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Biochemical Energy Production
Chapter 23

	


Problem-Set Solutions
23.1
During anabolism small, biochemical molecules are joined together to form larger ones (a 
synthetic process). During catabolism, large biochemical molecules are broken down to 
smaller ones (a process of degradation).

23.2
anabolism – energy consuming; catabolism – energy producing

23.3
A metabolic pathway is a series of consecutive biochemical reactions used to convert a starting 
material into an end product.

23.4
A linear pathway produces a final product, while a cyclic pathway regenerates the first 
reactant.

23.5
In a catabolic pathway, large molecules are broken down to smaller molecules, and energy is 
produced.

23.6
Large molecules are formed from smaller molecules; energy is consumed.

23.7
Prokaryotic cells have no nucleus and are found only in bacteria; their DNA is usually a single 
circular molecule found near the center of the cell in a region called the nucleoid. Eukaryotic 
cells, which are found in all higher organisms, have their DNA in a membrane-enclosed 
nucleus.

23.8
Bacteria are prokaryotic; all other organisms are eukaryotic.

23.9
An organelle is a small structure within the cell cytosol that carries out a specific cellular 
function.

23.10
a.
site for protein synthesis







b.
repository for hydrolytic enzymes needed for cellular activities




c.
site for biochemical energy production


23.11
A mitochondrion is divided by the inner membrane into two compartments: the matrix and the intermembrane space.

23.12
The outer membrane is permeable to small molecules while the inner membrane is impermeable to small molecules.

23.13
The intermembrane space of a mitochondrion is the region between the inner and outer 
membranes.

23.14
on the matrix side of the inner membrane

23.15
ATP stands for adenosine triphosphate.

23.16
adenosine diphosphate

23.17
The ATP molecule is made up of five groups: adenine, ribose, and three phosphate groups.
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	23.18
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23.19
In ATP, there are three phosphate groups present; in AMP, there is one phosphate.

23.20
two phosphates versus one phosphate

23.21
ATP contains adenine as its nitrogen-containing base; GTP contains guanine.

23.22
adenine versus cytosine

23.23
ATP can be hydrolyzed to yield ADP and inorganic phosphate.
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	23.24
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23.25
FAD stands for flavin adenine dinucleotide.

23.26
nicotinamide adenine dinucleotide

23.27
FAD can be visualized as having three subunits: flavin, ribotol, and ADP.
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	23.28
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23.29
NAD+ can be visualized as being composed of six subunits; it is made up of two nucleotides, 
each composed of a nitrogen-containing base, a ribose molecule, and a phosphate group.
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	23.30
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23.31
The part of the NAD+ molecule that is the active participant in redox reactions is the 
nicotinamide subunit.

23.32
flavin subunit

23.33
a.
The reduced form of FAD is FADH2.
b.
The oxidized form of NADH is NAD+.

23.34
a.
FAD
b.
NADH

23.35
a.
The vitamin B molecule that is part of the structure of NAD+ is nicotinamide.


b.
The vitamin B molecule that is part of the structure of FAD is riboflavin.

23.36
a.
active portion
b.
active portion

23.37
The three-subunit block diagram of coenzyme A contains the B vitamin pantothenic acid, a 
phosphorylated ADP subunit, and 2-aminoethanethiol.
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23.38
2-aminoethanethiol subunit; –SH functional group

23.39
A high energy compound has a greater free energy of hydrolysis than that of a typical 
compound.

23.40
highly electronegative atoms and/or highly charged atoms occurring together in a molecule

23.41
The notation Pi is used as a general designation for any free monophosphate species present in 
cellular fluid.

23.42
free diphosphate species

23.43
Table 23.1 gives the free energies of hydrolysis of common phosphate-containing metabolic 
molecules.






a.
Phosphoenolpyruvate releases more free energy on hydrolysis than ATP.


b.
Creatine phosphate releases more free energy on hydrolysis than ADP.



c.
1,3-Diphosphoglycerate releases more free energy on hydrolysis than glucose 1-phosphate.
d.
AMP releases more free energy on hydrolysis than glycerol 3-phosphate.

23.44
a.
creatine phosphate 
b.
glucose 1-phosphate



c.
ADP
d.
phosphoenolpyruvate

23.45
The four general stages of biochemical energy production are:




1)
Digestion, occurring in the digestive tract. Digestive enzymes break down food into 


glucose and other monosaccharides, amino acids, and fatty acids and glycerol. These small 

molecules pass across intestinal membranes and into the blood, where they are transported 

to the body’s cells. 






2)
Acetyl group formation, occurring in the cytosol of cells and in cellular mitochondria. 


Small molecules from digestion are oxidized; primary products include two-carbon acetyl 

units (which become attached to coenzyme A to give acetyl CoA) and the reduced 


coenzyme NADH. 






3)
Citric acid cycle, occurring inside mitochondria. Acetyl groups are oxidized to produce 


CO2 and energy; some energy is lost as heat, and some is carried by NADH and FADH2 to 

the fourth stage. 






4)
Electron transport chain and oxidative phosphorylation, occurring in the mitochondria. 


NADH and FADH2 supply the hydrogen ions and electrons needed for the production of 

ATP molecules. O2 is converted to H2O.

23.46
citric acid cycle and the electron transport chain and oxidative phosphorylation

23.47
Two other names for the citric acid cycle are the tricarboxylic acid cycle, in reference to the 
three carboxylate groups present in the cycle, and the Krebs cycle, after its discoverer Hans 
Adolf Krebs.

23.48
Citric acid is the first substance formed in the cycle.

23.49
The “fuel” for the citric acid cycle is acetyl CoA, obtained from the breakdown of 
carbohydrates, fats, and proteins.

23.50
CO2, H+ and energy (in NADH, FADH2, and GTP)

23.51
a.
Two molecules of CO2 are formed in the citric acid cycle, in steps 3 and 4.


b.
One molecule of FADH2 is formed in the citric acid cycle, in step 6.



c.
A secondary alcohol is oxidized two times in the citric acid cycle, in steps 3 and 8.

d.
Water adds to a carbon-carbon double bond two times in the cycle, in steps 2 and 7.

23.52
a.
3 (steps 3, 4, 8)
b. 1 (step 5)
c.
2 (steps 3, 4)
d.
4 (steps 3, 4, 6, 8)

23.53
a.
The steps in the citric acid cycle that involve oxidation are steps 3, 4, 6, and 8.


b.
Isomerization takes place in the citric acid cycle in step 2.




c.
Hydration takes place in step 7 of the cycle; the loss and gain of water in step 2 is 


isomerization rather than hydration.

23.54
a.
steps 3, 4
b.
step 5
c.
step 1

23.55
The names and structures of the four dicarboxylic acid species in the citric acid cycle are 
shown below.
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	23.56
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23.57
In step 3 of the citric acid cycle, the C6 isocitrate is oxidized to oxalosuccinate; oxalosuccinate 
undergoes decarboxylation to form the C5 (-ketoglutarate.

23.58
oxidation and decarboxylation

23.59
a.
In step 3 of the citric acid cycle, isocitrate is oxidized and then decarboxylated to form 


(-ketoglutarate. During the oxidation step, NAD+ is reduced; one hydrogen and two 


electrons are transferred to NAD+ to form NADH.





b.
In step 6 of the citric acid cycle, succinate is oxidized to fumarate; FAD is reduced to 


FADH2 in the process.

23.60
a.
NAD+
b.
NAD+
23.61
a.
In step 3, the reaction catalyzed by isocitrate dehydrogenase, the reactant isocitrate is 


oxidized and decarboxylated to form (-ketoglutarate.





b.
In step 7, the reaction catalyzed by fumarase, the reactant fumarate is hydrated to form 


L-malate.






c.
In step 8, the reaction catalyzed by malate dehydrogenase, the reactant L-malate is oxidized

to form oxaloacetate.






d.
In step 2, the reaction catalyzed by aconitase, the reactant citrate is isomerized (by 


dehydration and hydration) to form isocitrate.

23.62
a.
(-ketoglutarate, succinyl CoA
b.
succinate, fumarate



c.
oxaloacetate, citrate
d.
succinyl CoA, succinate

23.63
The electron transport chain is also frequently called the respiratory chain.

23.64
Electrons and hydrogen ions react with molecular oxygen to form water with the release of 
energy, some of which is captured in ATP.

23.65
The final electron acceptor of the electron transport chain is molecular oxygen, O2.

23.66
NADH, FADH2
23.67
a.
The oxidized form of flavin mononucleotide is FMN.





b.
The reduced form of coenzyme Q is CoQH2.






23.68
a.
FMNH2
b.
CoQ

23.69
a.
Fe(III)SP is in its oxidized form; the iron atom has a +3 oxidation state.



b.
Cyt b (Fe3+) is in its oxidized form; it contains a 3+ iron atom.




c.
NADH is in its reduced form; NAD+ has gained a –H and lost two electrons.


d.
FAD is in its oxidized form; the reduced form of FAD is FADH2.

23.70
a.
reduced
b.
reduced
c.
reduced
d.
oxidized

23.71
a.
The reaction, CoQH2 ( CoQ, is an oxidation because hydrogen is lost.



b.
The reaction, NAD+ ( NADH, is a reduction because hydrogen is gained.


c.
The reaction, cyt c (Fe2+) ( cyt c (Fe3+) is an oxidation because electrons are lost.

d.
The reaction, cyt b (Fe3+) ( cyt b (Fe+2), is a reduction because electrons are gained.

23.72
a.
oxidation
b.
reduction
c.
reduction
d.
reduction

23.73
a.
NADH is associated with protein complex I; the net result of electron movement through 

protein complex I is the transfer of electrons from NADH to CoQ.



b.
CoQ is associated with protein complex I (electrons are transferred from NADH to 


CoQ), protein complex II (electrons are transferred from FADH2 to CoQ), and protein 


complex III (CoQH2, carrying electrons from complex I and complex II, transfers electrons 

to FeSP).






c.
Cyt b is associated with protein complex III; cyt b receives electrons from FeSP and 


transfers them to another FeSP.






d.
Cyt a is associated with protein complex IV; cyt c (carrying electrons from complex III) 

transfers electrons to cyt a, which in turn transfers electrons to cyt a3.

23.74
a.
complex II
b.
complex I, complex II, complex III

c.
complex III, complex IV
d.
complex III

23.75
CoQH2 carries electrons from both complexes I and II to complex III.



23.76
CoQH2
23.77
CoQH2 carries two electrons per trip from complex II to complex III.

23.78
one electron per cytochrome molecule

23.79
a.
The missing substances are FADH2, 2Fe(II)SP, and CoQ as shown in the electron transport 

chain reaction sequence below.

	[image: image12.wmf]



b.
The missing substances are FMNH2, 2Fe2+, and CoQH2, as shown in the electron transport 

chain reaction sequence below.

	[image: image13.wmf]


23.80
a.
NAD+, FMNH2, Fe(III)SP
b.
CoQ, 2Fe3+, 2Fe2+
23.81
Oxidative phosphorylation is the biochemical process by which ATP is synthesized from ADP
using energy from the electron transport chain.

23.82
pairs of chemical reactions in which energy released from one reaction changes the equilibrium position of a second reaction

23.83
The coupling of ATP synthesis with the reactions of the ETC is related to the movement of 
protons (H+ ions) across the inner mitochondrial membrane. Three of the four protein 
complexes in the ETC chain serve as “proton pumps,” transferring protons from the matrix 
side of the inner mitochondrial membrane to the intermembrane space.

23.84
at the three fixed enzyme-complex sites

23.85
H+ ion buildup occurs in the intermembrane space as the result of proton pumping.

23.86
ten protons

23.87
ATP synthases are the coupling factors that link the processes of oxidative phosphorylation 
and the electron transport chain; ATP synthases “power” the synthesis of ATP.

23.88
matrix side of the inner mitochondrial membrane

23.89
Because of proton pumping, there is a higher concentration of protons in the intermembrane 
space than in the matrix (a proton gradient). A spontaneous flow of protons occurs from the 
region of high concentration (intermembrane space) to the region of low concentration 
(matrix); this flow of protons occurs through enzyme complexes called ATP synthases and 
“powers” the synthesis of ATP in the matrix.

23.90
ATP and Pi
23.91
For each NADH molecule that enters the electron transport chain, 2.5 molecules of ATP are 
formed.

23.92
1.5 molecules ATP

23.93
NADH and FADH2 molecules do not yield the same number of ATP molecules because they 
enter the electron transport chain at different stages. FADH2 enters the chain beyond the first 
“proton-pumping” site, and so produces only 1.5 molecules of ATP.

23.94
10 molecules ATP

23.95
ROS is the designation for several highly reactive oxygen species. Among them are hydrogen 
peroxide (H2O2), superoxide ion (O2–), and hydroxyl radical (OH). 

23.96
a.
O2–
b.
OH

23.97
a.
Superoxide ions (free radicals) are generated within cells by the reaction of O2 with a 


phosphorylated version of the coenzyme NADH.









2O2 + NADPH ( 2O2– + NADP+ + H+








b.
Superoxide ions are converted to hydrogen peroxide by reaction with hydrogen ions:





2O2– + 2H+ ( H2O2 + O2
23.98
a.
2H2O2 ( 2H2O + O2








b.
H2O2 + O2– + H+ ( H2O + O2 + OH

23.99
a.
NAD+ is a reactant in (1), the citric acid cycle.






b.
NADH is a reactant in (2), the electron transport chain.





c.
O2 is a reactant in (2), the electron transport chain.





d.
H2O is a reactant in (1), the citric acid cycle.






e.
Fumarate is a reactant in (1), the citric acid cycle.





f.
Cytochrome a is a reactant in (2), the electron transport chain.

23.100
a.
(1)
b.
(2)
c.
(1)
d.
(3)
e.
(1)
f.
(2)

23.101
a.
NAD+ contains two ribose subunits.






b.
CoA, FAD, and NAD+ contain two phosphate subunits.




c.
ATP, CoA, FAD, and NAD+ contain one adenine subunit.




d.
FAD contains one ribitol subunit.

23.102
a.
1
b.
4
c.
4
d.
2

23.103
NADH and FADH2 produced in the citric acid cycle pass to the electron transport chain. The 
electrons and hydrogen ions from NADH and FADH2 are passed to intermediate carriers; 
NADH and FADH2 are oxidized in the process.

23.104
a.
inside mitochondria
b.
inside mitochondria

23.105
In this oxidative reaction, a double bond is formed (dehydrogenation); since the oxidizing 
agent for the dehydrogenation (with double bond formation) of succinate in step 6 of the 
citric acid cycle is FAD, we might expect it to be FAD in this reaction also.

23.106
Reduced coenzymes are oxidized and ADP is phosphorylated.

23.107
The correct answer is a. In a mitochondrion, the inner membrane separates the matrix from 
the intermembrane space.

23.108
b

23.109
The correct answer is d. CO2 and FADH2 are products of the citric acid cycle.

23.110
b

23.111
The correct answer is c. The first two intermediates, respectively, in the citric acid cycle are 
citrate and isocitrate.

23.112
c

23.113
The correct answer is a. The substrate that interacts with protein complex III in the electron 
transport chain is CoQ.

23.114
d

23.115
The correct answer is c. Proton pumping occurs at three protein complex sites in the electron 
transport chain.

23.116
d
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