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Part lii Bioenergetics and Metabolism 

fIycoIysis and the 
ata b o Ii sm  of Hexoses 

15. Rates of Turnover of y and 13 Phosphates of 
ATP If a small amount of ATP labeled with radioactive 
phosphorus in the terminal position, [y- 32PJATP, is 
added to a yeast extract, about half of the 32 P activity 
is found in P 1  within a few minutes, but the concentra-
tion of ATP remains unchanged. Explain. If the same 
experiment is carried out using ATP labeled with 32P in 
the central position, [13-32P]ATP,  the 32P does not ap-
pear in P 1  within such a short time. Why? 

process: 

Acetate + CoA + ATP -* acetyl-CoA + AMP + PP 

(a) The G’° for the hydrolysis of acetyl-CoA to 
acetate and CoA is -32.2 kJ/mol and that for hydroly-
sis of ATP to AMP and PP, is -30.5 kJ/mol. Calculate 

G’° for the ATP-dependent synthesis of acetyl-CoA. 
(b) Almost all cells contain the enzyme inorganic 

pyrophosphatase, which catalyzes the hydrolysis of 
PP 1  to P 1 . What effect does the presence of this enzyme 
have on the synthesis of acetyl-CoA? Explain. 

17. Energy for H Pumping The parietal cells of the 
stomach lining contain membrane "pumps" that trans-
port hydrogen ions from the cytosol of these cells 
(pH 7.0) into the stomach, contributing to the acidity 
of gastric juice (pH 1.0). Calculate the free energy re-
quired to transport 1 mol of hydrogen ions through 
these pumps. (Hint: See Chapter 13.) Assume a tem-
perature of 25 °C. 

18. Standard Reduction Potentials The standard 
reduction potential, E’°, of any redox pair is defined 
for the half-cell reaction: 

Oxidizing agent + n electrons -p reducing agent 

The E’° values for the NAD/NADH and pyruvate/ 
lactate conjugate redox pairs are -0.32 and -0.19 V, 
respectively. 

(a) Which conjugate pair has the greater tendency 
to lose electrons? Explain. 

(b) Which is the stronger oxidizing agent? Explain. 
(c) Beginning with 1 M concentrations of each re-

actant and product at pH 7, in which direction will the 
following reaction proceed? 

Pyruvate + NADH + H 	lactate + NAD 

(d) What is the standard free-energy change 
(G’°) at 25°C for the conversion of pyruvate to lactate? 

(e) What is the equilibrium constant (K,) for this 
reaction?  

19. Energy Span of the Respiratory Chain Ele c -
tron transfer in the mitochondrial respiratory chain 
may be represented by the net reaction equation 

NADH + H + 02 	H20 + NAD 

(a) Calculate the value of E’° for the net reaction 
of mitochondrial electron transfer. 

(b) Calculate G’° for this reaction. 

20. Dependence of Electromotive Force on Co n-
centrations Calculate the electromotive force (in 
volts) registered by an electrode immersed in a solu-
tion containing the following mixtures of NAD and 
NADH at pH 7.0 and 25 °C, with reference to a half-cell 
of E’° 0.00 V. 

(a) 1.0 mM NAD and 10 mm NADH 
(b) 1.0 mm NAD and 1.0 mivi NADH 
(c) 10 mm NAD and 1.0 mm NADH 

21. Electron Affinity of Compounds List the fol-
lowing substances in order of increasing tendency to 
accept electrons: (a) a-ketoglutarate + CO 2  (yielding 
isocitrate); (b) oxaloacetate; (c) 02; (d) NADP. 

22. Direction of Oxidation-Reduction Reactions 
Which of the following reactions would you expect to 
proceed in the direction shown under standard condi-
tions, assuming that the appropriate enzymes are pre-
sent to catalyze them? 

(a) Malate + NAD -f 

oxaloacetate + NADH + H 
(b) Acetoacetate + NADH + H - 

fi-hydroxybutyrate + NAD 
(c) Pyruvate + NADH + H - 

lactate + NAD 
(d) Pyruvate + 0-hydroxybutyrate -p 

lactate + acetoacetate 
(e) Malate + pyruvate -* oxaloacetate + lactate 
(f) Acetaldehyde + succinate 

ethanol + fumarate 

Glycogen, 
starch, sucrose 

storage 

i cose 
oxidation via 
pentose phosphate 	 oxidation via 
pathway 	 glycolysis 

Ribose 5-phosphate 	 Pyruvate 

1 -1 
Major pathways of glucose utilization in cells of higher 
plants and animals. Although not the only possible fates 
for glucose, these three pathways are the most significant 
in terms of the amount of glucose that flows through 
them in most cells. 

n-Glucose is the major fuel of most organisms and occupies a central posi-
tion in metabolism. It is relatively rich in potential energy; the complete 
oxidation of glucose to carbon dioxide and water proceeds with a standard 
free-energy change of -2,840 kJ/mol. By storing glucose as a high molecu-
lar weight polymer such as starch or glycogen, a cell can stockpile large 
quantities of hexose units while maintaining a relatively low cytosolic os-
molarity. When energy demands suddenly increase, glucose can be released 
quickly from these intracellular storage polymers and used to produce ATP 
either aerobically or anaerobically. 

Glucose is not only an excellent fuel, it is also a remarkably versatile 
precursor, capable of supplying a huge array of metabolic intermediates for 
biosynthetic reactions. A bacterium such as Escherichia coli can obtain 
from glucose the carbon skeletons for every amino acid, nucleotide, co-
enzyme, fatty acid, or other metabolic intermediate needed for growth. A 
comprehensive study of the metabolic fates of glucose would encompass 
hundreds or thousands of transformations. In higher plants and animals, 
glucose has three major fates: it may be stored (as a polysaccharide or as 
sucrose), oxidized to a three-carbon compound (pyruvate) via glycolysis, or 
oxidized to pentoses via the pentose phosphate (phosphogluconate) path-
way (Fig. 15-1). 

This chapter describes the individual reactions of glycolysis and the en-
zymes that catalyze them; fermentation, the operation of glycolysis under 
anaerobic conditions; and the pathways that produce the starting material 
for glycolysis from rionglucose hexoses, disaccharides, and polysaccharides. 
Using glycolysis as an example of a metabolic pathway under tight regula-
tion, we discuss the general principles of metabolic control. We conclude 
with a brief description of the catabolic pathway that leads to pentoses. 

i yc Uy S 

In glycolysis (from the Greek glykps, meaning "sweet," and lpsis, meaning 
"splitting") a molecule of glucose is degraded in a series of enzyme-
catalyzed reactions to yield two molecules of the three-carbon compound 
pyruvate. During the sequential reactions of glycolysis, some of the free en-
ergy released from glucose is conserved in the form of ATP and NADH. Gly-
colysis was the first metabolic pathway to be elucidated and is probably the 
best understood. From the discovery by Eduard Btichner (in 1897) of fer-
mentation in broken extracts of yeast cells until the clear recognition by 
Fritz Lipmann and Herman Kalckar (in 1941) of the metabolic role of high-
energy compounds such as ATP, the reactions of glycolysis in extracts of 
Yeast and muscle were central to biochemical research. The development of 

16. Cleavage of ATP to AMP and PP 1  during 	(c) How many ATP molecules can theoretically 
Metabolism The synthesis of the activated form of 	be generated by this reaction if the free energy of ATP 
acetate (acetyl-00A) is carried out in an ATP-dependent 	synthesis under cellular conditions is 52 kJ/mol? 
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528 	 Part I II Bioenergetics and Metabolism 

methods of enzyme purification, the discovery and recognition of the j 
portance of coenzymes such as NAD, and the discovery of the pivotal meta 
bolic role of ATP and other phosphorylated compounds all came out  
studies of glycolysis. The glycolytic enzymes of many species have lon g  
since been purified and thoroughly studied. 

Glycolysis is an almost universal central pathway of glucose catabolism 
the pathway with the largest flux of carbon in most cells. The glycolyq 
breakdown of glucose is the sole source of metabolic energy in some mam 
malian tissues and cell types (erythrocytes, renal medulla, brain, and 
sperm, for example). Some plant tissues that are modified to store starch 
(such as potato tubers) and some aquatic plants (watercress, for example) 
derive most of their energy from glycolysis; many anaerobic microorga n  
isms are entirely dependent on glycolysis. 

Fermentation is a general term for the anaerobic degradation of glu-
cose or other organic nutrients to obtain energy, conserved as ATP. Because 
living organisms first arose in an atmosphere without oxygen, anaerobic 
breakdown of glucose is probably the most ancient biological mechanism for 
obtaining energy from organic fuel molecules. In the course of evolution, 
the chemistry of this reaction sequence has been completely conserved; the 
glycolytic enzymes of vertebrates are closely similar, in amino acid se-
quence and three-dimensional structure, to their homologs in yeast and 
spinach. Glycolysis differs among species only in the details of its regulation 
and in the subsequent metabolic fate of the pyruvate formed. The thermo-
dynamic principles and the types of regulatory mechanisms in glycolysis are 
common to all pathways of cell metabolism. A study of glycolysis can there-
fore serve as a model for many aspects of the pathways discussed later in 
this book. 

Before examining each step of the pathway in some detail, we will take 
a look at glycolysis as a whole. 

An Overview: Glycolysis Has Two Phases 
The breakdown of the six-carbon glucose into two molecules of the three-
carbon pyruvate occurs in ten steps, the first five of which constitute the 
preparatory phase (Fig. 15-2a). In these reactions, glucose is first phos-
phorylated at the hydroxyl group on C-6 (step ). The D-glucose 6-phos-
phate thus formed is converted to n-fructose 6-phosphate (step ') which 
is again phosphorylated, this time at C-i, to yield D-fructose 1,6-bisphos-
phate (step Q. For both phosphorylations, ATP is the phosphoryl group 
donor. As all sugar derivatives in the glycolytic pathway are the n isomers, 
we will omit the D designation except when emphasizing stereochemistry. 

Fructose 1,6-bisphosphate is next split to yield two three-carbon 
molecules, dilhydroxyacetone phosphate and glyceraldehyde 3-phosphate 
(step '); this is the "lysis" step that gives the pathway its name. The di-
hydroxyacetone phosphate is isomerized to a second molecule of glycer-
aldehyde 3-phosphate (step fi), ending the first phase of glycolysis. Note 
that two molecules of ATP must be invested to activate the glucose mole 
cule for its cleavage into two three-carbon pieces; later there will be a good 
return on this investment. To sum up: in the preparatory phase of glycolY 
sis the energy of ATP is invested, raising the free-energy content of the in-
termediates, and the carbon chains of all the metabolized hexoses are con -
verted into a common product, glyceraldehyde 3-phosphate. 

The energy gain comes in the payoff phase of glycolysis (Fig. 15-2b) 
Each molecule of glyceraldehyde 3-phosphate is oxidized and ph osphOry 
lated by inorganic phosphate (not by ATP) to form 1 ,3bisphosphoglycerate 
(step (D). Energy is then released as the two molecules of 1,3-bisphosph 0  
glycerate are converted to two molecules of pyruvate (steps ' through 
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