electron-transport system. Glycolysis takes place in the cyto-
plasm of the cell, and the Krebs cycle and electron-transport 
system take place in mitochondria. Organisms that have oxy-
gen can perform aerobic cellular respiration. Organisms and 
cells that do not use oxygen perform anaerobic cellular respi-
ration (fermentation) and can use only the glycolysis pathway. 
Aerobic cellular respiration yields much more ATP than anaer-
obic cellular respiration. Glycolysis and the Krebs cycle serve 
as a molecular interconversion system: Fats, proteins, and car-
bohydrates are interconverted according to the cell’s needs.  

   acetyl-CoA 120  
  aerobic cellular 

respiration 117  
  alcoholic fermentation 127  
  anaerobic cellular 

respiration 126  
  autotrophs 116  
  cellular respiration 116  

  chemosynthesis 116  
  electron-transport system 

(ETS) 118  
  fermentation 126  
  glycolysis 118  
  heterotrophs 116  
  Krebs cycle 118  
  lactic acid fermentation 128    

  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.   Organisms that are able to use basic energy sources, 
such as sunlight, to make energy-containing organic 
molecules from inorganic raw materials are called  

  a.   autotrophs.  

  b.   heterotrophs.  

  c.   aerobic.  

  d.   anaerobic.    
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CHAPTER 6  Biochemical Pathways—Cellular Respiration  133

   9.   Each molecule of fat can release    _____  of ATP, compared 
with a molecule of glucose.  

  a.   smaller amounts  

  b.   the same amount  

  c.   larger amounts  

  d.   only twice the amount    

   10.   Some organisms excrete ammonia directly; others convert 
ammonia into other nitrogen-containing compounds, 
such as  

  a.   urea or uric acid.  

  b.   carbon dioxide.  

  c.   sweat.  

  d.   fat.    

   11.   The ATP generating process in mitochondria works by 
using which of the following?  

  a.   proton pump  

  b.   DNA  

  c.   oxygen pump  

  d.   chlorophyll    

   12.   Which best explains the need to reduce pyruvic acid in 
fermentation?  

  a.   Fermenting cells cannot produce water.  

  b.   Not enough energy would be produced to keep them 
alive.  

  c.   There is no oxygen available to accept the electrons.  

  d.   NAD �  needs to be regenerated for continued use in 
glycolysis.    

   13.   Why don’t human muscle cells produce alcohol and CO 2  
during anaerobic respiration?  

  a.   They only carry out aerobic respiration.  

  b.   We do not have the genes to produce the enzymes 
needed to generate alcohol and CO 2 .  

  c.   The cells would blow up with the gas produced.  

  d.   There is no way to destroy the alcohol.    

   14.   What is the ultimate destination of hydrogen electrons in 
aerobic cellular respiration?  

  a.   pyruvic acid  

  b.   lactic acid  

  c.   oxygen  

  d.   water    

   15.   Which electron carrier releases the most potential during 
the ETS?  

  a.   NADH  

  b.   FAD  

  c.   oxygen  

  d.   NAD �      

  Answers 
 1. a 2. b 3. b 4. c 5. d 6. a 7. a 8. d 9. c 10. a 
11. a 12. d 13. b 14. c 15. a   

  Thinking Critically 

  Personalizing Your Pathway 
 Picture yourself as an atom of hydrogen tied up in a molecule 
of fat. You are present in the stored fat of a person who is 
starving. Trace the biochemical pathways you would be part 
of as you moved through the process of aerobic cellular res-
piration. Be as specific as you can in describing your location 
and how you got there, as well as the molecules of which you 
are a part. Of what molecule would you be a part at the end 
of this process?             
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  A team of scientists has transferred cellulose-making 
genes from one kind of bacterium to another. The 
photosynthetic bacteria receiving the genes, cyano-

bacteria, are able to capture and use sunlight energy to grow 
and reproduce. The added genes give them a new trait (i.e., 
the ability to manufacture large amounts of cellulose, sucrose 
and glucose). Because cyanobacteria (formerly known as 
blue-green algae) can also capture atmospheric nitrogen (N 2 ), 
they can be grown without costly, petroleum-based fertilizer. 

 The cellulose that is secreted is in a relatively pure, gel-
like form that is easily broken down to glucose that can be 
fermented to produce ethanol and other biofuels. The biggest 
expense in making biofuels from cellulose is in using enzymes 
and mechanical methods to break cellulose down to ferment-
able sugars. 

 Genetically modified cyanobacteria could have several 
advantages in the production of biofuels. They can be grown 
in sunlit industrial facilities on nonagricultural lands and can 
grow in salty water that is unsuitable for other uses. This 
could reduce the amount of agricultural land needed to grow 
corn that is being fermented to biofuels. There are social and 
financial pressures to use more corn, sugar cane, and other 
food crops for nonfood uses throughout the world, thus 
reducing the amount of food crops. For example, Brazil is 
being pressured to cut more of the Amazon rainforest in order 
to grow more sugarcane to meet growing world energy needs. 

    •   How does photosynthesis trap light energy?  

  •   What happens in photosynthetic organisms that results in 
the production of organic compounds?  

  •   Should our government provide the same agricultural 
support payments to those who grow cyanobacteria as it 
pays to corn farmers?    

      CHAPTER 
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       7.1  Photosynthesis and Life 
  Although there are hundreds of different chemical reactions 
taking place within organisms, this chapter will focus on the 
reactions involved in the processes of photosynthesis. Recall 
from chapter 4 that, in photosynthesis, organisms such as 
green plants, algae, and certain bacteria trap radiant energy 
from sunlight. They are then able to convert it into the energy 
of chemical bonds in large molecules, such as carbohydrates. 
Organisms that are able to make energy-containing organic 
molecules from inorganic raw materials are called autotrophs. 
Those that use light as their energy source are more specifi-
cally called  photosynthetic  autotrophs or  photoautotrophs. 

 Among prokaryotes, there are many bacteria capable of 
carrying out photosynthesis. For example, the cyanobacteria 
described in the opening article are all capable of manufactur-
ing organic compounds using light energy.  

      Among the eukaryotes, a 
few protozoa and all algae and 
green plants are capable of 
photosynthesis. Photosynthesis 
captures energy for use by the 

organisms that carry out photo-
synthesis and provides energy to 

organisms that eat photosynthetic 
organisms. An estimated 99.9% of life 

on Earth relies on photosynthesis for its 
energy needs (    figure 7.1 ). Photosynthesis 
is also the major supplier of organic com-
pounds used in the synthesis of other 
compounds, such as carbohydrates and 
proteins. It has been estimated that 
over 100 billion metric tons of sugar 
are produced annually by photosyn-

thesis. Photosynthesis also converts 
about 1,000 billion metric tons 

of  carbon dioxide into organic 
matter each year, yielding 

about 700   billion metric 
tons of oxygen. It is 

for these reasons that a 
basic  understanding 

of this  biochemical 
pathway is  impor-
tant (How Science 
Works 7.1).   

 Background Check 
 Concepts you should already know to get the most out of this chapter:  
  •   The energy levels and position of electrons encircling an atom (chapter 2)  
  •   The basic structure and function of chloroplasts and the types of cell in which they are located (chapter 4)  
  •   How enzymes work in conjunction with ATP, electron transport, and a proton pump (chapter 5)  
  •   The differences between autotrophs and heterotrophs (chapter 6)   

   1.   What are photosynthetic autotrophs?  
   2.   How do photosynthetic organisms benefit 

 heterotrophs?   

   7.1  CONCEPT REVIEW  

       7.2  An Overview 
of Photosynthesis 

  Ultimately, the energy to power all organisms comes from the 
sun. An important molecule in the process of harvesting sun-
light is   chlorophyll,   a green pigment that absorbs light energy. 
Through photosynthesis, light energy is transformed to 
 chemical-bond energy in the form of ATP. ATP is then used to 
produce complex organic molecules, such as glucose. It is from 
these organic molecules that organisms obtain energy through 
the process of cellular respiration. Recall from  chapter 4 that, 
in algae and the leaves of green plants, photosynthesis occurs 
in cells that contain organelles called  chloroplasts. Chloroplasts 
have two distinct regions within them: the grana and the 
stroma.   Grana   consist of stacks of individual membranous 
sacs, called   thylakoids,   that contain chlorophyll. The   stroma   
are the spaces between membranes (   figure 7.2 ). 

  The following equation summarizes the chemical reac-
tions photosynthetic organisms use to make ATP and organic 
molecules:

          light energy      �      carbon dioxide      �      water        →      glucose          �      oxygen
        light energy      �        6       CO   2       �      6      H  2   O      →       C  6      H   12     O  6       �      6      O  2           

There are three distinct events in the photosynthetic  pathway:  

   1.     Light-capturing events.   In eukaryotic cells, photosynthe-
sis takes place within chloroplasts. Each chloroplast is 
surrounded by membranes and contains chlorophyll, 
along with other photosynthetic pigments. Chlorophyll 
and the other pigments absorb specific wavelengths of 
light. When specific amounts of light are absorbed by 
the photosynthetic pigments, electrons become 
“ excited.” With this added energy, these excited elec-
trons can enter into the chemical reactions responsible 
for the production of ATP. These reactions take place 
within the grana of the chloroplast.  

   2.     Light-dependent reactions.   Light-dependent reactions 
use the excited electrons produced by the light-capturing
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CHAPTER 7  Biochemical Pathways—Photosynthesis    137

(a)

(b)

(c)

  FIGURE 7.1  Our Green Planet   
   From space you can see that Earth is a green-blue planet. The green results from photosynthetic pigments found in countless organisms on 
land and in the blue waters. It is the pigments used in the process of photosynthesis that generate the organic molecules needed to sustain 
life. Should this biochemical process be disrupted for any reason (e.g., climate change), there would be a great reduction in the food supply 
to all living things. 

 HOW SCIENCE WORKS  7.1  

 Solution to Global Energy Crisis Found in Photosynthesis? 
 The most important chemical reaction on Earth,  photosynthesis, 
is thought to have been around about 3 billion years. There has 
been plenty of time for this metabolic process to evolve into a 
highly efficient method of capturing light energy. Terrestrial 
and aquatic plants and algae are little solar cells that convert 
light into usable energy. They use this energy to manufacture 
organic molecules from carbon dioxide and water. 

 Photosynthetic organisms capture an estimated 10 times 
the global energy used by humans annually. Scientists and 
inventors have long recognized the value in being able to 
develop materials that mimic the light-capturing events of 
photosynthesis. The overall efficiency of photosynthesis is 
between 3–6% of total solar radiation that reaches the 
earth. Recently the National Energy Renewable Laboratory 
(NREL) verified that new organic-based photovoltaic solar 
cells have demonstrated 6% efficiency. They are constructed 
of a new family of photo-active polymers—polycarbazoles. 
Developers see their achievement as a major breakthrough 
and are hoping to develop solar cells with efficiencies in 
excess of 10%. 

 These cells have the ability to capture light energy and, at 
the same time, be used in many a variety of situations. Flexible 

plastic, leaf-like sheets can be attached to cell phones,  clothing, 
awnings, roofs, toys, and windows to provide power to many 
kinds of electronic devices.  

 

Solar-powered fan helmet being tried by a traffic policeman
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138    PART II  Cornerstones: Chemistry, Cells, and Metabolism

  events. Light-dependent reactions are 
also known as  light reactions.  During 
these reactions, excited electrons from 
the light-capturing events are used to 
produce ATP. As a by-product, hydrogen 
and oxygen are also produced. The oxy-
gen from the water is released to the 
 environment as O 2  molecules. The 
 hydrogens are transferred to the electron 
carrier coenzyme NADP �  to produce 
NADPH. (NADP �  is similar to NAD � , 
which was discussed in  chapter  5.) 
These reactions also take place in the 
grana of the chloroplast. However, the 
NADPH and ATP leave the grana 
and  enter the stroma, where the light- 
independent reactions take place.  

   3.      Light-independent reactions.   These 
 reactions are also known as  dark reac-
tions,  because light is not needed for 
them to  occur. During these reactions, 
ATP and  NADPH from the light- 
dependent reactions are used to attach 
CO 2  to a 5-carbon molecule, already 
present in the cell, to manufacture new, 
larger organic molecules.  Ultimately, 
glucose (C 6 H 12 O 6 ) is produced. These 
light- independent reactions take place 
in the stroma in either the light or dark, 
as long as ATP and NADPH are 
 available from the light- dependent 
stage. When the ATP and NADPH give 
up their energy and hydrogens, they 
turn back into ADP and NADP � . The 
ADP and the NADP �  are recycled back 
to the light-dependent  reactions to be 
used over again.   

 The process of photosynthesis can be 
summarized as follows. During the light-
capturing events,  light energy  is captured by 
chlorophyll and other pigments, resulting in 
excited electrons. The energy of these 
excited electrons is used during the light-
dependent reactions to disassociate  water  
molecules into hydrogen and oxygen, and 
the  oxygen  is released. Also during the light-
dependent reactions, ATP is produced and 
NADP �  picks up hydrogen released from 
water to form NADPH. During the light-
independent reactions, ATP and NADPH 
are used to help combine  carbon dioxide  
with a 5- carbon molecule, so that  ultimately 
organic molecules, such as  glucose,  are pro-
duced (    figure 7.3 ).  

  

Chloroplast

Chloroplast

Central vacuole

Nucleus

Upper epidermis

Layers of
photosynthetic cells

Vein

Lower epidermis

Plant cell

Stroma

Stroma

Thylakoid
stack (granum)

Stacks of
thylakoids

Outer
membrane

Inner
membrane

Chloroplasts look 
like tiny green 
jelly beans within 
each plant cell.

Pigment molecules 
embedded in thylakoid 
membranes make 
them look green.

A leaf has cells 
in several layers.

Each chloroplast 
has many stacks 
of thylakoids.

FIGURE 7.2  The Structure of a Chloroplast, the Site of Photosynthesis   
   Plant cells contain chloroplasts that enable them to store light energy as chemical 
energy. It is the chloroplasts that contain chlorophyll and that are the site of 
photosynthesis. The chlorophyll molecules are actually located within membranous 
sacs called thylakoids. A stack of thylakoids is known as a  granum.  
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Light energy

ADP + P

Photosynthetic
pigments

(a)

(b)

(c)

Light-capturing
events

Light-dependent
reactions

Light-independent
reactions

NADPH“Excited”
electrons

Energy

Sugar (C6H12O6)H2O O2 CO2

ATP

NADP+

  FIGURE 7.3  Photosynthesis: Overview   
   Photosynthesis is a complex biochemical pathway in plants, algae, and certain bacteria. This illustrates the three parts of the process: (a) the 
light-capturing events, (b) the light-dependent reactions, and (c) the light-independent reactions. The end products of the light-dependent 
reactions, NADPH and ATP, are necessary to run the light-independent reactions and are regenerated as NADP � , ADP, and P. Water and 
carbon dioxide are supplied from the environment. Oxygen is released to the environment and sugar is manufactured for use by the plant. 

   7.2  CONCEPT REVIEW  
   3.   Photosynthesis is a biochemical pathway that in-

volves three kinds of activities. Name these and 
explain how they are related to each other.  

   4.   Which cellular organelle is involved in the process 
of photosynthesis?   

       7.3  The Metabolic Pathways 
of Photosynthesis 

blue portions of the electromag-
netic spectrum, although in 

slightly different portions of 
the spectrum (   figure 7.4 ).  

 Chlorophylls reflect 
green light. That is why 
we see chlorophyll- 
containing plants as pre-
dominantly green. Other 
pigments common in 

plants are called   accessory 
pigments.   These include the 

 carotenoids  (yellow, red, and 
orange). They absorb mostly blue 

and blue-green light while reflecting 
the oranges and yellows. The presence of these pigments is 
generally masked by the presence of chlorophyll, but in the 
fall, when chlorophyll disintegrates, the reds, oranges, and 
yellows show through. Accessory  pigments are also respon-
sible for the brilliant colors of vegetables, such as carrots, 
tomatoes, eggplant, and peppers. Photosynthetic bacteria and 
various species of algae have other kinds of accessory pig-
ments not found in plants. Having a combination of different 
pigments, each of which absorbs a portion of the light spec-
trum hitting it, allows the organism to capture much of the 
visible light that falls on it.  

 Any cell with chloroplasts can carry on photosynthesis. 
However, in most plants, leaves are specialized for 
 photosynthesis and contain cells that have high numbers of 
chloroplasts (   figure 7.5 ).    

Chloroplasts are membrane-enclosed organelles that  contain 
many thin, flattened sacs that contain chlorophyll. These 
chlorophyll- containing sacs are called  thylakoids  and a number 
of these thylakoids stacked together is known as a   granum . In 
addition to chlorophyll, the thylakoids contain accessory pig-
ments,  electron-transport molecules, and enzymes. Recall that 
the fluid-filled spaces between the grana are called the stroma of 

 Carotenoids in tomato     

  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 photosynthesis 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 
  Light-Capturing Events 
 Light energy is used to drive photosynthesis during the light-
capturing events. Visible light is a combination of many different 
wavelengths of light, seen as different colors. Some of these col-
ors appear when white light is separated into its colors to form 
a rainbow. The colors of the electromagnetic spectrum that pro-
vide the energy for photosynthesis are correlated with different 
kinds of light-energy-absorbing pigments. The green chloro-
phylls are the most familiar and abundant. There are several 
types of this pigment. The two most common types are chloro-
phyll  a  and chlorophyll  b.  Both absorb strongly in the red and 

eng03466_ch07_135-150.indd   139eng03466_ch07_135-150.indd   139 9/23/10   11:36 PM9/23/10   11:36 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



140    PART II  Cornerstones: Chemistry, Cells, and Metabolism

Gamma rays

X rays

Ultraviolet
radiation

Near-infrared
radiation

Infrared
radiation

Microwaves

Radio waves

Short wavelength
High energy

Long wavelength
Low energy

Visible light

400

450

500

550

600

650

700

750

750 nm

W
av

el
en

gt
h 

in
 n

an
om

et
er

s 475 nm

Sunlight Reflected
light

(a) Visible light varies from violet to red. It is a small
part of the electromagnetic energy from the Sun 
that strikes Earth.

(b) Objects like this
leaf get their colors
from the visible light
they reflect.

Red light has 
the longest 
wavelength 
and the lowest 
frequency of 
visible light.

Violet light has 
the shortest 
wavelength 
and the highest 
frequency of 
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  FIGURE 7.4  The Electromagnetic Spectrum, Visible 
Light, and Chlorophyll   
   Light is a form of electromagnetic energy that can be thought 
of as occurring in waves. Chlorophyll absorbs light most 
strongly in the blue and red portion of the  electromagnetic 
spectrum  but poorly in the green portions. The shorter the 
wavelength, the more energy it contains. Humans are capable 
of seeing only waves that are between about 400 and 
740 nanometers (nm) long. 

Cuticle

Epidermis

Mesophyll

Vascular
bundle

Stroma

Bundle
sheath

Chloroplasts

  FIGURE 7.5  Photosynthesis and the Structure 
of a Plant Leaf   
   Plant leaves are composed of layers of cells that contain chloroplasts, 
which contain chlorophyll. 

the chloroplast. The structure of the chloroplast is directly 
related to both the light-capturing and the energy-conversion 
steps of photosynthesis. In the light-capturing events, the pig-
ments (e.g., chlorophyll), which are embedded in the membranes 
of the thylakoids,  capture light energy and some of the electrons 
of pigments become excited. The chlorophylls and other pig-
ments involved in trapping sunlight energy and storing it are 
arranged into clusters called   photosystems.   By clustering the pig-
ments, photosystems serve as  energy-gathering, or energy- 
concentrating, mechanisms that allow light to be collected more 
efficiently and excite electrons to higher energy levels.  

  A Fundamental Summary of Light-Capturing Events 

      photons of light energy   →   excited electrons from 
      chlorophyll        

   Light-Dependent Reactions 
 The light-dependent reactions of photosynthesis also take 
place in the thylakoid membranes inside the chloroplast. The 
excited electrons from the light-capturing events are passed to 
protein molecules in the thylakoid membrane. The electrons 
are passed through a series of electron-transport steps, which 
result in protons being pumped into the cavity of the thyla-
koid. When the protons pass back out through the membrane 
to the outside of the thylakoid, ATP is produced. This is very 
similar to the reactions that happen in the electron-transport 
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CHAPTER 7  Biochemical Pathways—Photosynthesis    141

    Detailed Description 
  Light-Capturing Events 
 The energy of light comes in discrete packages, called  photons.  
Photons of light having different wavelengths have  different 
amounts of energy. A photon of red light has a  different amount of 
energy than a photon of blue light. Pigments of  different kinds are 
able to absorb photons of certain wavelengths of light. 
Chlorophyll absorbs red and blue light best and reflects green 
light. When a chlorophyll molecule is struck by and absorbs a 
photon of the correct wavelength, its electrons become excited 
to a higher energy level. This electron is replaced when chloro-
phyll takes an electron from a water molecule. The excited 
electron goes on to form ATP. The reactions that result in the 
production of ATP and the splitting of water take place in the 
thylakoids of chloroplasts. There are many different molecules 
involved, and most are embedded in the membrane of the thy-
lakoid. The various molecules involved in these reactions are 
referred to as  photosystems.  A photosystem is composed of 
(1) an  antenna complex,  (2) a  reaction center,  and (3) other 
enzymes necessary to store the light energy as ATP and NADPH. 

 The antenna complex is a network of hundreds of chlo-
rophyll and accessory pigment molecules, whose role is to 
capture photons of light energy and transfer the energy 
to a specialized portion of the photosystem known as the 
reaction center. When light shines on the antenna complex 
and strikes a chlorophyll molecule, an electron becomes 
excited. The energy of the excited electron is passed from 
one pigment to another through the antenna complex net-
work. This series of excitations continues until the com-
bined energies from several excitations are transferred to 
the reaction center, which consists of a complex of chloro-
phyll  a  and protein molecules. An electron is excited and 
passed to a primary electron acceptor molecule, oxidizing 
the chlorophyll and reducing the acceptor. Ultimately, the 
oxidized chlorophyll then has its electron replaced with 
another electron from a different electron donor. Exactly 
where this replacement electron comes from is the basis on 
which two different photosystems have been identified—
photosystem I and photosystem II, which will be discussed 
in the next section.  

  Summary of Detailed Description 
of the Light-Capturing Reactions  

   1.   They take place in the thylakoids of the chloroplast.  
   2.   Chlorophyll and other pigments of the antenna complex 

capture light energy and produce excited electrons.  
   3.   The energy is transferred to the reaction center.  
   4.   Excited electrons from the reaction center are trans-

ferred to a primary electron acceptor molecule.    

  Light-Dependent Reactions 
 Both photosystems I and II have antenna complexes and reac-
tion centers and provide excited electrons to primary electron 
acceptors. However, each has slightly different enzymes and 

system (ETS) of aerobic cellular respiration. In addition, the 
chlorophyll that just lost its electrons to the chloroplast’s 
electron-transport system regains electrons from water mole-
cules. This results in the production of hydrogen ions, elec-
trons, and oxygen gas. The next light-capturing event will 
excite this new electron and send it along the electron- 
transport system. As electrons finish moving through the 
electron-transport system, the coenzyme NADP �  picks up the 
electrons and is reduced to NADPH. The hydrogen ions 
attach because, when NADP �  accepts electrons, it becomes 
negatively charged (NADP � ). The positively charged H �  are 
attracted to the negatively charged NADP � . The oxygen 
remaining from the splitting of water molecules is released 
into the atmosphere, or it can be used by the cell in aerobic 
cellular respiration, which takes place in the mitochondria of 
plant cells. The ATP and NADPH molecules move from the 
grana, where the light-dependent reactions take place, to the 
stroma, where the light-independent reactions take place.  

  A Fundamental Summary 
of the Light-Dependent Reactions 

      excited electrons   �     H   2     O   �   ADP   �   NADP   �    →    
ATP   �   NADPH   �   O   2       

   Light-Independent Reactions 
 The ATP and NADPH provide energy, electrons and hydrogens 
needed to build large, organic molecules. The light-independent 
reactions are a series of oxidation-reduction reactions, which 
combine hydrogen from water (carried by NADPH) with car-
bon dioxide from the atmosphere to form simple organic mol-
ecules, such as sugar. As CO 2  diffuses into the chloroplasts, the 
enzyme   Ribulose-1,5-bisphosphate carboxylase oxygenase 
(RuBisCO)   speeds the  combining of the CO 2  with an already 
present 5-carbon sugar,   ribulose.   NADPH then donates its 
hydrogens and electrons to complete the reduction of the mol-
ecule. The resulting 6-carbon molecule is immediately split into 
two 3-carbon molecules of    glyceraldehyde-3-phosphate.   Some 
of the  glyceraldehyde-3-phosphate molecules are converted 
through another series of  reactions into ribulose. Thus, these 
 reactions  constitute a cycle, in which carbon dioxide and 
hydrogens are added and glyceraldehyde-3-phosphate and the 
original 5-carbon  ribulose are produced. The plant can use 
surplus glyceraldehyde-3- phosphate for the synthesis of 
 glucose. The plant can also use glyceraldehyde-3-phosphate to 
 construct a wide variety of other organic molecules (e.g., pro-
teins, nucleic acids),  provided there are a few  additional raw 
materials, such as minerals and nitrogen- containing molecules 
(   figure 7.6 ).   

  A Fundamental Summary of the 
Light-Independent Reactions 

          ATP   �   NADPH   �   ribulose   �     CO   2
        ↓        

ADP   �     NADP   �   �   complex organic molecule   �   ribulose          
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142    PART II  Cornerstones: Chemistry, Cells, and Metabolism

electron-transport activity is happening, protons are pumped 
from the stroma into the space inside the thylakoid. Eventually, 
these protons move back across the membrane. When they do, 
ATPase is used to produce ATP (ADP is phosphorylated to pro-
duce ATP). Thus, a second result of this process is that the 
energy of sunlight has been used to produce ATP. 

  The connection between photosystem II and photosystem I
involves the transfer of electrons from photosystem II to pho-
tosystem I. These electrons are important because photons 
(from sunlight) are exciting electrons in the reaction center of 
photosystem I and the electrons from photosystem II replace 
those lost from photosystem I. 

 In photosystem I, light is trapped and the energy is absorbed 
in the same manner as in photosystem II. However, this system 
does not have the enzyme involved in splitting water; therefore, 
no O 2  is released from photosystem I. The high-energy electrons 

other proteins associated with it, so each does a slightly differ-
ent job. In actuality, photosystem II occurs first and feeds its 
excited electrons to photosystem I (   figure 7.7 ). One special fea-
ture of photosystem II is that there is an enzyme in the thylakoid 
membrane responsible for splitting water molecules (H 2 O → 
2 H � O). The oxygen is released as O 2  and the electrons of the 
hydrogens are used to replace the electrons that had been lost 
by the chlorophyll. The remaining hydrogen ions (protons) are 
released to participate in other  reactions. Thus, in a sense, the 
light energy trapped by the antenna complex is used to split 
water into H and O. The excited electrons from photosystem II 
are sent through a series of electron-transport reactions, in 
which they give up some of their energy. This is similar to the 
electron-transport system of aerobic cellular respiration. After 
passing through the electron-transport system, the electrons are 
accepted by chlorophyll molecules in photosystem I. While the 
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Light-capturing events
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Light-dependent
reactions

Stroma
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phosphate (3 carbons) +
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  FIGURE 7.6  Photosynthesis: Fundamental Description   
   The process of photosynthesis involves light-capturing events by chlorophyll and other pigments. The excited electrons are used in the light-dependent 
reactions to split water, releasing hydrogens and oxygen. The hydrogens are picked up by NADP �  to form NADPH and the oxygen is released. Excited 
electrons are also used to produce ATP. The ATP and NADPH leave the thylakoid and enter the stroma of the chloroplast, where they are used in the 
light-independent reactions to incorporate carbon dioxide into organic molecules. During the light-independent reactions, carbon dioxide is added to a 
5-carbon ribulose molecule to form a 6-carbon compound, which splits into glyceraldehyde-3-phosphate. Some of the glyceraldehyde-3-phosphate is 
used to regenerate ribulose and some is used to make other organic molecules. The ADP and NADP �  released from the light-independent reactions 
stage return to the thylakoid to be used in the synthesis of ATP and NADPH again. Therefore, each stage is dependent on the other. 
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FIGURE 7.7  Photosystems II and I and How They Interact: Detailed Description   
   Although light energy strikes and is absorbed by both photosystem II and I, what happens and how they interconnect are not the same. 
Notice that the electrons released from photosystem II end up in the chlorophyll molecules of photosystem I. The electrons that replace 
those “excited” out of the reaction center in photosystem II come from water. 

leaving the reaction center of photosystem I make their way 
through a different series of oxidation-reduction reactions. 
During these reactions, the electrons are picked up by 
NADP � , which is reduced to NADPH (review    figure 7.7 ). 
Thus, the primary result of photosystem I is the production of 
NADPH.  

  Summary of Detailed Description of the 
Light-Dependent Reactions of Photosynthesis  

   1.   They take place in the thylakoids of the chloroplast.  
   2.   Excited electrons from photosystem II are passed 

through an electron-transport chain and ultimately enter 
photosystem I.  

   3.   The electron-transport system is used to establish a pro-
ton gradient, which produces ATP.  

   4.   Excited electrons from photosystem I are transferred to 
NADP �  to form NADPH.  

   5.   In photosystem II, an enzyme splits water into hydrogen 
and oxygen. The oxygen is released as O 2 .  

   6.   Electrons from the hydrogen of water replace the elec-
trons lost by chlorophyll in photosystem II.    

  Light-Independent Reactions 
 The light-independent reactions take place within the stroma of 
the chloroplast. The materials needed for the light- independent 
reactions are ATP, NADPH, CO 2 , and a 5- carbon starter mole-
cule called  ribulose . The first two ingredients (ATP and NADPH) 
are made available from the light- dependent reactions, photo-
systems II and I. The carbon dioxide molecules come from the 
atmosphere, and the ribulose starter molecule is already present 
in the stroma of the chloroplast from previous reactions. 

 Carbon dioxide is said to undergo  carbon fixation  
through the   Calvin cycle   (named after its discoverer, Melvin 
Calvin). In the Calvin cycle, ATP and NADPH from the 
 light-dependent reactions are used, along with carbon diox-
ide, to synthesize larger, organic molecules. As with most 
metabolic pathways, the synthesis of organic molecules dur-
ing the light-independent reactions requires the activity of 
several enzymes to facilitate the many steps in the process. 
The fixation of carbon begins with carbon dioxide combining 
with the 5-carbon molecule ribulose to form an unstable 
6- carbon molecule. This reaction is carried out by the enzyme 
Ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO), 
reportedly the most abundant enzyme on the planet. The 
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144    PART II  Cornerstones: Chemistry, Cells, and Metabolism

newly formed 6-carbon molecule immediately breaks down 
into two 3-carbon molecules, each of which then undergoes a 
series of reactions involving a transfer of energy from ATP and 
a transfer of hydrogen from NADPH. The result of this series 
of reactions is two glyceraldehyde-3-phosphate molecules. 
Because glyceraldehyde-3-phosphate contains 3 carbons and is 
formed as the first stable compound in this type of photosyn-
thesis, this is sometimes referred to as the C3 photosynthetic 
pathway. Some of the glyceraldehyde-3-phosphate is used to 
synthesize glucose and other organic molecules, and some is 
used to regenerate the 5-carbon ribulose molecule, so this 
 pathway is a cycle (   figure 7.8 ). Outlooks 7.1 describes some 
other forms of photosynthesis that do not use the C3 pathway.  

       Summary of Detailed Description of the Reactions 
of the Light-Independent Events  
   1.   They take place in the stroma of chloroplasts:

  

Glyceraldehyde-
3-phosphate
(3 carbons)

Glyceraldehyde-
3-phosphate
(3 carbons)

Glyceraldehyde-3-phosphate
(3 carbons)

Several reactions

Ribulose-5-phosphate

(Unstable 6-carbon molecule)

Ribulose-1,5-bisphosphate
(5 carbons)

1,3-bisphosphoglycerate
(3 carbons)

3-phosphoglycerate +          
3-phosphoglycerate

(3 carbons each)
The Calvin Cycle

CO2
(1 carbon)

Transported
from chloroplast
to make glucose,
fructose, starch, etc.

NADP+ NADPH

ADP

ATP

ADP

ATP

FIGURE 7.8  The Calvin Cycle: Detailed Description   
   During the Calvin cycle, ATP and NADPH from the light-dependent reactions are used to attach CO 2  to the 5-carbon ribulose molecule. 
The 6-carbon molecule formed immediately breaks down into two 3-carbon molecules. Some of the glyceraldehyde-3-phosphate formed is 
used to produce glucose and other, more complex organic molecules. In order to accumulate enough carbon to make a new glucose molecule, 
the cycle must turn six times. The remaining glyceraldehyde-3-phosphate is used to regenerate the 5-carbon ribulose to start the process again. 

            CO   2      �   ATP       �   NADPH   �    5-carbon starter     (ribulose)

↓
glyceraldehyde-3-phosphate � NADP� � ADP � P           

     2.   ATP and NADPH from the light-dependent reactions 
leave the grana and enter the stroma.  

   3.    The energy of ATP is used in the Calvin cycle to combine 
carbon dioxide to a 5-carbon starter molecule (ribulose) 
to form a 6-carbon molecule.  

   4.    The 6-carbon molecule immediately divides into two 
3- carbon molecules of  glyceraldehyde-3-phosphate.  

   5.    Hydrogens from NADPH are transferred to molecules in 
the Calvin cycle.  

   6.    The 5-carbon ribulose is  regenerated.  
   7.    ADP and NADP �  are returned to the light-dependent 

 reactions.     
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CHAPTER 7  Biochemical Pathways—Photosynthesis    145

called C3 photo synthesis. Among 
plants, there are two interesting 
variations of photosynthesis, which 
use the same basic process but add 
interesting twists.  

 C4 photosynthesis is common 
in plants like grasses, such as corn 
(maize), crabgrass, and sugarcane 
that are typically subjected to high 
light levels. In these plants, carbon 
dioxide does not directly enter the 
Calvin cycle. Instead, the fixation 
of carbon is carried out in two 
steps, and two kinds of cells par-
ticipate. It appears that this adap-
tation allows plants to trap carbon 
dioxide more efficiently from the 
atmosphere under high light con-
ditions. Specialized cells in the leaf 
 capture carbon dioxide and 
 convert a 3- carbon compound to a 
4-carbon compound. This 4- carbon 
compound then releases the car-
bon dioxide to other cells, which 
use it in the normal Calvin cycle 
typical of the light-independent 
reactions. Because a 4-carbon 
 molecule is formed to “store” 
 carbon, this process is known as 
C4 photosynthesis. 

 Another variation of photosyn-
thesis is known as Crassulacean acid 
metabolism (CAM), because this 
mechanism was first discovered in 
members of the plant family, 

Crassulaceae. (A common example, Crassula, is 
known as the jade plant.) CAM photosynthesis is a 
modification of the basic process of photosynthesis 
that allows photosynthesis to occur in arid environ-
ments while reducing the potential for water loss. In 
order for plants to take up carbon dioxide, small 
holes in the leaves (stomata) must be open to allow 
carbon dioxide to enter. However, relative humidity is 
low during the day and plants would tend to lose 
water if their stomates were open. CAM photosyn-
thesis works as follows: During the night, the sto-
mates open and carbon dioxide can enter the leaf. 
The chloroplasts trap the carbon dioxide by binding 
it to an organic molecule, similar to what happens in 
C4 plants. The next morning, when it is light (and 
drier), the stomates close. During the day, the chloro-
plasts can capture light and run the light-dependent 
reactions. They then use the carbon stored the previ-
ous night to do the light-independent reactions. 

   OUTLOOKS  7.1

 The Evolution of Photosynthesis 
 It is amazing that the processes of 
photosynthesis in  prokaryotes and 
eukaryotes are so similar. The evolu-
tion of photosynthesis goes back 
over 3 billion years, when all life on 
Earth was prokaryotic and occurred 
in organisms that were aquatic. 
(There were no terrestrial organisms 
at the time.) Today, some bacteria 
perform a kind of photosynthesis 
that does not result in the release of 
oxygen. In general, these bacteria 
produce ATP but do not break 
down water to produce oxygen. 
Perhaps these are the descendents 
of the first organisms to carry out 
a  photosynthetic process, and 
 oxygen-releasing photosynthesis 
developed from these earlier forms 
of photosynthesis.  

 Evidence from the fossil record 
shows that, beginning approxi-
mately 2.4 billion years ago, oxy-
gen was present in the atmosphere. 
Eukaryotic organisms had not yet 
developed, so the organisms 
responsible for producing this 
 oxygen would have been prokary-
otic. Today, many kinds of cyano-
bacteria perform photosynthesis in 
essentially the same way as plants, 
although they use a somewhat dif-
ferent kind of chlorophyll. As a 
matter of fact, it is assumed that 
the chloroplasts of eukaryotes are 
evolved from photosynthetic bac-
teria. Initially, the first eukaryotes to perform 
photosynthesis would have been various kinds of 
algae. Today, certain kinds of algae (red algae, 
brown algae, green algae) have specific kinds of 
chlorophylls and other accessory pigments dif-
ferent from the others. Because the group 
known as the green algae has the same chloro-
phylls as plants, it is assumed that plants are 
derived from this aquatic group.  

 The evolution of photosynthesis did not stop 
once plants came on the scene, however. Most 
plants  perform photosynthesis in the manner 
described in this chapter. Light energy is used to 
generate ATP and NADPH, which are used in the 
Calvin cycle to  incorporate carbon dioxide into 
glyceraldehyde-3-phosphate. Because the primary 
product of this form of photosynthesis is a 3-carbon 
molecule of glyceraldehyde-3-phosphate, it is often 

  

 Ripe barley crop–C3 

  

 Jade plant–CAM 

   Corn–C4 
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146    PART II  Cornerstones: Chemistry, Cells, and Metabolism

Glyceraldehyde-
3-phosphate

NH3

Protein

Broken down to
release energy

Fats

Sugars and complex
carbohydrates

Regenerate ribulose
in calvin cycle

  FIGURE 7.9  Uses for Glyceraldehyde-3-Phosphate   
   The glyceraldehyde-3-phosphate that is produced as the end 
product of photosynthesis has a variety of uses. The plant cell can 
make simple sugars, complex carbohydrates, or even the original 
5-carbon starter from it. The glyceraldehyde-3-phosphate can also 
serve as an ingredient of lipids and amino acids (proteins). In 
addition, it is a major source of metabolic energy provided from 
aerobic respiration in the mitochondria of plant cells. 

   7.3  CONCEPT REVIEW  
   5.   How do photosystem I and photosystem II differ in 

the kinds of reactions that take place?  
   6.   What does an antenna complex do? How is it 

related to the reaction center?  
 7. What role is played by the compound Ribulose-

1,5-bisphosphate carboxylase oxygenase (RuBisCo)?
 8. What role is played by the compound glyceraldehyde-

3-phosphate?
 9. Describe how photosystem II interacts with 

 photosystem I.
 10. What is the value of a plant to have more than one 

kind of photosynthetic pigment? 

    7.4  Other Aspects 
of Plant Metabolism 

  Photosynthetic organisms are able to manufacture organic 
molecules from inorganic molecules. Once they have the 
basic carbon skeleton, they can manufacture a variety of 
other complex molecules for their own needs—fats, pro-
teins, and complex carbohydrates are some of the more 
common. However, plants produce a wide variety of other 
molecules for specific purposes. Among the molecules they 
produce are compounds that are toxic to animals that use 
plants as food. Many of these compounds have been dis-
covered to be useful as medicines. Digitalis from the fox-
glove plant causes the hearts of animals that eat the plant 
to malfunction (   figure 7.10 ). However, it can be used as a 
medicine in humans who have certain heart ailments. 
Molecules that paralyze animals have been used in medi-
cine to treat specific ailments and relax muscles, so that 
surgery is easier to perform. Still others have been used as 
natural insecticides.  

  Glyceraldehyde-3-Phosphate: 
The Product of Photosynthesis 

 The 3-carbon glyceraldehyde-3-phosphate is the actual prod-
uct of the process of photosynthesis. However, many text-
books show the generalized equation for photosynthesis as 

            6 CO   2    �   6 H2O   �   light   →   C6H12O6 � 6 O2                    

making it appear as if a 6-carbon sugar (hexose) were the end 
product. The reason a hexose (C 6 H 12 O 6 ) is usually listed as 
the end product is simply because, in the past, the simple sug-
ars were easier to detect than was glyceraldehyde-3- phosphate. 

 Several things can happen to glyceraldehyde-3-phosphate. 
If  a plant goes through photosynthesis and produces 
12  glyceraldehyde-3-phosphates, 10 of the 12 are rearranged by 
a series of complex chemical reactions to regenerate the 5- carbon 
ribulose needed to operate the light-independent reactions stage. 
The other two glyceraldehyde-3-phosphates can be considered 
profit from the process. The excess glyceraldehyde-3-phosphate 
molecules are frequently changed into a hexose. So, the scientists 
who first examined photosynthesis chemically thought that 
sugar was the end product. It was only later that they realized 
that glyceraldehyde-3-phosphate is the true end product of 
 photosynthesis. 

 Cells can do a number of things with glyceraldehyde-
3-phosphate, in addition to manufacturing hexose (    figure 7.9 ). 
Many other organic molecules can be constructed using 
glyceraldehyde-3-phosphate. Glyceraldehyde-3-phosphate 
can be converted to glucose molecules, which can be com-
bined to form complex carbohydrates, such as starch for 
energy storage or cellulose for cell wall construction. In 

 addition, other simple sugars can be used as building blocks 
for ATP, RNA, DNA, and other  carbohydrate-containing 
 materials. 

  The cell can also convert the glyceraldehyde-3- 
phosphate into lipids, such as oils for storage, phospholip-
ids for cell  membranes, or steroids for cell membranes. 
The glyceraldehyde-3-phosphate can serve as the carbon 
skeleton for the construction of the amino acids needed to 
form proteins. Almost any molecule that a green plant can 
manu facture begins with this glyceraldehyde-3-phosphate mol-
ecule. Finally, glyceraldehyde-3-phosphate can be broken down 
 during cellular respiration. Cellular respiration releases the 
chemical-bond energy from glyceraldehyde-3-phosphate and 
other organic molecules and converts it into the energy of ATP. 
This conversion of  chemical-bond energy enables the plant cell 
and the cells of all organisms to do things that require energy, 
such as grow and move materials (Outlooks 7.2).      

eng03466_ch07_135-150.indd   146eng03466_ch07_135-150.indd   146 9/23/10   11:37 PM9/23/10   11:37 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



CHAPTER 7  Biochemical Pathways—Photosynthesis    147

 Vitamins are another important group of organic mole-
cules derived from plants. Vitamins are organic molecules that 
we cannot manufacture but must have in small amounts to 
maintain good health. The vitamins we get from plants are 
manufactured by them for their own purposes. By definition, 
they are not vitamins to the plant, because the plant makes 
them for its own use. However, because we cannot make them, 
we rely on plants to synthesize these important molecules for 
us, and we consume them when we eat foods containing them.    

pigments. The range of light absorption differs, allowing many of 
these Bacteria and Archaea to live in places unfriendly to plants. 
Some forms of photosynthetic bacteria do not release oxygen, 
but rather release other by-products such as H 2 , H 2 S, S, or organic 
compounds.    Table 7.1  compares some of the most important dif-
ferences between eukaryotic and prokaryotic photosynthesis.  

   OUTLOOKS 7.2 

 Even More Ways to Photosynthesize 
 Having gone through the information on photosynthesis, you 
might have thought that this was the only way for this biochemical 
pathway to take place. However, there are many prokaryotes 
capable of carrying out photosynthesis using alternative path-
ways. These Bacteria and Archaea have light-capturing pigments, 
but they are not the same as plant chlorophylls or the accessory 

  TABLE 7.1   Different Types of Photosynthesis 

  Property    Eukaryotic  
  Prokaryotic—
Cyanobacteria    Prokaryotic—Green and Purple Bacteria  

  Photosystem 
pigments  

  Chlorophyll  a, b,  and 
accessory pigments  

  Chlorophyll  a  and 
phycocyanin (blue-
green pigment)  

  Combinations of bacteriochlorophylls  a, b, c, d,  or  e  
absorb different wavelengths of light and some 
absorb infrared light.  

  Thylakoid 
system  

  Present    Present    Absent—pigments are found in vesicles called 
chlorosomes, or they are simply attached to 
plasma membrane.  

  Photosystem II    Present    Present    Absent  

  Source of 
electrons  

  H 2 O    H 2 O    H 2 , H 2 S, S, or a variety of organic molecules  

  O 2  production 
pattern  

  Oxygenic—
release O 2   

  Oxygenic    Anoxygenic—do not release O 2  
May release S, other organic compounds other 
than that used as the source of electrons  

  Primary products of 
energy conversion  

  ATP � NADPH    ATP � NADPH    ATP  

  Carbon source  

  Example  

  CO 2   
  Maple tree— Acer   

  CO 2   
   Anabaena  
  Ocillatoria  
  Nostoc   

  Organic and/or CO 2   
  Green sulfur bacterium— Chlorobium  
 Green nonsulfur bacterium— Chloroflexus  
 Purple sulfur bacterium— Chromatium  
 Purple nonsulfur bacterium— Rhodospirillum   

   7.4  CONCEPT REVIEW  
   11.   Is vitamin C a vitamin for an orange tree?   

    7.5  Interrelationships Between 
Autotrophs and Heterotrophs 

  The differences between autotrophs and heterotrophs were 
described in chapter 6. Autotrophs are able to capture energy 
to manufacture new organic molecules from inorganic mol-
ecules. Heterotrophs must have organic molecules as starting 
points.  However, it is important for you to recognize that 
all organisms must do some form of respiration.  Plants and 
other autotrophs obtain energy from food molecules, in the 
same manner as animals and other heterotrophs—by pro-
cessing organic molecules through the respiratory pathways. 
This means that plants, like animals, require oxygen for the 
ETS portion of aerobic cellular respiration. 
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148    PART II  Cornerstones: Chemistry, Cells, and Metabolism

(a)        (b)         (c)  

  FIGURE 7.10  Foxglove,  Cannabis , and Coffee Plants 
   ( a ) Foxglove,  Digitalis purpurea , produces the compound cardenolide digitoxin, a valuable medicine in the treatment of heart disease. 
The drug containing this compound is known as digitalis. ( b )  Cannabis sativais , the source of  marijuana , has been show to be effective 
in the treatment of pain, nausea, and vomiting, and acts as an antispasmodic and anticonvulsant. ( c ) The plant  Coffea arabica  is one source 
of the compound caffeine and has been shown to reduce the risk of diabetes and Parkinson’s disease.         

 Many people believe that plants only give off oxygen and 
never require it. Actually, plants do give off oxygen in the 
light-dependent reactions of photosynthesis, but in aerobic 
cellular respiration they use oxygen, as does any other organ-
ism that uses aerobic respiration. During their life spans, 
green plants give off more oxygen to the atmosphere than 
they take in for use in respiration. The surplus oxygen given 

Aerobic cellular respiration

Krebs cycle ATP

Cell work

CO2

H2O

O2

Calvin cycle

Carbohydrates

Photosynthesis

Light-
independent

reaction

Light-
capturing

event

ATPCell work

Light energy

Glycolysis

ETS

Light-
dependent

reaction

  FIGURE 7.11  The 
Interdependence of 
Photosynthesis and Aerobic 
Cellular Respiration   
   Although both autotrophs and 
heterotrophs carry out cellular 
respiration, the photosynthetic process 
that is unique to photosynthetic 
autotrophs provides essential nutrients 
for both processes. Photosynthesis 
captures light energy, which is ultimately 
transferred to heterotrophs in the form 
of carbohydrates and other organic 
compounds. Photosynthesis also 
generates O 2 , which is used in aerobic 
cellular respiration. The ATP generated 
by cellular respiration in both 
heterotrophs (e.g., animals) and 
autotrophs (e.g., plants) is used to power 
their many metabolic processes. In 
return, cellular respiration supplies two 
of the most important basic ingredients 
of photosynthesis, CO 2  and H 2 O. 

off is the source of oxygen for aerobic cellular respiration in 
both plants and  animals. Animals are dependent on plants not 
only for oxygen but ultimately for the organic molecules 
 necessary to construct their bodies and maintain their metab-
olism (   figure 7.11 ).  

 Thus, animals supply the raw materials—CO 2 , H 2 O, 
and nitrogen—needed by plants, and plants supply the raw 
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CHAPTER 7  Biochemical Pathways—Photosynthesis    149

   7.5  CONCEPT REVIEW  
   12.   Even though animals do not photosynthesize, they 

rely on the Sun for their energy. Why is this so?  
   13.   What is an autotroph? Give an example.  
   14.   Photosynthetic organisms are responsible for pro-

ducing what kinds of materials?  
   15.   Draw your own simple diagram that illustrates 

how photosynthesis and respiration are 
interrelated.   

   Summary 

 Sunlight supplies the essential initial energy for making the 
large organic molecules necessary to maintain the forms of 
life we know. Photosynthesis is the process by which 
plants, algae, and some bacteria use the energy from sun-
light to produce organic compounds. In the light-capturing 
events of photosynthesis, plants use chemicals, such as 
chlorophyll, to trap the energy of sunlight using photosys-
tems. During the light-dependent reactions, they manufac-
ture a source of chemical energy, ATP, and a source of 
hydrogen, NADPH. Atmospheric oxygen is released in this 
stage. In the light-independent reactions of photosynthesis, 
the ATP energy is used in a series of reactions (the Calvin 
cycle) to join the hydrogen from the NADPH to a molecule 
of  carbon dioxide and form a simple carbohydrate, 
 glyceraldehyde-3-phosphate. In subsequent reactions, 
plants use the glyceraldehyde-3-phosphate as a source of 
energy and raw materials to make complex carbohydrates, 
fats, and other organic molecules.    Table 7.2  summarizes 
the process of photosynthesis.   

  TABLE 7.2   Summary of Photosynthesis 

  Process  
  Where in the Chloroplast 
It Occurs    Reactants    Products  

  Light-energy 
trapping events  

  In the chlorophyll 
molecules and accessory 
pigments of the thylakoids  

  Chlorophylls    Excited electrons  

  Light-dependent reactions    In the thylakoids of the grana    Water, ADP, NADP �     Oxygen, ATP, NADPH  

  Light-independent 
reactions  

  Stroma    Carbon dioxide, ribulose,
ATP, NADPH  

  Glyceraldehyde-3-phosphate, ribulose, 
ADP, NADP �   

   accessory pigments 139  
  Calvin cycle 143  
  chlorophyll 136  
  glyceraldehyde-

3-phosphate 141   
  grana 136  
  light-capturing events 136  
  light-dependent 

reactions 136  

  light-independent 
reactions 138  

  photosystems 140  
  ribulose 141  
  Ribulose-1,5-bisphosphate 

carboxylase oxygenase 
(RuBisCO) 141  

  stroma 136  
  thylakoids 136    

  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.   Which of the following is  not  able to carry out 
photosynthesis?  

  a.   algae  
  b.   cyanobacteria  
  c.   frogs  
  d.   broccoli    

   2.   A    _______  consists of stacks of membranous sacs containing 
chlorophyll.  
  a.   granum  
  b.   stroma  
  c.   mitochondrion  
  d.   cell wall    

   3.   During the    _______  reactions, ATP and NADPH are used 
to help combine carbon dioxide with a 5-carbon molecule, 
so that ultimately organic molecules, such as glucose, are 
produced.  
  a.   light-independent  
  b.   light-dependent  
  c.   Watson cycle  
  d.   Krebs cycle    

 materials—sugar, oxygen, amino acids, fats, and vitamins— 
needed by  animals. This constant cycling is essential to life on 
Earth. As long as the Sun shines and plants and animals 
remain in balance, the food cycles of all living organisms will 
continue to work properly.     
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150    PART II  Cornerstones: Chemistry, Cells, and Metabolism

   4.   Pigments other than the green chlorophylls that are 
commonly found in plants are collectively known as 
   _______ . These include the carotenoids.  

  a.   chlorophylls  

  b.   hemoglobins  

  c.   accessory pigments  

  d.   thylakoids    

   5.   This enzyme speeds the combining of CO 2  with an 
already present 5-carbon ribulose.  

  a.   DNAase  

  b.   ribose  

  c.   Ribulose-1,5-bisphosphate carboxylase oxygenase 
(RuBisCO)  

  d.   phosphorylase    

   6.   Carbon dioxide undergoes carbon fixation, which occurs 
in the  

  a.   Calvin cycle.  

  b.   Krebs cycle.  

  c.   light-dependent reactions.  

  d.   photosystem I.    

   7.   The chlorophylls and other pigments involved in trapping 
sunlight energy and storing it are arranged into clusters called  

  a.   chloroplasts.  

  b.   photosystems.  

  c.   cristae.  

  d.   thylakoids.    

   8.   Light energy comes in discrete packages called  

  a.   NADP � .  

  b.   lumina.  

  c.   photons.  

  d.   brilliance units.    

   9.   The electrons released from photosystem    _______  end up 
in the chlorophyll molecules of photosystem    _______ .  

  a.   I, II  

  b.   A, B  

  c.   B, A  

  d.   II, I    

   10.      _______  are sacs containing chlorophylls, accessory 
pigments, electron-transport molecules, and enzymes.  

  a.   Thylakoids  

  b.   Mitochondria  

  c.   Photosystems  

  d.   Ribosomes    

   11.   Which kind of organisms use respiration to generate ATP?  

  a.   plants  

  b.   animals  

  c.   algae  

  d.   all of the above    

  Thinking Critically 

  From a Metabolic Point of View 
 Both plants and animals carry on metabolism. From a meta-
bolic point of view, which of the two is the more complex 
organism? Include in your answer the following topics:  

   1.   Cell structure  
   2.   Biochemical pathways  
   3.   Enzymes  
   4.   Organic molecules  
   5.   Photosynthetic autotrophy and heterotrophy              

   12.   Plants, like animals, require    _______  for the ETS portion 
of aerobic cellular respiration.  

  a.   silicone  

  b.   hydrogen  

  c.   nitrogen  

  d.   oxygen    

   13.      _______  are an important group of organic molecules 
derived from plants. These are organic molecules that we 
cannot manufacture but must have in small amounts.  

  a.   Accessory pigments  

  b.   Vitamins  

  c.   Nitrogenous compounds  

  d.   Minerals    

   14.   These prokaryotic organisms are capable of manufacturing 
organic compounds using light energy.  

  a.   algae  

  b.   protozoa  

  c.   cyanobacteria  

  d.   tomatoes    

  15.   Chlorophyll-containing organisms look green because 
they reflect    _______ -colored light.  

  a.   green  

  b.   red  

  c.   yellow  

  d.   white     

  Answers 
 1. c 2. a 3. a 4. c 5. c 6. a 7. b 8. c 9. d 10. a 
11. d 12. d 13. b 14. c 15. a   
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  A stronauts are reg ularly ex posed to cos mic radiation 
and, on occasion, their DNA is damaged. Because DNA 
carries a cell’s genetic information, damage may result 

in cell death, cancers, or other abnormalities. Research has 
shown that cells have the ability to repair damaged DNA. 
However, while cells can often fix minor damage successfully, 
they sometimes botch major repairs that can make a cell even 
more prone to becoming cancerous. So rather than attempt to 
fix itself, the repair mechanisms can be blocked by enzymes, 
forcing a severely damaged cell to self-destruct. This actually 
keeps the astronaut healthier overall. 

 One hypothesis on how damaged DNA is repaired suggests 
that the repair happens right where the damage occurs. New 
research shows that some strands of DNA with minor damage 
are repaired on the spot. A second hypothesis proposes that cells 
move the most damaged DNA to special “repair shops” inside 
the cell. Scientists at NASA’s Space Radiation Program suggest 
that rather than trying to gather the repair enzymes at the dam-
age site, it might be more efficient to keep all these enzymes in 
“shops” near the chromosomes and take damaged DNA to them. 

 Should exposure to radiation increase for Earth-bound organ-
isms, it will be important for scientist to understand the molecular 
biology of DNA repair. This better understanding could enable 
medical professionals to limit or control radiation-induced illness.   

  •   Why would self-destruction of a mutated cell be beneficial 
to the overall health of a multicellular organism?  

  •   How can a single change in DNA result in a fatal 
abnormality?  

  •   Would you support federal funding of research into DNA 
repair mechanisms if there was no increase in radiation 
reaching the Earth?    

    151
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152    PART III  Molecular Biology, Cell Division, and Genetics

     8.1  DNA and the Importance 
of Proteins 

  This chapter focuses on what is notably life’s most important 
class of organic compounds, nucleic acids. Scientists around 
the world have performed countless experiments that 
revealed  the significant roles played by these compounds. 
  Deoxyribonucleic acid (DNA)   has been called the “blueprint 
for life,” “master molecule,” and “transforming principle.” 

  Background Check 
 Concepts you should already know to get the most out of this chapter:  
  •   The structure and chemical properties of proteins and nucleic acids (chapter 3)  
  •   The organization of cells and their genetic information (chapter 4)  
  •   The role of proteins in carrying out the cell’s chemical reactions (chapter 5)     

Nucleic acids were discovered in 1869, when Swiss-born 
Johann Friedrich Meischer first isolated phosphate- containing 
acids from cells found in the bandages of wounded soldiers. In 
1889 Richard Altman coined the term  nucleic acid.  However, 
it wasn’t until 1950 that DNA became the front-running 
 candidate for the genetic material. It was the work of 
Americans Alfred Hershey and Martha Chase (1952) that 
directly linked DNA to genetically controlled  characteristics 
of the bacterium  Escherichia coli  (How Science Works 8.1). 

 HOW SCIENCE WORKS  8.1  

 Scientists Unraveling the Mystery of DNA 
 As recently as the 1940s, scientists did not understand the 
molecular basis of heredity. They understood genetics in terms 
of the odds that a given trait would be passed on to an indi-
vidual in the next generation. This “probability” model of 
genetics left some questions unanswered:   

  •   What is the nature of genetic information?  
  •   How does the cell use genetic information?    

  Genetic Material Is Molecular 
 As is often the case in science, accidental discovery played a 
large role in answering questions about the nature and use of 
genetic information. In 1928, a medical doctor, Frederick 
Griffith, was studying two bacterial strains that caused pneu-
monia. One of the strains was extremely virulent (highly dan-
gerous) and therefore killed mice very quickly. The other strain 
was not virulent. Griffith observed something unexpected 
when dead cells of the virulent strain were mixed with living 
cells of the nonvirulent strain: The nonvirulent strain took on 
the virulent characteristics of the dead strain. Genetic infor-
mation had been transferred from the dead, virulent cells to 
the living, nonvirulent cells. This observation was the first sig-
nificant step in understanding the molecular basis of genetics 
because it provided scientists with a situation wherein the 
scientific method could be applied to ask questions and take 
measurements about the molecular basis of genetics. Until 
this point, scientists had lacked a method to provide support-
ing data. 

 This spurred the scientific community for the next 14 years 
to search for the identity of the “genetic molecule.” A common 
hypothesis was that the genetic molecule would be one of the 
macromolecules—carbohydrates, lipids, proteins, or nucleic 
acids. During that period, many advances were made in how 
researchers studied cells. Many of the top minds in the field had 

formulated the hypothesis that the genetic molecule was pro-
tein. They had very good support for this hypothesis, too. Their 
argument boiled down to two ideas. The first idea is that pro-
teins are found everywhere in the cell. It follows that, if proteins 
were the genetic information, they would be found wherever 
that information was used. The second idea is that proteins 
are structurally and chemically complex. They are made up of 
20 different amino acids that come in a wide variety of sizes and 
shapes to make proteins with different properties. This com-
plexity might account for all the genetic variety observed in 
nature. 

   On the other hand, very few scientists seriously considered 
the notion that DNA was the heritable material. After all, it was 
found only in the nucleus and consisted of only four monomers 

DNA Double Helix
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CHAPTER 8  DNA and RNA  153

 HOW SCIENCE WORKS  8.1   (continued)

(nucleotides). How could this molecule account for the genetic 
complexity of life?  

  Genetic Material Is DNA 
 In 1944, Oswald Avery and his colleagues provided the first 
evidence that DNA is the genetic molecule. They performed 
an experiment similar to Griffith’s. Avery’s innovation was to 
use purified samples of protein, DNA, lipids, and carbohy-
drates from the virulent bacterial strain to transfer the viru-
lent characteristics to the nonvirulent bacterial strain. His 
data indicated that DNA contains genetic information. The 
scientific community was highly skeptical of these results for 
two reasons: (1) Scientists had expected the genetic mole-
cule to be protein, so they hadn’t expected this result. More 
importantly, (2) Avery didn’t know how to explain how DNA 
functions as the genetic molecule. Because of the scientific 
community’s mind-set, Avery’s data were largely disregarded 
on the rationale that his samples were impure. Avery had 
already designed and carried out an experiment with appro-
priate controls to address this objection. He reported over 
99% purity in the tested DNA samples. It took 8 additional 
years and a different type of experiment to establish DNA as 
the genetic molecule. 

 In 1952, Alfred Hershey and Martha Chase carried out the 
experiment that settled the question that DNA is the genetic 
material. Their experiment used a relatively simple genetic 
system—a bacteriophage. A bacteriophage is a type of virus 
that uses a bacterial cell as its host. The phage used in this 
experiment contained only DNA and protein. Hershey and 
Chase hypothesized that it was necessary for the phage’s 
genetic information to enter the bacterial cell to create new 
phage. By radioactively labeling the DNA and the protein of 
the phage in different ways, Hershey and Chase were able to 

show that the DNA entered the bacterial cell, although very 
little protein did. They reasoned that since only DNA entered 
the cell, DNA must be the genetic information.  

  The Structure and Function of DNA 
 Researchers then turned toward the issue of determining how 
DNA works as the heritable material. Scientists expected that 
the genetic molecule would have to do a number of things, 
such as store information, use the genetic information through-
out the cell, be able to mutate, and be able to replicate itself. 
Their hypothesis was that the answer was hidden in the struc-
ture of the DNA molecule itself. 

 The investigation of how DNA functioned as the cell’s 
genetic information took a wide variety of strategies. Some 
scientists looked at DNA from different organisms. They found 
that, in nearly every organism, the guanine (G) and cytosine (C) 
nucleotides were present in equal amounts. The same held 
true for adenine (A) and thymine (T). Later, this provided the 
basis for establishing the nucleic acid base-pairing rules. 

 Rosalind Franklin used X-ray crystallography to determine 
DNA’s width, its helical shape, and the repeating patterns that 
occur along the length of the DNA molecule. Finally, two 
young scientists, James Watson and Francis Crick, put it all 
together. They simply listened to and read the information that 
was being discussed in the scientific community. Their key role 
was in the assimilation of all the data. They recognized the 
importance of the X-ray crystallography data in conjunction 
with the organic structures of the nucleotides and the data 
that established the base-pairing rules. Together, they created 
a model for the structure of DNA that accounts for all the 
things that a genetic molecule must do. They published an 
article describing this model in 1952. Ten years later, they were 
awarded the Nobel Prize for their work.  

Today we know that all organisms use nucleic acids as their 
genetic material to:  

   1.    store information  that determines the characteristics of 
cells and organisms;  

   2.    direct the synthesis  of proteins essential to the operation 
of the cell or organism;  

   3.   chemically change ( mutate)  genetic characteristics that 
are transmitted to future generations; and  

   4.    replicate  prior to reproduction by directing the manufac-
ture of copies of  itself.   

 The cell’s ability to make a particular protein comes from the 
genetic information stored in the cell’s DNA. DNA contains 
 genes , which are specific messages about how to construct a 
protein. Most of an organism’s characteristics are the direct result 
of proteins. Proteins play a critical role in how cells successfully 
meet the challenges of being alive. For example, functional 

 proteins like enzymes carry out important chemical reactions. 
Enzymes are so important to a cell that the cell will not live long 
if it cannot reliably create the proteins it needs for survival. 
Structural proteins like microtubules, intermediate filaments, and 
microfilaments are made with the help of enzymes. These pro-
teins maintain cell shape and aid in movement. 

 Genetic information controls many cellular processes 
including:  

   1.   the digestion and metabolism of nutrients, and the elimi-
nation of harmful wastes;  

   2.   the repair and assembly of cell parts;  
   3.   the reproduction of healthy offspring;  
   4.   the ability to control when and how to react to changes 

in the environment; and  
   5.   the coordination and regulation of all life’s essential 

functions.      
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154    PART III  Molecular Biology, Cell Division, and Genetics

   1.   What is a gene?  
   2.   What four functions are performed by nucleic 

acids?   

   8.1  CONCEPT REVIEW  
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  FIGURE 8.1 DNA Nucleotide Structure 
The nucleotide is the basic structural unit of all nucleic acids. 
All DNA nucleotides consist of three parts—a sugar, a nitrogenous 
base, and a phosphate group.  (a)  A thymine DNA nucleotide. 
 (b)  In DNA, the nitrogenous bases can be adenine, guanine, 
cytosine, and thymine. 

    8.2  DNA Structure and Function 
  The way DNA accomplishes these cellular processes is related 
to its structure. 

  DNA Structure 
   Nucleic acids   are large polymers made of many repeating units 
called nucleotides. Each   nucleotide   is composed of a sugar mole-
cule, a phosphate group, and a molecule called a  nitrogenous base.  
DNA nucleotides contain one specific sugar, deoxyribose, and one 
of four different nitrogenous bases:   adenine   (A),    guanine    (G), 
  cytosine   (C), and   thymine   (T) (   figure 8.1 ).  

 The DNA nucleotides can combine into a long linear 
DNA molecule that can pair with another linear DNA mole-
cule. The two paired strands of DNA form a double helix, 
with the sugars and phosphates on the outside and the nitro-
genous bases in the inside of the helix. The double helix is 
stabilized because nitrogenous bases are only able to match 
up (pair) with certain other nucleotides on the opposing 
strand. Pairing is determined by the molecular shape of the 
bases and their ability to form hydrogen bonds. Just which 
pairs come together is referred to as the  base-pair rule . The 
rule states that adenine (A) pairs with thymine (T) and gua-
nine (G) pairs with cytosine (C). Also notice in    figure 8.2  that 
one strand ends with the number 3′, the three-prime strand, 
while the other is called the 5′, or five-prime strand. This is 
because the two strands run in opposite directions (i.e., one 
points in one direction while the other points in the opposite 
direction).   

  Base Pairing in DNA Replication 
 When a cell grows and divides, two new daughter cells result 
(refer to chapter 1). Both daughter cells need DNA to sur-
vive, so the DNA of the parent cell is copied. One copy is 
provided to each new cell.   DNA replication   is the process by 
which a cell makes copies of its DNA. The process of DNA 
replication relies on DNA base- pairing rules and many 
enzymes. The general process of DNA replication involves 
several steps.  

   1.    DNA replication begins as enzymes, called  helicases,  
 attach to the DNA and separate the two strands. This 
forms a replication bubble (   figure 8.3a  and    b ).  

   2.    As helicases separate the two DNA strands, another 
 enzyme,  DNA polymerase  helps attach new, incoming 
DNA nucleotides one at a time onto the surface of the 
 exposed strands. Nucleotides enter each position according 

to base-pairing rules— adenine (A) pairs with thymine (T), 
guanine (G) pairs with cytosine (C) (   figure 8.3c  and    d ).  

   3.   In prokaryotic cells, this process starts at only one place 
along the cell’s DNA molecule. This place is called the 
 origin of replication . In eukaryotic cells, the replication 
process starts at the same time in several different places 
along the DNA molecule. As the points of DNA replica-
tion meet each other, they combine and a new strand of 
DNA is formed (   figure 8.3e ). The result is two identical, 
double-stranded DNA molecules.   
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  FIGURE 8.2 Double-Stranded DNA 
Polymerized deoxyribonucleic acid (DNA) is a helical molecule. The nucleotides within 
each strand are held together by covalent bonds. The two parallel strands are linked by 
hydrogen bonds between the base-paired nitrogenous bases. 

DNA replication yields two double helices, which have identi-
cal nucleotide sequences. It has been estimated that there is 
only one error made for every 2 � 10 9  nucleotides. Because 
this error rate is so small, DNA replication is considered to be 
essentially error-free. A portion of the DNA polymerase that 
carries out DNA replication also edits or repairs the newly 
created DNA molecule for the correct base pairing. When an 
incorrect match is detected, DNA polymerase removes the 
incorrect nucleotide and replaces it. Newly made DNA mole-
cules are eventually passed on to the daughter cells.   

  The Repair of Genetic Information 
 Although DNA replication is highly accurate, errors and 
damage do occasionally occur to the DNA helix. However, 
the pairing arrangement of the nitrogenous bases allows 
damage on one strand to be corrected by reading the 
remaining undamaged strand. For example, if damage 

occurred to a strand that originally read 
 AGC  (perhaps it changed to  AAC ), the 
correct information is still found in the 
other strand that reads  TCG.  By using 
enzymes to read the undamaged strand, 
the cell can rebuild the  AGC  strand with 
the pairing rule that A pairs with T and 
G pairs with C. Another example of 
genetic repair is shown in    figure 8.4 .   

  The DNA Code 
 DNA is important because it serves as a reli-
able way of storing information. The  order  
of the nitrogenous bases in DNA is the 
genetic information that codes for proteins. 
This is similar to how a sequence of letters 
presents information in a sentence. For the 
cell, the letters of its alphabet consist only of 
the nitrogenous bases A, G, C, and T. The 
information needed to code for one protein 
can be thousands of nucleotides long. The 
nitrogenous bases are read in sets of three. 
Each sequence of three nitrogenous bases is 
a code word for a single amino acid. 
Proteins are made of a string that ranges 
from a few to thousands of amino acids. 
The order of the amino acids  corresponds to 
the order of the code words in DNA (i.e., 
ACC is the code word for the amino acid 
tryptophan).     

 The new strands of DNA form on each of the old DNA 
strands (   figure 8.3e ). In this way, the exposed nitrogenous 
bases of the original DNA serve as the pattern (template) on 
which the new DNA strand is formed. The completion of 

   3.   What is the base-pairing rule?  
   4.   Why is DNA replication necessary?  
   5.   What factors stabilize the DNA double helix?   

   8.2  CONCEPT REVIEW  
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  FIGURE 8.3 DNA Replication 
 (a)  Helicase enzymes bind to the DNA molecule.  (b)  The enzymes separate the two strands of DNA.  (c, d)  As the DNA strands are separated, 
new DNA nucleotides are added to the new strands by DNA polymerase. The new DNA strands are synthesized according to base-pairing 
rules for nucleic acids.  (e)  By working in two directions at once along the DNA strand, the cell is able to replicate the DNA more quickly. 
Each new daughter cell receives one of these copies. 
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  FIGURE 8.4 DNA Repair  
 (a)  Undamaged DNA consists of two continuous strands held 
together at the nitrogenous bases (A, T, G, and C).  (b)  Damaged 
DNA has part of one strand missing. The thymine bases have been 
damaged and removed.  (c)  When one strand is damaged, it is 
possible to rebuild this strand by using the nucleotide sequence on 
the other side. In DNA, adenine (A) always pairs with thymine (T), 
and guanine (G) always pairs with cytosine (C). 

    8.3  RNA Structure and Function 
  Recall from chapter 3 that ribonucleic acid (RNA) is another 
type of nucleic acid and is important in protein production. 
RNA’s nucleotides are different from DNA’s nucleotides. RNA’s 
nucleotides contain a  ribose  sugar whereas the nucleotides of 
DNA contain a  deoxyribose  sugar. Ribose and deoxyribose 
sugars differ by one chemical functional group (   figure 8.5 ). 

Ribose has an —OH group and deoxyribose has an —H group 
on the second carbon.  

 RNA differs from DNA in other important ways. RNA con-
tains the nitrogenous bases   uracil   (U), guanine (G), cytosine (C), 
and adenine (A). Note that the sets of nitrogenous bases in DNA 
and RNA are also slightly different. RNA has uracil, whereas 
DNA has thymine. In addition, when RNA is synthesized from 
DNA, it exists only as a single strand. This is different from DNA 
because DNA is typically double-stranded. 

 Cells also use DNA and RNA differently. DNA is found 
in the cell’s nucleus and is the original source for information 
to make proteins. RNA is made in the nucleus and then 
moves into the cytoplasm of the cell where it becomes directly 
involved in the process of protein assembly. 

 The protein-coding information in RNA comes directly 
from DNA. RNA is made by enzymes that read the protein-
coding information in DNA. Like DNA replication, RNA syn-
thesis also follows base-pairing rules where the RNA nitrogenous 
bases pair with the DNA nitrogenous bases: Guanine and cyto-
sine still pair during RNA synthesis but RNA contains uracil, 
not thymine, so adenine in DNA pairs with uracil in RNA. The 
thymine in DNA still pairs with adenine in RNA (   table 8.1 ).     

   6.   What role does RNA play in the cell?  
   7.   Describe three differences in the structure of DNA 

and RNA.   

   8.3  CONCEPT REVIEW  

eng03466_ch08_151-172.indd   156eng03466_ch08_151-172.indd   156 24/09/10   1:57 PM24/09/10   1:57 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



CHAPTER 8  DNA and RNA  157

  TABLE 8.1   Nucleic Acid Base-Pairing Rules 

  DNA paired 
with DNA  

  DNA paired 
with RNA  

  RNA paired 
with RNA  

   DNA      DNA      DNA      RNA      RNA      RNA   

  A pairs with T    A pairs with U    A pairs with U  

  T pairs with A    T pairs with A    U pairs with A  

  G pairs with C    G pairs with C    G pairs with C  

  C pairs with G    C pairs with G    C pairs with G  

(a) DNA nucleotide (b) RNA nucleotide
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  FIGURE 8.5  A Comparison of DNA and RNA Nucleotides 
DNA and RNA differ from each other chemically and in the nitrogenous bases that are present in each molecule.  (a)  The deoxyribose sugar of 
DNA has a circled -H. DNA also contains the nitrogenous base thymine (T).  (b)  The ribose sugar of RNA has a circled -OH. RNA contains 
the nitrogenous base uracil (U) instead of thymine (T). Both DNA and RNA have the nitrogenous bases; adenine, guanine, and cytosine. 

    8.4  Protein Synthesis 
  DNA and RNA are both important in the protein-making 
process. In the cell, the DNA nucleotides are used as a genetic 
alphabet, arranged in sets of three (e.g.,  ATC ,  GGA ,  TCA , 
 CCC ) to form code words in the DNA language. It is the 
sequence of these code words in DNA that dictates which 
amino acids are used, and the order in which they appear in 
a protein. DNA molecules are very long and code for many 
proteins along their length. Proteins are synthesized in two 
steps;  transcription  and  translation . 

  Step One: Transcription—Making RNA 
   Transcription   is the process of using DNA as a template 
(stencil) to synthesize RNA. The enzyme   RNA polymerase   
“reads” the sequence of DNA nitrogenous bases and follows 
the base-pairing rules between DNA and RNA to build the 
new RNA molecule (   figure 8.6a–c ). RNA polymerase attaches 
to the DNA and moves along the grooves scanning for base 

sequences that act as markers, or signs, that a gene is nearby. 
The enzyme looks for a   promoter sequence   (   figure 8.6d ). 
This is a specific sequence of DNA nucleotides that indicates 
the location of a protein-coding region and identifies which 
of the two DNA strands should be used. The   coding strand   of 
DNA is the side that serves as a template for the synthesis of 
RNA. The strand of DNA that is not read directly by the 
enzymes is the   non-coding strand  . Without promoter 
sequences, RNA polymerase will not transcribe the gene.  

 Transcription begins when the enzyme separates the two 
strands of the double-stranded DNA. Separating the two strands 
exposes their nitrogenous bases, so that the coding strand can be 
“read.” Reading is accomplished by bringing in new RNA 
nucleotides and base-pairing them with hydrogen bonds one at 
a time with the exposed DNA nucleotides. Once a match is 
made, the newly arrived RNA nucleotide is bonded in place by 
forming a covalent bond between the sugar of one RNA nucleo-
tide and the phosphate of the next. 

 RNA polymerase stops transcribing the DNA when it 
reaches a termination sequence.   Termination sequences   are DNA 
nucleotide sequences that indicate when RNA polymerase should 
finish making an RNA molecule. Only one of the two strands of 
DNA is read to create a single strand of RNA for each gene. 

 There are several types of RNA: however, the three types we 
will focus on are  messenger RNA (mRNA) ,  transfer RNA 
(tRNA) , and  ribosomal RNA (rRNA).  Each type of RNA is 
assembled in the nucleus from combinations of the same 4 nucle-
otides. However, each type of RNA has a distinct function in the 
process of protein synthesis that takes place in the cytoplasm. 
  Messenger RNA (mRNA)   carries the blueprint for making the 
necessary protein.   Transfer RNA (tRNA)   and   ribosomal RNA 
(rRNA)   are used in different ways to read the mRNA and bring 
the necessary amino acids together for assembly into a protein.    
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  FIGURE 8.6 Transcription of DNA to RNA   
   This figure illustrates the basic events that occur during transcription.  (a)  An enzyme, RNA polymerase, attaches to the DNA at the 
promoter sequence (see  d ) and then separates the complementary strands. The enzyme then proceeds along the DNA strand in the correct 
direction to find the protein coding region (see  d ) of the gene.  (b)  As RNA polymerase moves down the coding strand, new complementary 
RNA nucleotides are base-paired to one of the exposed DNA strands. The base-paired RNA nucleotides are linked together by RNA 
polymerase to form a new RNA molecule that is complementary to the nucleotide sequence of the DNA. The termination sequence 
( see d ) signals the RNA polymerase to end mRNA transcription, so that the RNA can leave the nucleus to aid in translation.  (c)  The newly 
formed (transcribed) RNA is then separated from the DNA molecule and used by the cell.   

  Step Two: Translation—Making Protein 
   Translation   is the process of using the information in RNA to 
direct protein synthesis by attaching amino acids to one another. 
The mRNA is read linearly in sets of three nucleotides called 

 codons . A   codon   is a set of three nucleotides that codes for the 
placement of a specific amino acid. In the context of an mRNA 
molecule, the codon determines which amino acid should be 
added next to the protein during translation.    Table 8.2  shows 
the mRNA nucleotide combinations of each codon and the 
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CHAPTER 8  DNA and RNA  159

 corresponding amino acid. For example, the codon UUU corre-
sponds to only the amino acid  phenylalanine (Phe). There are 
64 possible codons and only 20 commonly used amino acids, so 
there are multiple ways to code for many amino acids. For exam-
ple, the codons UCU, UCC, UCA, and UCG all code for serine.  

 Recall from chapter 4 that a ribosome is a nonmembra-
nous organelle that synthesizes proteins. A ribosome is made 
of proteins and a type of RNA called  ribosomal RNA  ( rRNA ). 
Ribosomes usually exist in the cell as two pieces or subunits. 
There is a large subunit and a small subunit. During transla-
tion, the two subunits combine and hold the mRNA between 
them. With the mRNA firmly sandwiched into the ribosome, 
the mRNA’s codons are read and protein synthesis begins. 

 The cell has many ribosomes available for protein synthesis. 
Any of the ribosomes can read any of the mRNAs that come from 
the cell’s nucleus after transcription. Some ribosomes are free in 
the cytoplasm, whereas others are attached to the cell’s rough 
endoplasmic reticulum (ER). Proteins destined to be part of the 
cell membrane or packaged for release from the cell are synthe-
sized on ribosomes attached to the  endoplasmic reticulum. 
Proteins that are to perform their function in the cytoplasm are 
synthesized on ribosomes that are not attached to the endoplasmic 
reticulum. The process of translation can be broken down into 
three basic steps: (1) initiation, (2) elongation, and (3) termination. 

  Initiation 
 Protein synthesis begins with the small ribosomal subunit bind-
ing to a specific signal sequence of codons on the mRNA. The 
small ribosomal subunit moves along the mRNA and stops at 
the first AUG codon on the length of the RNA. This AUG 
codon is where translation begins. If an AUG is not found, 
translation does not occur. At the first AUG codon, the first 
amino acid (methionine, or MET) is positioned on the mRNA. 

 Amino acids are taken to the mRNA-ribosome complex 
by  transfer RNA.  Transfer RNA (tRNA) is responsible for 
matching the correct amino acid to the codons found in the 
mRNA nucleotide sequence (   figure 8.7a ). The cell’s tRNAs 
are able to match amino acids to the mRNA codons because 
of base pairing. The portion of the tRNA that interacts with 
mRNA is called the   anticodon.   The anticodon of tRNA is a 
short sequence of nucleotides that base-pairs with the nucleo-
tides in the mRNA molecule. The other end of the tRNA 
carries an amino acid. The correct match between tRNAs and 
amino acids is made by an enzyme in the cell.  

 The start codon, AUG, is the first codon that is read in the 
mRNA to make any protein. Since the tRNA that binds to the 
AUG codon carries the amino acid methionine, the first amino 
acid of every protein is methionine (   figure 8.7 ). If this first 
methionine is not needed for proper function of the protein, it 

  TABLE 8.2   Amino Acid–mRNA Dictionary and the 20 Common Amino Acids and Their Abbreviations 

  These are the 20 common amino acids used in the protein synthesis operation of a cell. Each has a known chemical structure and is 
coded for by specific mRNA codons.  

Second letter
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rs
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C C U

C C C

C C A
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Pro-
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Gly –
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G G U
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G G G

A A U

A A C

A A A
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  FIGURE 8.7 Initiation 
 (a)  An mRNA molecule is positioned in the ribosome so that two 
codons are in position for transcription. The first of these two 
codons (AUG) is the initiation codon and is responsible for 
hydrogen bonding with the tRNA carrying the amino acid 
methionine (MET). The start tRNA aligns with the start codon. 
 (b)  The large subunit of the ribosome joins the small subunit. The 
ribosome is now assembled and able to translate the mRNA. 

can be later clipped off of the protein. After the methionine-
tRNA molecule is lined up over the start codon, the large 
subunit of the ribosome joins the small subunit to bind the 
mRNA. When the two subunits are together, with the mRNA 
in the middle, the ribosome is fully formed. The process of 
forming the rest of the protein is ready to begin (   figure 8.7 ).  

  Elongation 
 Once protein synthesis is started, the ribosome coordinates a 
recurring series of events. Each time the ribosome works 
through this series of events, a new amino acid is added to the 
growing protein. In this way, a ribosome is like an assembly 
line that organizes the steps of a complicated assembly pro-
cess. For each new amino acid, a new tRNA arrives at the 
ribosome with its particular amino acid. The ribosome adds 
the new amino acid to the growing protein (   figure 8.8 ).   

  Termination 
 The ribosome will continue to add one amino acid after another 
to the growing protein unless it encounters a stop signal 
(    figure 8.9 ). The stop signal, in the mRNA, is also a codon. The 
stop codon can be either UAA, UAG, or UGA. When any of these 
three codons appears during the elongation process, a chemical 
release factor enters the ribosome. The release factor causes the 
ribosome to detach from the protein. When the protein releases, 
the ribosomal subunits separate and release the mRNA. The 
mRNA can be used to make another copy of the protein or can be 
broken down by the cell to prevent any more of the protein from 
being made. The two pieces of the ribosome can also be reused.    

  The Nearly Universal Genetic Code 
 The code for making protein from DNA is the same for 
nearly all cells. Bacteria, Archaea, algae, protozoa, plants, 
fungi and animals all use DNA to store their genetic informa-
tion. They all transcribe the information in DNA to RNA. 
They all translate the RNA to synthesize protein using a ribo-
some. With very few exceptions, they all use the same three 
nucleotide codons to code for the same amino acid. In 
eukaryotic cells, transcription always occurs in the nucleus, 
and translation always occurs in the cytoplasm (   figure 8.10 ).  

 The similarity of protein synthesis in all cells strongly 
argues for a common origin of all life forms. It also creates 
very exciting opportunities for biotechnology. It is now pos-
sible to synthesize human proteins, such as insulin, in  bacteria, 
because bacteria and humans use the same code to make pro-
teins. The production of insulin in this way can help create a 
cheap and plentiful source of medication for many of those 
who suffer from diabetes. 

 However, not all genetic information flows from DNA to 
RNA to proteins. Some viruses use RNA to store their genetic 
information. These viruses are called retroviruses. An exam-
ple of a retrovirus is the  human immunodeficiency virus, HIV.  
Retroviruses use their RNA to make DNA. This DNA is then 
used to transcribe more RNA. This RNA is then used to make 
proteins (Outlooks 8.1).      

   8.4  CONCEPT REVIEW  
   8.   How does the manufacture of an RNA molecule 

differ from DNA replication?  
   9.   If a DNA nucleotide sequence is TACAAAGCA, 

what is the mRNA nucleotide sequence that would 
base-pair with it?  

   10.   What amino acids would occur in the protein 
chemically coded by the sequence of nucleotides in 
question 9?  

   11.   How do tRNA, rRNA, and mRNA differ in function?  
   12.   What are the differences among a promoter  sequence, 

a termination sequence, and a release factor?  
   13.   List the sequence of events that takes place when a 

DNA message is translated into protein.   
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CHAPTER 8  DNA and RNA  161

    8.5  The Control of Protein 
Synthesis 

  Cells have many protein-coding sequences.   Gene expression   
occurs when a cell transcribes and translates a gene. Cells do 
not make all their proteins at once. It would be a great waste 
of resources. Cells can control which genes are used to make 
proteins. In fact, the differences between the types of cells in 
the human body are due to the differences in the proteins 
produced. Cells use many ways to control gene expression in 
response to environmental conditions. Some methods help 
increase or decrease the amount of enzyme that is made by 
the cell. Other methods help change amino acid sequences to 
form a new version of the enzyme. 
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  FIGURE 8.8 Elongation 
 (a)  The two tRNAs align the amino acids isoleucine (ILE) and glutamine (GLN) so that they can be 
chemically attached to one another by forming a peptide bond.  (b)  Once the bond is formed, the first tRNA 
detaches from its position on the mRNA . (c)  The ribosome moves down one codon on the mRNA. Another 
tRNA now aligns so that the next amino acid (ILE) can be added to the growing protein.  (d)  The process 
continues with a new tRNA, a new amino acid, and the formation of a new peptide bond. 

  Controlling Protein Quantity 
 A cell process can be regulated by controlling how much of a 
specific enzyme is made. The cell regulates the amount of 
protein (enzymes are proteins) that is made by changing how 
much mRNA is available for translation into protein. The cell 
can use several strategies to control how much mRNA is 
transcribed. 

  DNA Packaging 
 The genetic material of humans and other eukaryotic organisms 
consists of strands of coiled, double-stranded DNA, which have 
 histone  proteins attached along its length. The histone proteins 
and DNA are not arranged randomly but, rather, come together 
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  FIGURE 8.9 Termination 
 (a)  A release factor will move into position over a termination 
codon—here, UAG.  (b)  The ribosome releases the completed 
amino acid chain. The ribosome disassembles and the mRNA 
can be used by another ribosome to synthesize another protein. 

    Enhancers and Silencers 
   Enhancer   and   silencer sequences   are DNA sequences that act 
as binding sites for proteins. When proteins are bound to 
these sites, they affect the ability of RNA polymerase to tran-
scribe a specific protein. Enhancer sequences increase protein 
synthesis by helping increase transcription. Silencer sequences 
decrease transcription. These DNA sequences are unique, 
because they do not need to be close to the promoter to func-
tion and they are not transcribed.  

  Transcription Factors 
   Transcription factors   are proteins that control how available a 
promoter sequence is for transcription. The protein molecules 
bind to DNA around a gene’s promoter sequence and influ-
ence RNA polymerase’s ability to start transcription. There are 
many transcription factors in the cell. Eukaryotic transcription 
is so tightly regulated that transcription factors always guide 
RNA polymerase to the promoter sequence. A particular gene 
will not be expressed if its specific set of transcription factors 
is not available. Prokaryotic cells also use proteins to block or 
encourage transcription, but not to the extent that this strat-
egy is used in eukaryotic cells.  

  RNA Degradation 
 Cells also regulate gene expression by limiting the length of 
time that mRNA is available for translation. Enzymes in the 
cell break down the mRNA, so that it can no longer be used 
to synthesize protein. The time that a given mRNA molecule 
lasts in a cell is dependant on the nucleotide sequences in the 
mRNA itself. These sequences are in areas of the mRNA that 
do not code for protein.   

  Controlling Protein Quality 
 Another way that cells can control gene expression is to 
change the amino acid sequences to form different versions 
of an enzyme. One of the most significant differences 
between prokaryotic and eukaryotic cells is that eukaryotic 
cells can make more than one type of protein from a single 
protein-coding region of the DNA. Eukaryotic cells are able 
to do this because the protein-coding regions of eukaryotic 
genes are organized differently than the genes found in pro-
karyotic (bacterial) cells. The fundamental difference is that 
the protein-coding regions in prokaryotes are continuous, 
whereas eukaryotic protein-coding regions are not. Many 
intervening sequences are scattered throughout the protein-
coding sequence of genes in eukaryotic cells. These sequences, 
called   introns,   do not code for proteins. The remaining 
sequences, which are used to code for protein, are called 
  exons.   After the protein-coding region of a eukaryotic gene 
is transcribed into mRNA, the introns in the mRNA are cut 
out and the remaining exons are spliced together, end to end, 
to create a shorter version of the mRNA. It is this shorter 
version that is used during translation to produce a protein 
(   figure 8.12 ).  

in a highly organized pattern (   figure 8.11 ). When packaged, the 
double-stranded DNA spirals around repeating clusters of 
eight histone spheres. Histone clusters with their encircling 
DNA are called   nucleosomes.   These coiled DNA strands with 
attached proteins become visible during cell division and are 
called   nucleoproteins   or  chromatin fibers.  Condensed like this, 
a chromatin fiber is referred to as a   chromosome   (Outlooks 8.2). 
The degree to which the chromatin is coiled provides a method 
for long-term control of protein expression. In tightly coiled 
chromatin, the promoter sequence of the gene is tightly bound 
so that RNA polymerase cannot attach and initiate transcrip-
tion. Loosely packaged chromatin exposes the promoter 
sequence so that transcription can occur.  

eng03466_ch08_151-172.indd   162eng03466_ch08_151-172.indd   162 24/09/10   1:57 PM24/09/10   1:57 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



CHAPTER 8  DNA and RNA  163

 One advantage of having introns is that a single protein-
coding region can make more than one protein. Scientists 
originally estimated that humans had 80,000 to 100,000 genes. 
This was based on techniques that allowed them to estimate 
the number of  different proteins  found in humans. When the 
human genome was mapped, scientists were surprised to find 
that humans have only about 25,000 genes. This suggests that 
many of our genes are capable of making several different 
 proteins. 

 It is possible to make several different proteins from the 
same protein-coding region by using different combinations 
of exons.   Alternative splicing   is the process of selecting which 
exons will be retained during the normal process of splicing. 
Alternative splicing can be a very important part of gene 
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In the nucleus DNA is 
transcribed into mRNA, 
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small ribosomal units 
combine with mRNA.
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instructions occurs at a 
ribosome as a protein 
is made. tRNAs shuttle 
amino acids to the 
ribosome where they 
are bonded into a chain 
of amino acids that will 
become a protein.

All RNAs leave the 
nucleus through 
nuclear pores.

  FIGURE 8.10 Summary of Eukaryotic Protein Synthesis 
The genetic information in DNA is rewritten in the nucleus as RNA in the nucleus during transcription. The mRNA, tRNA, and rRNA 
move from the nucleus to the cytoplasm (cytosol), where the genetic information is read during translation by the ribosome. 

regulation. One protein-coding region in fruit flies,  sex-lethal,  
can be spliced into two different forms. One form creates a 
full-sized, functional protein. The other form creates a very 
small protein with no function. For the fruit fly, the difference 
between the two alternatively spliced forms of  sex-lethal  is 
the difference between becoming a male or becoming a female 
fruit fly (Outlooks 8.3). 

    Epigenetics 
   Epigenetics   is the study of changes in  gene expression  caused 
by factors other than alterations in a cell’s DNA. The term 
 epigenetics  actually means “in addition to genetics,” (i.e., 
nongenetic factors that cause a cell’s genes to express 
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164    PART III  Molecular Biology, Cell Division, and Genetics

 themselves differently). When an epigenetic change occurs, it 
might last for the life of the cell and can even be passed on to 
the next generation. This is what happens when a cell (e.g., 
stem cell) undergoes the process of differentiation. Stem cells 
are called  pluripotent  because they have the potential to be 
any kind of cell found in the body (i.e., muscle, bone, or skin 
cell). However, once they become differentiated they lose the 
ability to become other kinds of cells, and so do the cells they 
produce by cell division. For example, if a pluripotent cell 
were to express muscle protein genes and not insulin protein 
genes, it would differentiate into a muscle cell, not an insulin-
producing cell. 

 Four examples of events that can cause an epigenetic 
effect are:  

   1.   adding a methyl group to a cytosine in the gene changes 
it to methylcytosine. Since methylcytosine cannot be 
read during translation, the gene is turned off.  

   2.   altering the shape of the histones around the gene. Mod-
ifying histones ensures that a differentiated cell would 

stay differentiated, and not convert back into being a 
pluripotent cell.  

   3.   having the protein that has already been transcribed 
 return to the gene and keep it turned on.  

   4.   splicing RNA into sequences not originally determined 
by the gene.   

 Some compounds are considered epigenetic carcinogens 
(i.e., they are able to cause cells to form tumors), but they do 
not change the nucleotide sequence of a gene. Examples 
include certain chlorinated hydrocarbons used as fungicides 
and some nickel-containing compounds.      

vulnerable points in the retrovirus’s life cycle. For example, 
interference with reverse transcriptase blocks the virus’s ability 
to make DNA and lessens its chances of integrating into the 
host’s DNA. This gives an infected person’s body the opportu-
nity to destroy the viruses and reduces the chance that the 
person will develop symptoms of the disease. Once cleared of 
viruses, the likelihood that the individual will transmit the virus 
to others is decreased. 

  OUTLOOKS 8.1  

 Life in Reverse—Retroviruses 
 Acquired immunodeficiency syndrome (AIDS) is caused by a 
retrovirus called human immunodeficiency virus (HIV). HIV is a 
spherical virus that has RNA as its genetic material surrounded 
by a protein coat. In addition, the virus is surrounded by a phos-
pholipid layer taken on from the cell’s plasma membrane when 
the virus exits the host cell. When persons become infected 
with HIV, the outer phospholipid membrane of the virus fuses 
with the plasma membrane of the host cell and releases the 
virus with its RNA into the cell. In addition to its RNA genetic 
material, HIV carries a few enzymes; one is reverse transcrip-
tase. When HIV enters a suitable host cell, the virus first uses 
reverse transcriptase to produce a DNA copy of its RNA. (This 
is the reverse of the normal process in cells that involves the 
enzyme transcriptase using DNA to make RNA.) Because this is 
the reverse ( retro- ) of what normally happens in a cell, RNA 
viruses are called  retroviruses . The DNA produced by reverse 
transcriptase is spliced into the host cell’s DNA. Only then does 
HIV become an active, disease-causing parasite. Once a DNA 
copy of the virus RNA is inserted into the host cell’s DNA, the 
virally derived DNA is used to make copies of the viral RNA and 
its protein coat.     

  Understanding how HIV differs from DNA-based organisms 
has two important implications. First, the presence of reverse 
transcriptase in a human can be looked upon as an indication 
of retroviral infection because reverse transcriptase is not 
manufactured by human cells. However, because HIV is only 
one of several types of retroviruses, the presence of the 
enzyme in an individual does not necessarily indicate an HIV 
infection. It only indicates a type of retroviral infection. 
Second, antiviral drug treatments for HIV take advantage of 

Budding HIV virus

Budding HIV Virus
 This electron micrograph shows HIV viruses leaving the cell. These 
viral particles can now infect another cell and continue the viral 
 replication cycle unless medications prevent this from happening. 

   8.5  CONCEPT REVIEW  
   14.   Provide two examples of how a cell uses transcrip-

tion to control gene expression.  
   15.   Provide an example of why it is advantageous for a 

cell to control gene expression.   
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  FIGURE 8.11 Eukaryotic Genome Packaging 
During certain stages in the life cycle of a eukaryotic cell, the DNA is tightly coiled to form a chromosome. To form a chromosome, the 
DNA molecule is wrapped around a group of several histone proteins. Together, the histones and the DNA form a structure called the 
nucleosome. The nucleosomes are stacked together in coils to form a chromosome. 
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166    PART III  Molecular Biology, Cell Division, and Genetics

not age as other cells do, and cancer cells are immortal 
because of this enzyme. Telomerase enables chromosomes to 
maintain, if not increase, the length of telomeres from one cell 
generation to the next.  

 The yellow regions on this drawing of a chromosome indi-
cate where the telomeres are. 

  OUTLOOKS 8.2  

 Telomeres 
 Each end of a chromosome contains a sequence of nucleotides 
called a   telomere.   In humans, these chromosome “caps” con-
tain many copies of the  following nucleotide base-pair sequence:

           TTAGGG     
     AATCCC           

Telomeres are very important segments of the chromosome. 
They are:  

  1.   required for chromosome replication;  
  2.   protect the chromosome from being destroyed by dangerous 

DNAase enzymes (enzymes that destroy DNA); and  
  3.   keep chromosomes from bonding to one another end 

to end.   

 Evidence shows that the loss of telomeres is associated with 
cell “aging,” whereas not removing them has been linked to 
cancer. Every time a cell reproduces itself, it loses some of its 
telomeres. However, in cells that have the enzyme telomerase, 
new telomeres are added to the ends of the chromosome each 
time the cells divide. Therefore, cells that have telomerase do 

Centromere

Telomere

Telomere

    8.6  Mutations and Protein 
Synthesis 

  A   mutation   is any change in the DNA sequence of an organ-
ism. They can occur for many reasons, including errors during 
DNA replication. Mutations can also be caused by external 
factors, such as radiation, carcinogens, drugs, or even some 
viruses. It is important to understand that not all mutations 
cause a change in an organism. If a mutation occurs away 
from the protein-coding sequence and the DNA sequences 
that regulate its expression, it is unlikely that the change will 
be harmful to the organism. On occasion, the changes that 

occur because of mutations can be helpful and will provide an 
advantage to the offspring that inherit that change. 

 Scientists are not yet able to consistently predict the 
effects that a mutation will have on the entire organism. 
Changes in a protein’s amino acid sequence may increase or 
decrease the protein’s level of activity. The mutations may 
also completely stop the protein’s function. Less frequently, a 
change in the amino acid sequence may create a wholly novel 
function. In any case, to predict the effect that a mutation 
will have would require knowing how the proteins work in 
a variety of different cells, tissues, organs, and organ systems. 
With our current understanding, this is not always possible. 

DNA

Promoter Gene Terminator

Transcription

Exon 1

Exon 1 Exon 2 Exon 3

Exon 2 Exon 3Intron Intron Intron

Intron IntronIntron

preRNA

Mature
RNA

  FIGURE 8.12 Transcription of mRNA 
in Eukaryotic Cells 
This is a summary of the events that occur in 
the nucleus during the manufacture of mRNA 
in a eukaryotic cell. Notice that the original 
nucleotide sequence is first transcribed into 
an RNA molecule, which is later “clipped” 
and then rebonded to form a shorter version 
of the original. It is during this time that the 
introns are removed. 
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CHAPTER 8  DNA and RNA  167

Our best method of understanding a mutation is to observe 
its effects directly in an organism that carries the mutation. 

  Point Mutations 
 A   point mutation   is a change in a single nucleotide of the 
DNA sequence. Point mutations can potentially have a vari-
ety of effects even though they change only one nucleotide. 
Three different kinds of point mutations are recognized, 
(a) missense, (b) silent, and (c) nonsense. 

  Missense Mutation 
 A   missense mutation   is a point mutation that causes the wrong 
amino acid to be used in making a protein. A sequence change 
that resulted in the codon change from UUU to GUU would 
use valine instead of phenylalanine. The shapes and chemical 
properties of enzymes are determined by the correct sequence 
of various types of amino acids. Substituting one amino acid 
for another can create an abnormally functioning protein. 

 The condition known as sickle-cell anemia provides a 
good example of the effect caused by a simple missense 
mutation. Hemoglobin is a protein in red blood cells that is 
responsible for carrying oxygen to the body’s cells. Normal 
hemoglobin molecules are composed of four separate, differ-
ent proteins. The proteins are arranged with respect to each 

other so that they are able to hold an iron atom. The iron 
atom is the portion of hemoglobin that binds the  oxygen. 

 In normal individuals, the amino acid sequence of the 
hemoglobin protein begins like this:

      Val-His-   Leu-    Th   r-Pro-  Glu  -Glu-   Lys    . . .      

In some individuals, a single nucleotide of the hemoglobin 
gene has been changed. The result of this change is a hemo-
globin protein with an amino acid sequence of:

      Val-His-Leu-Thr-Pro-  Val  -Glu-Lys   . . .      

Glutamic acid (Glu) is coded by two codons: GAA and GAG. 
Valine is also coded by two codons: GUA and GUG. The 
change that causes the switch from glutamic acid to valine is 
a missense mutation. With this small change, the parts of the 
hemoglobin protein do not assemble correctly under low 
 oxygen levels. 

 When the oxygen levels in the blood are low, many hemo-
globin molecules stick together and cause the red blood cells 
to have a sickle shape, rather than their normal round, donut 
shape (   figure 8.13 ). The results can be devastating:    

   •   The red blood cells do not flow smoothly through the 
capillaries, causing the red blood cells to tear and be 
 destroyed. This results in anemia.  

  OUTLOOKS 8.3  

 One Small Change—One Big Difference!   
Male and female fruit flies produce the same unspliced mRNA 
from the  sex-lethal  gene. A cellular signal determines if the 
fruit fly will develop as a female or a male. The manner in which 
the sex-lethal mRNA is spliced depends on the signal that is 
received. Females remove the third exon from the sex-lethal 
mRNA, whereas males leave the third exon in the mRNA. This 
is one example of alternative splicing. The female-specific 
mRNA can be translated by ribosomes to make a fully func-
tional sex-lethal protein. This protein promotes female body 
development. The male-specific mRNA contains a stop codon 
in the third exon. This causes the ribosome to stop synthesis of 
the male’s sex-lethal protein earlier than in the female version 
of the sex-lethal protein. The resulting protein is small and has 
no function. With no sex-lethal protein activity, the fruit fly 
develops as a male. 1 2 4 5 6 7 8

321Introns

Exons

Signal to
become
female

Unspliced
sex-lethal
mRNA

Differently
spliced mRNAs
with different
introns

During translation,
the ribosome stops
at the first
stop codon.

Fully functional sex-lethal 
protein promotes female 
development.

Nonfunctional sex-lethal
protein does not promote
female development.
Fruit fly develops as male.

Signal to
become
male

Potential
stop codons

4 5 6 7 8

1 2 3 4 5 6 7 8
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168    PART III  Molecular Biology, Cell Division, and Genetics

 (a)   (b)

  FIGURE 8.13 Normal and Sickled Red Blood Cells   
    (a)  A normal red blood cell and  (b)  a cell having the sickle shape. 
This sickling is the result of a single amino acid change in the 
hemoglobin molecule.   

   •   Their irregular shapes cause them to clump, clogging the 
blood vessels. This prevents oxygen from reaching the 
 oxygen-demanding tissues. As a result, tissues are 
 damaged.  

   •   A number of physical disabilities may result, 
 including weakness, brain damage, pain and stiff-
ness of the joints, kidney damage, rheumatism, 
and, in severe cases, death.     

  Silent Mutation 
 A   silent mutation   is a nucleotide change that results in 
either the placement of the same amino acid or a different 
amino acid but does not cause a change in the function 
of the  completed protein. An example of a silent muta-
tion is the change from UUU to UUC in the mRNA. The 
mutation from U to C does not change the amino acid 
present in the protein. It still results in the amino acid 
phenylalanine being used to construct the protein. 
Another example is shown in    figure 8.14 .   

  Nonsense Mutation 
 Another type of point mutation, a   nonsense mutation,   
causes a ribosome to stop protein synthesis by introduc-
ing a stop codon too early. For example, a nonsense 
mutation would be caused if a codon were changed 
from CAA (glutamine) to UAA (stop). This type of 
mutation results in a protein that is too short. It  prevents 
a functional protein from being made because it is ter-
minated too soon. Human genetic diseases that result 
from nonsense mutations include (a) cystic  fibrosis 
(caused by certain mutations in the cystic  fibrosis trans-
membrane conductance regulator gene), (b) Duchenne 
muscular dystrophy (caused by mutations in the dystro-
phin gene), and (c) beta thalassaemia (caused by muta-
tions in the β-globin gene).   

  Insertions and Deletions 
 Several other kinds of mutations involve larger spans of 
DNA than a change in a single nucleotide. Insertions 
and deletions are different from point mutations because 
they change the DNA sequence by adding and removing 

 nucleotides. An   insertion mutation   adds one or more nucleo-
tides to the normal DNA sequence. This type of mutation can 
potentially add amino acids to the protein and change its 
function. A   deletion mutation   removes one or more nucleo-
tides and can potentially remove amino acids from the pro-
tein and change its function. 

  Frameshift Mutations 
 Insertions and deletions can also affect amino acids that are coded 
 after  the mutation by causing a  frameshift.  Ribosomes read the 
mRNA three nucleotides at a time. This set of three nucleotides is 
called a reading frame. A   frameshift mutation   occurs when inser-
tions or deletions cause the ribosome to read the wrong sets of 
three nucleotides. Consider the example shown in    figure 8.15 . 
Frameshift mutations can result in severe genetic diseases such as 
Tay-Sachs and some types of familial  hypercholesterolemia. Tay-
Sachs disease (caused by mutations in the beta-hexosaminidase 
gene) affects the breakdown of lipids in lysosomes. It results in 

C
C

mRNA Amino acid

A
A

A

U

Glutamine
placed in
protein

Glutamine
placed in
protein

(a) Original codon

(b) Silent mutation

G

Stop of 
protein
synthesis

Lysine
placed in
protein

(c) Nonsense mutation

(d) Missense mutation
A

A

A

A

A

mRNA Amino acid

  FIGURE 8.14 Kinds of Point Mutations 
A nucleotide substitution changes the protein only if the changed codon 
results in a different amino acid being substituted into a protein chain. 
 (a)  In the example, the original codon, CAA, calls for the amino acid 
glutamine.  (b)  A  silent  mutation is shown where the third position of the 
codon is changed. The codon CAG calls for the same amino acid as the 
original version (CAA). Because the proteins produced in example 
 (a)  and example  (b)  will be identical in amino acid sequence, they will 
function the same also.  (c)  A  nonsense  mutation is shown where the 
codon UAA stops the synthesis of the protein.  (d)  A  missense  mutation 
occurs when the nucleotide in the second position of the codon is 
changed. It now reads AAA. The codon AAA calls for the amino acid 
lysine. This mutation may alter protein function. 
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CHAPTER 8  DNA and RNA  169

to 50,000 births. The key symptom is a high-pitched, cat-like 
cry of the infants. This is thought to be due to a variety of 
things that include poor muscle tone. Facial characteristics 
such as a small head, widely set eyes, and low-set ears are also 
typical. Mild to severe mental disabilities are also symptoms. 
There appears to be a correlation between the deletion size 
and the symptoms; larger regions of deleted DNA tends to 
correlate to more severe symptoms. 

 Many other forms of mutations affect DNA. Some dam-
age to DNA is so extensive that the entire strand is broken, 
resulting in the synthesis of abnormal proteins or a total lack 
of protein synthesis. A number of experiments indicate that 
many street drugs, such as lysergic acid diethylamide (LSD), 
are mutagenic agents that cause DNA to break.  

  Mutations and Inheritance 
 Mutations can be harmful to the individual who first gains 
the mutation, but changes in the structure of DNA may also 
have harmful effects on the next generation if they occur in 
the sex cells. Sex cells transmit genetic information from one 
generation to the next. Mutations that occur to DNA mole-
cules can be passed on to the next generation only when the 
mutation is present in cells such as sperm and egg. In the next 
several chapters, we will look at how DNA is inherited. As 
you read the next chapters remember that DNA codes for 
proteins. Genetic differences between individuals are the 
result of slightly different enzymes.      

Original mRNA sequence

Reading frame

Deleted nucleotides

AAA  UUU  GGG  CCC

Effect of frameshift

AAA  U  GG G  CC C

Lys

Lys Trp Ala

Phe Gly Pro

  FIGURE 8.15 Frameshift 
A frameshift causes the ribosome to read the wrong set of three 
nucleotides on the mRNA. Proteins produced by this type of 
mutation usually bear little resemblance to the normal protein that 
is usually produced. In this example, the normal sequence is shown 
for comparison with the mutated sequence. The mutated sequence 
is missing two uracil nucleotides. The underlining identifies sets of 
nucleotides that are read by the ribosome as a codon. A normal 
protein is made until after the deletion is encountered. 

  FIGURE 8.16 HPV 
Genital warts and some genital cancers (particularly cervical 
cancer) are caused by the human papillomavirus (HPV). Over 
70 papillomaviruses are shown in this photo, taken through an 
electron microscope. Several HPV strains have been associated with 
a higher than normal incidence of cancer. This is because HPV 
creates insertion mutations in the cells it infects. 

damage to the nervous system, including blindness, paralysis, 
psychosis, and early death of children.   

  Mutations Caused by Viruses 
 Some viruses can insert their genetic code into the DNA of 
their host organism. When this happens, the presence of the 
new viral sequence may interfere with the cells’ ability to use 
genetic information in that immediate area of the insertion. In 
such cases, the virus’s genetic information becomes an inser-
tion mutation. In the case of some retroviruses, such as the 
human papillomavirus (HPV), the insertion mutations increase 
the likelihood of cancer of the penis, anus, and cervical cancer. 
These cancers are caused when mutations occur in genes that 
help regulate when a cell divides (   figure 8.16 ).    

  Chromosomal Aberrations 
 A   chromosomal aberration   is a major change in DNA that can 
be observed at the level of the chromosome. Chromosomal 
aberrations involve many genes and tend to affect many 
 different parts of the organism if it lives through development. 
There are four types of aberrations:  inversions, translocations, 
duplications,  and  deletions.  An   inversion   occurs when a chro-
mosome is broken and a piece becomes reattached to its origi-
nal chromosome, but in a flipped orientation. A   translocation   
occurs when one broken segment of DNA becomes integrated 
into a different chromosome.   Duplications   occur when a por-
tion of a chromosome is replicated and attached to the original 
section in sequence.   Deletion aberrations   result when a broken 
piece becomes lost or is destroyed before it can be reattached. 
All of these aberrations are considered mutations. Because of 
the large segments of DNA that are involved with these types 
of mutations, many genes can be affected. 

 In humans, chromosomal aberrations frequently prevent 
fetal development. In some cases, however, the pregnancy can 
be carried full term. In these situations, the effects of the 
mutations vary greatly. In some cases, there are no noticeable 
differences. In other cases, the effects are severe. Cri-du-chat 
(cry of the cat) is a disorder that is caused by a deletion of part 
of chromosome number 5. It occurs with between 1 in 25,000 

   16.   Both chromosomal and point mutations occur in 
DNA. In what ways do they differ?  

   17.   What is a silent mutation? Provide an example.   

   8.6  CONCEPT REVIEW  
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170    PART III  Molecular Biology, Cell Division, and Genetics

   Summary 

 The successful operation of a living cell depends on its ability to 
accurately use the genetic information found in its DNA. DNA 
replication results in an exact doubling of the genetic material. 
The process virtually guarantees that identical strands of DNA 
will be passed on to the next generation of cells. The production 
of protein molecules is under the control of the nucleic acids, 
the primary control molecules of the cell. The sequence of the 
bases in the nucleic acids, DNA and RNA, determines the 
sequence of amino acids in the protein, which in turn determine 
the protein’s function. Protein synthesis involves the decoding of 
the DNA into specific protein molecules and the use of the 
intermediate molecules, mRNA and tRNA, at the ribosome. 
The process of protein synthesis is controlled by regulatory 
sequences in the nucleic acids. Errors in any of the protein cod-
ing sequences in DNA may produce observable changes in the 
cell’s functioning and can lead to cell death.  
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  Key Terms 

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

  Basic Review  

   1.   Genetic information is stored in what type of chemical?  

  a.   proteins  

  b.   lipids  

  c.   nucleic acids  

  d.   sugars    

   2.   The difference between ribose and deoxyribose is  

  a.   the number of carbon atoms.  

  b.   an oxygen atom.  

  c.   one is a sugar and one is not.  

  d.   No difference—they are the same molecule.    

   3.   The nitrogenous bases in DNA  

  a.   hold the two DNA strands together.  

  b.   link the nucleotides together.  

  c.   are part of the genetic blueprint.  

  d.   Both a and c are correct.    

   4.   Transcription copies genetic information  

  a.   from DNA to RNA.  

  b.   from proteins to DNA.  

  c.   from DNA to proteins.  

  d.   from RNA to proteins.    

   5.   RNA polymerase starts synthesizing mRNA in eukaryotic 
cells because  

  a.   it finds a promoter sequence.  

  b.   transcription factors interact with RNA polymerase.  

  c.   the gene is in a region of loosely packed chromatin.  

  d.   All of the above are true.    

   6.   Under normal conditions, translation  

  a.   forms RNA.  

  b.   reads in sets of three nucleotides called codons.  

  c.   occurs in the nucleus.  

  d.   All of the above statements are true.    

   7.   The function of tRNA is to  

  a.   be part of the ribosome’s subunits.  

  b.   carry the genetic blueprint.  

  c.   carry an amino acid to a working ribosome.  

  d.   Both a and c are correct.    

   8.   Enhancers  

  a.   make ribosomes more efficient at translation.  

  b.   prevent mutations from occurring.  

  c.   increase the transcription of specific genes.  

  d.   slow aging.    
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CHAPTER 8  DNA and RNA  171

   9.   The process that removes introns and joins exons from 
mRNA is called  

  a.   silencing.  

  b.   splicing.  

  c.   transcription.  

  d.   translation.    

   10.   A deletion of a single base in the protein-coding sequence 
of a gene will likely create  

  a.   no problems.  

  b.   a faulty RNA polymerase.  

  c.   a tRNA.  

  d.   a frameshift.    

   11.   Which is an example of a missense mutation?  

  a.   Tay-Sachs disease  

  b.   sickle-cell anemia  

  c.   HIV/AIDS  

  d.   virulent disease    

   12.   Which best describes the sequence of events followed by 
the human immunodeficiency virus in its replication?  

  a.   DNA → RNA → protein  

  b.   RNA → RNA → protein  

  c.   RNA → DNA → RNA  

  d.   DNA → RNA → protein  

  e.   DNA → RNA → RNA    

   13.   If the two subunits of a ribosome do not come together 
with an mRNA molecule, which will not occur?  

  a.   transcription  

  b.   translation  

  c.   replication  

  d.   All the above are correct.    

   14.   Which of the following pairs would be incorrect 
according to the base-pairing rule?  

  a.   in DNA: AT  

  b.   in DNA: GC  

  c.   in RNA: UT  

  d.   in RNA: GC    

   15.   Using the amino acid–nucleic acid dictionary, which amino 
acid would be coded for by the mRNA codon GAC?  

  a.   asparagine  

  b.   aspartic acid  

  c.   isoleucine  

  d.   valine     

  Answers 
 1. c 2. b 3. d 4. a 5. d 6. b 7. c 8. c 9. b 10. d 
11. b 12. c 13. b 14. c 15. b   

  Thinking Critically 

  Gardening in Depth 
 A friend of yours gardens for a hobby. She has noticed that 
she has a plant that no longer produces the same color of 
flower it did a few years ago. It used to produce red flowers; 
now, the flowers are white. Consider that petal color in plants 
is due to at least one enzyme that produces the color pigment. 
No color suggests no enzyme activity. Using what you know 
about genes, protein synthesis, and mutations, hypothesize 
what may have happened to cause the change in flower color. 
Identify several possibilities; then, identify what you would 
need to know to test your hypothesis.           
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    PART III  MOLECULAR BIOLOGY, CELL DIVISION, AND GENETICS 

 Cancer occurs when there is a problem with controlling 
how cells divide and replace themselves. A tumor 
forms when cells divide in an unregulated manner. As 

a tumor grows, some of its cells may change and move out of 
the tumor, enter the circulatory system, and establish new 
tumors in other places. 

 Scientists are starting to understand how cell growth is 
regulated. The picture that is emerging from this research is 
that many proteins are involved in cell growth regulation. 
When certain changes occur in the proteins (i.e., histones) 
that regulate the cell’s growth, the cell might divide when it 
should not. Sometimes these mutations are inherited. 
Individuals with these mutations are more likely than others 
to develop cancer. Sometimes these mutations occur because 
of exposure to something in the environment.  

    •    How does a mutagen cause cancer?   

  •    How do chemotherapy and radiation treatments stop 
cancer?   

  •    If components of smoke from coal-fired power plants cause 
cancer, should laws be passed to regulate such emssions?     

      Unregulated Cell Division 

Can Result in Cancer  

  New findings reveal how cells can become tumors.  
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174    PART III  Molecular Biology, Cell Division, and Genetics

same DNA as the parent cell, the daughter cells are able to par-
ticipate in the same metabolic activities as the  parent cell.  

  Sexual Reproduction 
   Sexual reproduction   requires two parents to donate genetic 
information when creating offspring.  The result of sexual 
reproduction is a genetically unique individual.  

       9.1  Cell Division: An Overview 
  Two fundamental characteristics of life are the ability to grow 
and the ability to reproduce. Both of these characteristics depend 
on the process of  cell division .   Cell division   is the process by 
which a single cell generates new daughter cells. Cell division 
serves many purposes. For single-celled organisms, it is a method 
of increasing their numbers. For multicellular organisms, it is a 
process that leads to growth, the replacement of lost cells, the 
healing of injuries, and the formation of reproductive cells. 

 There are three general types of cell division, each involv-
ing a parent cell. The first type of cell division is  binary fission  
(   figure 9.1 ).   Binary fission   is a method of cell division used by 
prokaryotic cells. During binary fission, the prokaryotic cell’s 
single loop of DNA replicates, and becomes attached to the 
plasma membrane inside the cell. As a membrane forms inside 
the cell, the two DNA loops become separated into two 
daughter cells. This process ensures that each of the daughter 
cells receives the same information that was possessed by the 
parent cell. Some bacteria, such as  E. coli,  are able to undergo 
cell division as frequently as every 20 minutes. The second 
type of cell division,   mitosis,   is a method of eukaryotic cell 
division; like binary fission, it also results in daughter cells 
that are  genetically identical to the parent cell . Eukaryotic 
cells have several chromosomes that are replicated and 
divided by complex processes between two daughter cells. 
The third type of cell division is   meiosis,   a method of eukary-
otic cell division that results in daughter cells that have half 
the genetic information of the parent cell. These daughter cells 
contain half the genetic information of the parent cell, are not 
genetically identical to the parent cell from which they were 
produced, and can be used in sexual reproduction. 

   Asexual Reproduction 
 For single-celled organisms, binary fission and mitosis are meth-
ods of  asexual reproduction .   Asexual reproduction   binary 
 fission and mitosis requires only one parent that divides and 
results in two organisms that are genetically  identical to the 
 parent. Prokaryotes typically undergo binary fission whereas 
single-celled and multicellular eukaryotes undergo mitosis. 

 In multicellular organisms, mitosis produces new cells that  

   •   cause growth by increasing the number of cells,  
   •   replace lost cells, and  
   •   repair injuries.   

 In each case, the daughter cells require the same genetic informa-
tion that was present in the parent cell. Because they have the 

 Background Check 
  Concepts you should already know to get the most out of this chapter:   
  •   The organization of the cell and its nucleus (chapter 4)  
  •   The function of enzymes in the cell (chapter 5)  
  •   The genetic information of eukaryotic cells is found in DNA that is packaged into chromosomes (chapter 8)   

Chromosome 
is copied.

Copies
separate
and attach to 
cell 
membrane.

Cell divides 
into two 
new cells.

Parent cell

Attachment
points

Chromosome

  FIGURE 9.1  Binary Fission   
   This asexual form of reproduction occurs in bacteria. Each daughter 
cell that results has a copy of the loop of DNA found in the parent cell. 
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CHAPTER 9  Cell Division—Proliferation and Reproduction    175

        9.2  The Cell Cycle and Mitosis 
  The   cell cycle   consists of all the stages of growth and division 
for a eukaryotic cell (   figure 9.2 ). All eukaryotic cells go 
through the same basic life cycle, but different cells vary in the 

 Meiosis is the process that produces the cells needed for 
sexual reproduction. Meiosis is different from mitosis; in meio-
sis, reproductive cells receive half of the parent cell’s genetic 
information. The full complement of genetic  information is 
restored after the reproductive cells (sperm and egg) join. 

 Understanding the purposes of cell division is an impor-
tant part of understanding how cell division ensures that the 
daughter cells inherit the correct genetic  information. 

   9.1  CONCEPT REVIEW  
   1.   What are the three general types of cellular 

 reproduction?  
   2.   What is the purpose of binary fission and mitosis 

in comparison to meiosis?   

G0:
Growth to adult size and 
differentiation. Nerve cells, 
muscle cells, and some
other cells stop dividing.
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  FIGURE 9.2  The Cell Cycle   
   Cells spend most of their time in interphase. 
Interphase has three stages—G 1 , S and G 2 , 
During G 1  of interphase, the cell produces tRNA, 
mRNA, ribosomes, and enzymes for everyday 
processes. During the S phase of interphase, the 
cell synthesizes DNA to prepare for division. 
During G 2  of interphase, the cell produces the 
proteins required for the spindles. After 
interphase, the cell can enter mitosis. Mitosis has 
4 stages—prophase, metaphase, anaphase, and 
telophase. The nucleus is replicated in mitosis 
and two cells are formed by cytokinesis. Once 
some organs (i.e., the brain) have completed 
development, some cells (i.e., nerve cells) enter 
the G0 stage and stop dividing. 

amount of time they spend in the various stages. The cell’s life 
cycle is a continuous process without a beginning or an end. 
As cells complete one cycle, they begin the next. 

    Interphase   is a stage of the cell cycle during which the cell 
engages in normal metabolic activities and prepares for the 
next cell division. Most cells spend the greater part of their life 
in the interphase stage. After the required preparatory steps the 
cell proceeds into the stages of mitosis. Mitosis is the portion 
of the cell cycle in which the cell divides its genetic informa-
tion. Scientists split interphase and mitosis into smaller steps in 
order to describe how the cell divides in more detail. Interphase 
contains three distinct phases of cell  activity—G 1 , S, and G 2 . 
During each of these parts of  interphase, the cell is engaged in 
specific activities needed to prepare for cell division. 

  The G 1  Stage of Interphase 
 During the G 1  stage of interphase, the cell gathers nutrients 
and other resources from its environment. These activities 
allow the cell to perform its normal functions. Gathering 
nutrients allows the cell both to grow in volume and to 
carry out its usual metabolic roles, such as producing tRNA, 
mRNA, ribosomes, enzymes, and other cell components. 
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176    PART III  Molecular Biology, Cell Division, and Genetics

parallel parts of a chromosome. Each chromatid contains one 
DNA molecule. After DNA  synthesis, the chromosome con-
tains two DNA molecules, one in each chromatid.   Sister chro-
matids   are the 2 chromatids of a chromosome that were 
produced by replication and that contain the identical DNA. 
The   centromere   is the sequence of bases at the site where the 
sister chromatids are attached. 

    The G 2  Stage of Interphase 
 The final stage of interphase is G 2 . During the G 2  stage, final 
preparations are made for mitosis. The cell makes the cellular 
components it will need to divide successfully, such as the 
proteins it will use to move the chromosomes. At this point in 
the cell cycle, the nuclear membrane is intact. The chromatin 
has replicated, but it has not coiled and so the individual 
chromosomes are not yet visible (   figure 9.4 ). The nucleolus, 
the site of ribosome manufacture, is also still visible during 
the G 2  stage.  

In  multicellular organisms, the normal metabolic functions 
may be producing proteins for muscle contraction, photosyn-
thesis, or glandular-cell secretion. 

 Often, a cell stays in G 1  for an extended period. This is a 
normal process. For cells that remain in the G 1  stage for a long 
time, the stage is often renamed the G 0  stage, because the cell is 
not moving forward through the cell cycle. In the G 0  stage, cells 
may become differentiated, or specialized in their function, 
such as becoming nerve cells or muscle cells. The length of time 
cells stay in G 0  varies. Some cells entering the G 0  stage remain 
there more or less permanently (e.g., nerve cells), while others 
can move back into the cell cycle and continue toward mitosis 
(e.g., cells for bone repair, wound repair). Still others divide 
more or less continuously (e.g., skin-, blood-forming cells). 

 If a cell is going to divide, it commits to undergoing cell 
division during G 1  and moves to the S stage.  

  The S Stage of Interphase 
 A eukaryotic cell’s genetic information, DNA, is found as a 
component of chromosomes. During the S stage of inter-
phase, DNA synthesis (replication) occurs. With two copies of 
the genetic information, the cell can distribute copies to the 
daughter cells in the chromosomes. By following the cell’s 
chromosomes, you can follow the cell’s genetic information 
while mitosis creates two genetically identical cells. 

 The structure of a chromosome consists of DNA wrapped 
around histone proteins to form   chromatin  . The individual 
chromatin strands are too thin and tangled to be seen with a  
compound microscope. As a cell gets ready to divide, the chro-
matin coils and becomes visible as a chromosome. As chromo-
somes become more visible at the beginning of mitosis, you can 
see two threadlike parts lying side by side. Each parallel thread 
is called a  chromatid  (   figure 9.3 ). A   chromatid   is one of two 

Earlobe genes

Hemoglobin genes

Centromere

Blood type genes

Chromatid
Chromatid

Chromosome

  FIGURE 9.3  Chromosomes   
   During interphase, when chromosome replication occurs, the two 
strands of the DNA molecule unzip and two identical double-stranded 
DNA molecules are formed, which remain attached at the centromere. 
Each chromatid contains one of these DNA molecules. The two 
identical chromatids of the chromosome are sometimes termed a 
dyad, to reflect that there are two double-stranded DNA molecules, 
one in each chromatid. The DNA contains the genetic data. Different 
genes are shown here as different shapes along the DNA molecule. 

Nucleus
Chromosomal
material

Nuclear membrane

Nucleolus

Centriole

Cytoplasm

Plasma
membrane

  FIGURE 9.4  Interphase   
   Growth and the production of necessary organic compounds occur 
during this phase. If the cell is going to divide, DNA replication also 
occurs during interphase. The individual chromosomes are not 
visible, but a distinct nuclear membrane and nucleolus are present. 
(Some cells have more than one nucleolus.) 

   9.2  CONCEPT REVIEW  
   3.   What is the cell cycle?  
   4.   What happens to chromosomes during interphase?   

        9.3  Mitosis—Cell Replication 
  When eukaryotic cells divide, two events occur. (1) The repli-
cated genetic information of a cell is equally distributed in 
mitosis. (2) After mitosis, the cytoplasm of the cell also 
divides into two new cells. This division of the cell’s cyto-
plasm is called   cytokinesis  —cell splitting. 

 The individual stages of mitosis transition seamlessly 
from one to the next. Because there are no clear-cut beginning 
or ending points for each stage, scientists use key events to 
identify the different stages of mitosis. The four phases are 
 prophase, metaphase, anaphase,  and  telophase.  
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CHAPTER 9  Cell Division—Proliferation and Reproduction    177

proceeds and the nuclear membrane gradually disassembles, the 
spindle fibers attach to the chromosomes. Spindle fibers must 
attach to the chromosomes so that the spindle fibers can move 
chromosomes during later stages of mitosis.  

 One difference between plant and animal cell division 
can be observed in prophase. In animal cells, the spindle 
forms between  centrioles.  In plants, the spindle forms with-
out centrioles.   Centrioles   are cellular organelles comprised of 
microtubules. Centrioles replicate during the G 2  stage of 
interphase and begin to move to opposite sides of the cell 
during prophase. As the centrioles migrate, the spindle is 
formed between them and eventually stretches across the 
cell, so that spindle fibers encounter chromosomes when the 
nuclear membrane disassembles. Plant cells do not form their 
spindle between centrioles, but the spindle still forms during 
prophase. 

 Another significant difference between plant and animal 
cells is the formation of  asters  during mitosis.   Asters   are 
microtubules that extend outward from the centrioles to the 
plasma membrane of an animal cell. Whereas animal cells 
form asters, plant cells do not. Some scientists hypothesize 
that asters help brace the centriole against the animal plasma 
membrane by making the membrane stiffer. This might help 
in later stages of mitosis, when the spindle fibers and centri-
oles may need firm support to help with chromosome move-
ment. It is believed that plant cells do not need to form asters 
because this firm support is provided by their cell walls.  

  Metaphase 
  Key event:   

   •   Chromosomes align at the equatorial plane of the cell.   

 During   metaphase,   the second stage of mitosis, the chromo-
somes align at the equatorial plane. There is no nucleus present 
during metaphase because the nuclear membrane has disas-
sembled, and the spindle, which started to form during pro-
phase, is completed. The chromosomes are at their most tightly 
coiled, are attached to spindle fibers and move along the spindle 
fibers until all their centromeres align along the equatorial plane 
of the cell (   figure 9.7 ). At this stage in mitosis, each chromosome 
still consists of 2 chromatids attached at the centromere.  

 To understand the arrangement of the chromosomes during 
metaphase, keep in mind that the cell is a three- dimensional 
object. A view of a cell in metaphase from the side is an equatorial 
view. From this perspective, the chromosomes appear as if they 
were in a line. If we viewed the cell from a pole, looking down on 
the equatorial plane, the chromosomes would appear scattered 
about within the cell, even though they were all in a single plane.  

  Anaphase 
  Key event:   

   •   Sister chromatids move toward opposite ends of the cell.   

   Anaphase   is the third stage of mitosis. The nuclear membrane is 
still absent and the spindle extends from pole to pole. The sister 
chromatids of each chromosome separate as they move along 

  Prophase 
  Key events:   

   •   Chromosomes condense.  
   •   Spindle and spindle fibers form.  
   •   Nuclear membrane disassembles.  
   •   Nucleolus disappears.   

 As the G 2  phase of interphase ends, mitosis begins.   Prophase   
is the first stage of mitosis. One of the first visible changes that 
identifies when the cell enters prophase is that the thin, tangled 
chromatin present during interphase gradually coils and thick-
ens, becoming visible as separate chromosomes consisting of 
2 chromatids (   figure 9.5 ). As the nucleus disassembles during 
prophase, the nucleolus is no longer  visible.  

 As the cell moves toward the end of prophase, a number of 
other events also occur in the cell (   figure 9.6 ). One of these 
events is the formation of the  spindle  and its  spindle fibers.  The 
  spindle   is a structure, made of microtubules, that spans the cell 
from one side to the other. The   spindle fibers   consist of microtu-
bules and are the individual strands of the spindle. As prophase 

Spindle

Nuclear membrane
Nucleolus

CentrioleChromosome

Plasma
membrane

  FIGURE 9.5  Early Prophase   
   Chromosomes begin to appear as thin, tangled threads and the 
nucleolus and nuclear membrane are present. The two sets of 
microtubules, known as the centrioles, begin to separate and move 
to opposite poles of the cell. A series of fibers, known as the spindle, 
will shortly begin to form. 

Spindle fiber

“Disintegrating”
 nuclear
 membraneChromosome

composed of
2 chromatids

Centromere

Aster

  FIGURE 9.6  Late Prophase   
   In late prophase, the chromosomes appear as 2 chromatids 
connected at a centromere. The nucleolus and the nuclear 
membrane have disassembled. The centrioles have moved farther 
apart, the spindle is produced, and the chromosomes are attached 
to the spindle fibers. 
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178    PART III  Molecular Biology, Cell Division, and Genetics

 During   telophase,   the cell finishes mitosis. The spindle fibers 
disassemble. The nuclear membrane forms around the two new 
sets of chromosomes, and the chromosomes begin to uncoil 
back into chromatin, so that the genetic information found on 
their DNA can be read by transcriptional enzymes. The nucleo-
lus re-forms as the cell begins to make new ribosomes for 

the spindle fibers toward opposite poles (    figure 9.8 ). When this 
separation of chromatids occurs, the chromatids become known 
as separate daughter chromosomes.  

 The sister chromatids separate because two important 
events occur. The first is that enzymes in the cell digest the 
portions of the centromere that holds the 2 chromatids 
together. The second event is that the chromatids begin to 
move. The   kinetochore   is a multi-protein complex attached to 
each chromatid at the centromere (   figure 9.9 ). The  kinetochore 
causes the shortening of the spindle fibers that are attached to 
it. By shortening the spindle fibers, the kinetochore pulls its 
chromatid toward the pole.  

 The two sets of daughter chromosomes migrating to 
opposite poles during anaphase have equivalent genetic 
 information. This is true because the two chromatids of each 
chromosome, now called daughter chromosomes, were 
 produced by DNA replication during the S stage of Interphase. 
Thus there are two equivalent sets of genetic information. 
Each set moves toward opposite poles.  

  Telophase 
  Key events:   

   •   Spindle fibers dissasemble.  
   •   Nuclear membrane re-forms.  
   •   Chromosomes uncoil.  
   •   Nucleolus re-forms.   

(a)   
Centriole

Centriole(b)

  FIGURE 9.8  Anaphase 
    (a)  The pairs of chromatids separate after the centromeres replicate. 
 (b)  The chromatids, now called daughter chromosomes, are 
separating and moving toward the poles.         

(a)     

Centriole

Centriole

Spindle fiber

(b)

  

Centriole

Spindle
(c)

  FIGURE 9.7  Metaphase 
    (a)  During metaphase, the chromosomes are moved by the spindle 
fibers and align at the equatorial plane. The equatorial plane is the 
region in the middle of the cell. Notice that each chromosome still 
consists of 2 chromatids.  (b)  When viewed from the edge of the plane, 
the chromosomes appear to be lined up.  (c)  When viewed from another 
angle, the chromosomes appear to be spread apart, as if on a tabletop.         

Metaphase
chromosome

Kinetochore

Kinetochore
microtubules

Centromere
region of
chromosome

Chromatid

  FIGURE 9.9  Kinetochore   
   The kinetochore on the chromosome is where the spindle fibers bind 
to the chromosome. During anaphase, the two chromatids separate 
from each other as (each) kinetochore shortens the spindle fiber (to 
which it is attached), pulling the chromosome toward the centrioles. 
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CHAPTER 9  Cell Division—Proliferation and Reproduction    179

cells then starts the cell’s cycle over by entering interphase at G 1 . 
These cells can grow, replicate their DNA, and enter another 
round of mitosis and cytokinesis to continue the cell cycle or 
can stay metabolically active without dividing by staying in G 0 .  

  Summary 
 Mitosis is much more than splitting the cytoplasm of a cell 
into two parts (   table 9.1 ). Much of the process is devoted to 
ensuring that the genetic material is split appropriately 
between the daughter cells. The sister chromatids formed dur-
ing DNA replication, contain identical genetic information. 
The sister chromatids are separated to each of the resulting 
daughter cells. By dividing the genetic information as sister 
chromatids, the daughter cells inherit the same genetic infor-
mation that was present in the parent cell. Because the daugh-
ter cells have the same genetic information as the parent, they 
can replace lost cells and have access to all the same genetic 
information as the parent cell. With the same genetic informa-
tion, the daughter cells can have the same function.  

protein synthesis. The cell is preparing to reenter interphase. 
With the separation of genetic material into two new nuclei, 
mitosis is complete (   figure 9.10 ). 

    Cytokinesis 
 At the end of telophase a cell has two nuclei. The process of 
mitosis has prepared the two nuclei to be passed on to the 
daughter cells. Next, the process of cytokinesis creates 
the daughter cells. Cytokinesis is the process during which the 
cell contents are split between the two new daughter cells. 

 Different cell types use different strategies for achieving 
cytokinesis (   figure 9.11 ). In animal cells, cytokinesis results 
from the formation of a  cleavage furrow.  The   cleavage furrow   
is an indentation of the plasma membrane that pinches in 
toward the center of the cell, thus splitting the cytoplasm in 
two. In an animal cell, cytokinesis begins at the plasma mem-
brane and proceeds to the center. In plant cells, a   cell plate   
begins to form at the center of the cell and grows out to the 
plasma membrane. The cell plate is made of normal plasma 
membrane components. It is formed by both daughter cells, so 
that, when complete, the two cells have separate membranes. 
The cell wall is then formed between the newly formed cells.  

 The completion of mitosis and cytokinesis marks the end of 
one round of cell division. Each of the newly formed daughter 

Late telophase in
animal cell

Cleavage furrow

Chromosomes

Centriole

Nucleolus

Centriole

  FIGURE 9.10  Telophase   
   During telophase, the spindle disassembles and the nucleolus and 
nuclear membrane reforms. 
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early telophase
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  FIGURE 9.11  Cytokinesis: Animal and Plant   
   In animal cells, there is a pinching in of the cytoplasm, which 
eventually forms two daughter cells. Daughter cells in plants are 
formed when a cell plate separates the cell into two cells. 

   9.3  CONCEPT REVIEW  
   5.   Name the four stages of mitosis and describe what 

occurs in each stage.  
   6.   During which stage of a cell’s cycle does DNA rep-

lication occur?  
   7.   At what phase of mitosis does a chromosome 

 become visible?  
   8.   List five differences between an interphase cell and 

a cell in mitosis.  
   9.   Define the term  cytokinesis.   
   10.   What are the differences between plant and animal 

mitosis?  
   11.   What is the difference between cytokinesis in 

plants and animals?   

        9.4  Controlling Mitosis 
  The cell-division process is regulated so that it does not inter-
fere with the activities of other cells or of the whole organism. 
To determine if cell division is appropriate, many cells gather 
information about themselves and their environment. 
 Checkpoints  are times during the cell cycle when cells deter-
mine if they are prepared to move forward with cell division. 

 At these checkpoints, cells use proteins to evaluate their 
genetic health, their location in the body, and a need for more 
cells. Poor genetic health, the wrong location, and crowded 
conditions are typically interpreted as signals to wait. Good 
genetic health, the correct location, and uncrowded  conditions 
are interpreted as signals to proceed with cell division. 

 The cell produces many proteins to gather this information 
and assess if cell division is appropriate. These proteins are 
made by one of two classes of genes.   Proto-oncogenes   code for 
proteins that encourage cell division.   Tumor-suppressor genes   
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