CARBOHYDRATE METABOLISM
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Glucose as Fuel
Glucose occupies a central position in the metabolism of plants,
animals, and many microorganisms.
It is relatively rich in potential energy, and thus a good fuel; the
complete oxidation of glucose to carbon dioxide and water proceeds
with a standard free-energy change of 22,840 kJ/mol.
By storing glucose as a high molecular weight polymer such as
starch or glycogen, a cell can stockpile large quantities of hexose
units while maintaining a relatively low cytosolic osmolarity.
When energy demands increase, glucose can be released from
these intracellular storage polymers and used to produce ATP either
aerobically or anaerobically.
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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 comprehensive study of the metabolic fates of glucose would
encompass hundreds or thousands of transformations.
In animals and vascular plants, glucose has four major fates:
 it may be used in the synthesis of complex polysaccharides destined for
the extracellular space;

 stored in cells (as a polysaccharide or as sucrose);
 oxidized to a three-carbon compound (pyruvate) via glycolysis to provide
ATP and metabolic intermediates;
 or oxidized via the pentose phosphate (phosphogluconate) pathway to
yield ribose 5-phosphate for nucleic acid synthesis and NADPH for
4
reductive biosynthetic processes

Glycolysis
In glycolysis, a molecule of glucose is degraded in a series of enzymecatalyzed reactions to yield two molecules of the three-carbon compound
pyruvate.
During the sequential reactions of glycolysis, some of the free energy
released from glucose is conserved in the form of ATP and NADH.
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Glycolysis is an almost universal central pathway of glucose catabolism,
the pathway with the largest flux of carbon in most cells.
The glycolytic breakdown of glucose is the sole source of metabolic
energy in some mammalian tissues and cell types (erythrocytes, renal
medulla, brain, and sperm, for example).
Some plant tissues that are modified to store starch and some aquatic
plants derive most of their energy from glycolysis; many anaerobic
microorganisms are entirely dependent on glycolysis.
Fermentation is a general term for the anaerobic degradation of
glucose 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.
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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 sequence 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 thermodynamic principles and the types of regulatory
mechanisms that govern glycolysis are common to all pathways of
cell metabolism.
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Glycolysis Has Two Phases
The breakdown of the six-carbon glucose into two molecules of the
three-carbon pyruvate occurs in 10 steps, the first 5 of which
constitute the preparatory phase.
The energy gain comes in the payoff phase of glycolysis, also consist
of 5 steps.
In the sequential reactions of glycolysis, three types of chemical
transformations are particularly noteworthy:
 (1) degradation of the carbon skeleton of glucose to yield pyruvate;
 (2) phosphorylation of ADP to ATP by compounds with high
phosphoryl group transfer potential, formed during glycolysis;
 (3) transfer of a hydride ion to NAD+, forming NADH.
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Glucose is first phosphorylated at the hydroxyl group on C-6 (step
1).

The Glucose 6-phosphate thus formed is converted to Fructose 610
phosphate (step 2).

Fructose 6-phosphate is again phosphorylated, this time at C-1,
to yield fructose 1,6-bisphosphate.
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Fructose 1,6-bisphosphate is split to yield two three-carbon
molecules, dihydroxyacetone phosphate and glyceraldehyde 3phosphate (step 4); this is the “lysis” step that gives the pathway its
name.
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The dihydroxyacetone phosphate is isomerized to a second
molecule of glyceraldehyde 3-phosphate (step 5), ending the first
phase of glycolysis.
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Note that two molecules of ATP are invested before the cleavage of
glucose into two three-carbon pieces; there will be a good return on
this investment.
To summarize: in the preparatory phase of glycolysis the energy of
ATP is invested, raising the free-energy content of the intermediates,
and the carbon chains of all the metabolized hexoses are converted to
a common product, glyceraldehyde 3-phosphate.

14

The energy gain comes in the payoff phase of glycolysis.
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Each molecule of glyceraldehyde 3-phosphate is oxidized and
phosphorylated by inorganic phosphate (not by ATP) to form 1,3bisphosphoglycerate (step 6).
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1,3-bisphosphoglycerate transfer one phosphoryl group to
ADP, which turn into ATP (step 7).
This step is the first ATP-forming reaction (substrate-level
phosphorylation).
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Resulting 3-phosphoglycerate turn into 2-phosphoglycerate
(step 8).
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2-phosphoglycerate turn into phosphoenolpyruvate (step 9).
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The last step in glycolysis is the transfer of the phosphoryl
group from phosphoenolpyruvate to ADP, catalyzed by pyruvate
kinase (step 10).
This reaction is also a substrate-level phosphorylation.
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In the sequential reactions of glycolysis, three types of
chemical transformations are particularly noteworthy:

(1) degradation of the carbon skeleton of glucose to yield
pyruvate;
(2) phosphorylation of ADP to ATP by compounds with high
phosphoryl group transfer potential, formed during glycolysis;
and

(3) transfer of a hydride ion to NAD+, forming NADH.
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Glucose Catabolism
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The pyruvate formed by glycolysis is further metabolized via one of
three catabolic routes.
In aerobic organisms or tissues, under aerobic conditions, glycolysis
is only the first stage in the complete degradation of glucose.
Pyruvate is oxidized, with loss of its carboxyl group as CO2, to yield
the acetyl group of acetyl-coenzyme A; the acetyl group is then
oxidized completely to CO2 by the citric acid cycle.
The electrons from these oxidations are passed to O2 through a
chain of carriers in mitochondria, to form H2O.
The energy from the electron-transfer reactions drives the
synthesis of ATP in mitochondria.
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The second route for pyruvate is its reduction to lactate via lactic
acid fermentation.
When vigorously contracting skeletal muscle must function under
low oxygen conditions (hypoxia), NADH cannot be reoxidized to
NAD+, but NAD+ is required as an electron acceptor for the further
oxidation of pyruvate.
Under these conditions pyruvate is reduced to lactate, accepting
electrons from NADH and thereby regenerating the NAD+ necessary
for glycolysis to continue.
Certain tissues and cell types (retina and erythrocytes, for
example) convert glucose to lactate even under aerobic conditions,
and
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Lactate is also the product of glycolysis under anaerobic
conditions in some microorganisms.
 The third major route of pyruvate catabolism leads to ethanol. In
some plant tissues and in certain invertebrates, protists, and
microorganisms such as brewer’s or baker’s yeast, pyruvate is
converted under hypoxic or anaerobic conditions to ethanol and
CO2, a process called ethanol (alcohol) fermentation.
The oxidation of pyruvate is an important catabolic process, but
pyruvate has anabolic fates as well. It can, for example, provide the
carbon skeleton for the synthesis of the amino acid alanine or for
the synthesis of fatty acids.
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During glycolysis some of the energy of the glucose molecule is
conserved in ATP, while much remains in the product, pyruvate.
The overall equation for glycolysis is
For each molecule of glucose degraded to pyruvate, two molecules of
ATP are generated from ADP and Pi, and two molecules of NADH are
produced by the reduction of NAD+.
We can now resolve the equation of glycolysis into two processes;
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Under standard conditions, and under the (nonstandard) conditions
that prevail in a cell, glycolysis is an essentially irreversible process,
driven to completion by a large net decrease in free energy.
Glycolysis releases only a small fraction of the total available energy
of the glucose molecule.
The two molecules of pyruvate formed by glycolysis still contain most
of the chemical potential energy of glucose.
That energy can be extracted by oxidative reactions in the citric acid
cycle and oxidative phosphorylation.
Each of the nine glycolytic intermediates between glucose and
pyruvate is phosphorylated.
The phosphoryl groups seem to have three functions.
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1. Because the plasma membrane generally lacks transporters for
phosphorylated sugars, the phosphorylated glycolytic intermediates cannot
leave the cell.
2. Phosphoryl groups are essential components in the enzymatic
conservation of metabolic energy.
Energy released in the breakage of phosphoanhydride bonds (such as
those in ATP) is partially conserved in the formation of phosphate esters
such as glucose 6-phosphate. High-energy phosphate compounds formed in
glycolysis (1,3-bisphosphoglycerate and phosphoenolpyruvate) donate
phosphoryl groups to ADP to form ATP.
3. Binding energy resulting from the binding of phosphate groups to the
active sites of enzymes lowers the activation energy and increases the
specificity of the enzymatic reactions
The phosphate groups of ADP, ATP, and the glycolytic intermediates form
complexes with Mg2+, and the substrate binding sites of many glycolytic
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enzymes are specific for these Mg2+ complexes.

The Preparatory Phase of Glycolysis
1- Phosphorylation of Glucose
In the first step of glycolysis, glucose is activated for subsequent
reactions by its phosphorylation at C-6 to yield glucose 6phosphate, with ATP as the phosphoryl donor:

This reaction, which is irreversible under intracellular conditions,
is catalyzed by hexokinase.
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Kinases are enzymes that catalyze the transfer of the terminal
phosphoryl group from ATP to an acceptor nucleophile. Kinases are a
subclass of transferases.
The acceptor in the case of hexokinase is a hexose, normally Dglucose, although hexokinase also catalyzes the phosphorylation of
other common hexoses, such as D-fructose and D-mannose, in some
tissues.
Hexokinase, like many other kinases, requires Mg2+ for its activity,
because the true substrate of the enzyme is not ATP4- but the MgATP2complex.
Mg2+ shields the negative charges of the phosphoryl groups in ATP,
making the terminal phosphorus atom an easier target for
nucleophilic attack by an —OH of glucose.
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2- Conversion of Glucose 6-Phosphate to Fructose 6-Phosphate
Phosphohexose isomerase catalyzes the reversible isomerization of
glucose 6-phosphate, an aldose, to fructose 6- phosphate, a ketose:

The mechanism for this reaction involves an enediol intermediate.

The reaction proceeds readily in either direction, as might be
expected from the relatively small change in standard free energy.
32

33

3- Phosphorylation of Fructose 6-Phosphate to
Fructose 1,6-Bisphosphate
In the second of the two priming reactions of glycolysis,
phosphofructokinase-1 (PFK-1) catalyzes the transfer of a
phosphoryl group from ATP to fructose 6-phosphate to yield
fructose 1,6-bisphosphate.
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The enzyme that forms fructose 1,6-bisphosphate is called PFK-1 to
distinguish it from a second enzyme (PFK-2) that catalyzes the
formation of fructose 2,6-bisphosphate from fructose 6-phosphate in
a separate pathway.
The PFK-1 reaction is essentially irreversible under cellular
conditions, and it is the first “committed” step in the glycolytic
pathway; glucose 6-phosphate and fructose 6-phosphate have other
possible fates, but fructose 1,6-bisphosphate is targeted for
glycolysis.

Some bacteria and protists and perhaps all plants have a
phosphofructokinase that uses pyrophosphate (PPi), not ATP, as the
phosphoryl group donor in the synthesis of fructose 1,6bisphosphate:
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Phosphofructokinase-1 is subject to complex allosteric regulation;
its activity is increased whenever the cell’s ATP supply is depleted or
when the ATP breakdown products, ADP and AMP (particularly the
latter), accumulate.
The enzyme is inhibited whenever the cell has ample ATP and is
well supplied by other fuels such as fatty acids.
In some organisms, fructose 2,6-bisphosphate (not to be confused
with the PFK-1 reaction product, fructose 1,6-bisphosphate) is a
potent allosteric activator of PFK-1.
Ribulose 5-phosphate, an intermediate in the pentose phosphate
pathway, also activates phosphofructokinase indirectly.

36

4- Cleavage of Fructose 1,6-Bisphosphate
The enzyme fructose 1,6-bisphosphate aldolase, often called
simply aldolase, catalyzes a reversible aldol condensation.
Fructose 1,6-bisphosphate is cleaved to yield two different triose
phosphates, glyceraldehyde 3-phosphate, an aldose, and
dihydroxyacetone phosphate, a ketose:
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There are two classes of aldolases.
Class I aldolases, found in animals and plants, use the mechanism
shown in the first part of the following figure.
Class II enzymes, in fungi and bacteria, do not form the Schiff
base intermediate.
Instead, a zinc ion at the active site is coordinated with the
carbonyl oxygen at C-2; the Zn2+ polarizes the carbonyl group and
stabilizes the enolate intermediate created in the C—C bond
cleavage step.
Although the aldolase reaction has a strongly positive standard
free-energy change in the direction of fructose 1,6-bisphosphate
cleavage, at the lower concentrations of reactants present in cells
the actual free energy change is small and the aldolase reaction is
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readily reversible.
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5- Interconversion of the Triose Phosphates
Only one of the two triose phosphates formed by aldolase,
glyceraldehyde 3-phosphate, can be directly degraded in the
subsequent steps of glycolysis.
The other product, dihydroxyacetone phosphate, is rapidly and
reversibly converted to glyceraldehyde 3-phosphate by the fifth
enzyme of the glycolytic sequence, triose phosphate isomerase:
The reaction mechanism is similar to the reaction promoted by
phosphohexose isomerase in step 2 of glycolysis.
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The Payoff Phase of Glycolysis
The payoff phase of glycolysis includes the energy-conserving
phosphorylation steps in which some of the chemical energy of the
glucose molecule is conserved in the form of ATP and NADH.
Remember that one molecule of glucose yields two molecules of
glyceraldehyde 3-phosphate, and both halves of the glucose
molecule follow the same pathway in the second phase of
glycolysis.

The conversion of two molecules of glyceraldehyde 3-phosphate
to two molecules of pyruvate is accompanied by the formation of
four molecules of ATP from ADP.
However, the net yield of ATP per molecule of glucose degraded is
only two, because two ATP were invested in the preparatory phase
of glycolysis to phosphorylate the two ends of the hexose molecule.
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6- Oxidation of Glyceraldehyde 3-Phosphate to
1,3-Bisphosphoglycerate
The first step in the payoff phase is the oxidation of glyceraldehyde 3phosphate to 1,3-bisphosphoglycerate, catalyzed by glyceraldehyde 3phosphate dehydrogenase:

This is the first of the two energy-conserving reactions of glycolysis that
eventually lead to the formation of ATP.

The aldehyde group of glyceraldehyde 3-phosphate is oxidized, not to a
free carboxyl group but to a carboxylic acid anhydride with phosphoric acid.
This type of anhydride, called an acyl phosphate, has a very high standard
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free energy of hydrolysis

44

7- Phosphoryl Transfer from 1,3-Bisphosphoglycerate to ADP
The enzyme phosphoglycerate kinase transfers the high-energy
phosphoryl group from the carboxyl group of 1,3bisphosphoglycerate to ADP, forming ATP and 3-phosphoglycerate:

Notice that phosphoglycerate kinase is named for the reverse
reaction, in which it transfers a phosphoryl group from ATP to 3phosphoglycerate.
This enzyme acts in the direction suggested by its name during
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gluconeogenesis.

Steps 6 and 7 of glycolysis together constitute an energy-coupling
process in which 1,3-bisphosphoglycerate is the common
intermediate;

The outcome of these coupled reactions, both reversible under
cellular conditions, is that the energy released on oxidation of an
aldehyde to a carboxylate group is conserved by the coupled
formation of ATP from ADP and Pi.

The formation of ATP by phosphoryl group transfer from a
substrate such as 1,3-bisphosphoglycerate is referred to as a
substrate-level phosphorylation, to distinguish this mechanism from
respiration-linked (oxidative) phosphorylation.
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8- Conversion of 3-Phosphoglycerate to 2Phosphoglycerate
The enzyme phosphoglycerate mutase catalyzes a reversible
shift of the phosphoryl group between C-2 and C-3 of glycerate;
Mg2+ is essential for this reaction:
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The reaction occurs in two steps. A
phosphoryl group initially attached to a
His residue of the mutase is transferred
to the hydroxyl group at C-2 of 3phosphoglycerate,
forming
2,3bisphosphoglycerate(2,3-BPG).
The phosphoryl group at C-3 of 2,3BPG is then transferred to the same His
residue, producing 2-phosphoglycerate
and regenerating the phosphorylated
enzyme.
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9- Dehydration of 2-Phosphoglycerate to
Phosphoenolpyruvate
In the second glycolytic reaction that generates a compound with
high phosphoryl group transfer potential, enolase promotes
reversible removal of a molecule of water from 2-phosphoglycerate
to yield phosphoenolpyruvate (PEP):
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The mechanism of the enolase reaction involves an enolic
intermediate stabilized by Mg2+.
The reaction converts a compound with a relatively low
phosphoryl group transfer potential (ΔG'° for hydrolysis of 2phosphoglycerate is -17.6 kJ/mol) to one with high phosphoryl
group transfer potential (ΔG'° for PEP hydrolysis is -61.9 kJ/mol).
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10- Transfer of the Phosphoryl Group from
Phosphoenolpyruvate to ADP
The last step in glycolysis is the transfer of the phosphoryl
group from phosphoenolpyruvate to ADP, catalyzed by pyruvate
kinase, which requires K+ and either Mg2+ or Mn2+:
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In this substrate-level phosphorylation, the product pyruvate first appears
in its enol form, then tautomerizes rapidly and nonenzymatically to its keto
form, which predominates at pH 7:

The overall reaction has a large, negative standard free energy change,
due in large part to the spontaneous conversion of the enol form of
pyruvate to the keto form.
About half of the energy released by PEP hydrolysis (ΔG'° -61.9 kJ/mol) is
conserved in the formation of the phosphoanhydride bond of ATP (ΔG'° 30.5 kJ/mol), and the rest (-31.4 kJ/mol) constitutes a large driving force
pushing the reaction toward ATP synthesis
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We can now construct a balance sheet for glycolysis :
Canceling out common terms on both sides of the equation gives
the overall equation for glycolysis under aerobic conditions:

The two molecules of NADH formed by glycolysis in the cytosol
are, under aerobic conditions, reoxidized to NAD+ by transfer of their
electrons to the electrontransfer chain, which in eukaryotic cells is
located in the mitochondria.
The electron-transfer chain passes these electrons to their
ultimate destination, O2:
Electron transfer from NADH to O2 in mitochondria provides the
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energy for synthesis of ATP by oxidative phosphorylation.

In the overall glycolytic process, one molecule of glucose is
converted to two molecules of pyruvate (the pathway of carbon).
Two molecules of ADP and two of Pi are converted to two
molecules of ATP (the pathway of phosphoryl groups).
Four electrons, as two hydride ions, are transferred from two
molecules of glyceraldehyde 3-phosphate to two of NAD+ (the
pathway of electrons).
During his studies on the fermentation of glucose by yeast, Louis
Pasteur discovered that both the rate and the total amount of
glucose consumption were many times greater under anaerobic than
aerobic conditions.

Later studies of muscle showed the same large difference in the
rates of anaerobic and aerobic glycolysis.
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The biochemical basis of this “Pasteur effect” is now clear.
The ATP yield from glycolysis under anaerobic conditions (2 ATP
per molecule of glucose) is much smaller than that from the
complete oxidation of glucose to CO2 under aerobic conditions (30 or
32 ATP per glucose).
About 15 times as much glucose must therefore be consumed
anaerobically as aerobically to yield the same amount of ATP.
The flux of glucose through the glycolytic pathway is regulated to
maintain nearly constant ATP levels (as well as adequate supplies of
glycolytic intermediates that serve biosynthetic roles).
The required adjustment in the rate of glycolysis is achieved by a
complex interplay among ATP consumption, NADH regeneration, and
allosteric regulation of several glycolytic enzymes —including
55
hexokinase, PFK-1, and pyruvate kinase.

On a slightly longer time scale, glycolysis is regulated by the
hormones glucagon, epinephrine, and insulin, and by changes in the
expression of the genes for several glycolytic enzymes.
An especially interesting case of abnormal regulation of glycolysis
is seen in cancer.
The German biochemist Otto Warburg first observed in 1928 that
tumors of nearly all types carry out glycolysis at a much higher rate
than normal tissue, even when oxygen is available.

This “Warburg effect” is the basis for several methods of detecting
and treating cancer.
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The metabolism of glucose in mammals is limited by the rate of
glucose uptake into cells and its phosphorylation by hexokinase.
Glucose uptake from the blood is mediated by the GLUT family of
glucose transporters.
The transporters of hepatocytes (GLUT1, GLUT2) and of brain
neurons (GLUT3) are always present in plasma membranes.
In contrast, the main glucose transporter in the cells of skeletal
muscle, cardiac muscle, and adipose tissue (GLUT4) is sequestered in
small intracellular vesicles and moves into the plasma membrane
only in response to an insulin signal.
Thus in skeletal muscle, heart, and adipose tissue, glucose uptake
and metabolism depend on the normal release of insulin by
pancreatic β cells in response to elevated blood glucose.
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Individuals with type 1 diabetes mellitus (also called insulindependent diabetes) have too few β cells and cannot release sufficient
insulin to trigger glucose uptake by the cells of skeletal muscle, heart, or
adipose tissue.
Thus, after a meal containing carbohydrates, glucose accumulates to
abnormally high levels in the blood, a condition known as
hyperglycemia.
Unable to take up glucose, muscle and fat tissue use the fatty acids of
stored triacylglycerols as their principal fuel.
In the liver, acetyl-CoA derived from this fatty acid breakdown is
converted to “ketone bodies”—acetoacetate and β-hydroxybutyrate—
which are exported and carried to other tissues to be used as fuel.
These compounds are especially critical to the brain, which uses
ketone bodies as alternative fuel when glucose is unavailable.
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In untreated type 1 diabetes, overproduction of acetoacetate and βhydroxybutyrate leads to their accumulation in the blood, and the
consequent lowering of blood pH produces ketoacidosis, a lifethreatening condition.
Insulin injection reverses this sequence of events: GLUT4 moves into
the plasma membranes of hepatocytes and adipocytes, glucose is taken
up into the cells and phosphorylated, and the blood glucose level falls,
greatly reducing the production of ketone bodies.

Diabetes mellitus has profound effects on the metabolism of both
carbohydrates and fats.
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Feeder Pathways for Glycolysis
Many carbohydrates besides glucose meet their catabolic fate in
glycolysis, after being transformed into one of the glycolytic
intermediates.
The most significant are

 the storage polysaccharides glycogen and starch, either within
cells (endogenous) or obtained in the diet;
 The disaccharides maltose, lactose, trehalose, and sucrose;
 and the monosaccharides fructose, mannose, and galactose.
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Dietary Polysaccharides and Disaccharides
Undergo Hydrolysis to Monosaccharides
For most humans, starch is the major source of carbohydrates in
the diet.
Digestion begins in the mouth, where salivary α-amylase
hydrolyzes the internal (α1→4) glycosidic linkages of starch,
producing short polysaccharide fragments or oligosaccharides.
(Note that in this hydrolysis reaction, water, not Pi, is the attacking
species.)
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Pancreatic α-amylase yields mainly maltose and maltotriose (the
di- and trisaccharides of glucose) and oligosaccharides called limit
dextrins, fragments of amylopectin containing (α1→6) branch
points.
Maltose and dextrins are degraded to glucose by enzymes of the
intestinal brush border (the fingerlike microvilli of intestinal
epithelial cells, which greatly increase the area of the intestinal
surface).
Dietary glycogen has essentially the same structure as starch, and
its digestion proceeds by the same pathway.
Most animals cannot digest cellulose for lack of the enzyme
cellulase, which attacks the (β1→4) glycosidic bonds of cellulose.
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Glycogen stored in animal tissues (endogenous glycogen, primarily
liver and skeletal muscle), in microorganisms, or in plant tissues can
be mobilized for use within the same cell by a phosphorolytic reaction
catalyzed by glycogen phosphorylase (starch phosphorylase in plants).
These enzymes catalyze an attack by Pi on the (α1→4) glycosidic
linkage that joins the last two glucose residues at a nonreducing end,
generating glucose 1-phosphate and a polymer one glucose unit
shorter.

Phosphorolysis preserves some of the energy of the glycosidic bond
in the phosphate ester glucose 1-phosphate.
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Glycogen phosphorylase (or starch phosphorylase) acts repetitively
until it approaches an (1→6) branch point, where its action stops and a
debranching enzyme removes the branches.

Glucose 1-phosphate produced by glycogen phosphorylase is
converted to glucose 6-phosphate by phosphoglucomutase, which
catalyzes the reversible reaction
The general name mutase is given to enzymes that catalyze the
transfer of a functional group from one position to another in the same
molecule.
Mutases are a subclass of isomerases, enzymes that interconvert
stereoisomers or structural or positional isomers.

The glucose 6-phosphate formed in the phosphoglucomutase reaction
can enter glycolysis or another pathway such as the pentose phosphate
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pathway .

Disaccharides must be hydrolyzed to monosaccharides before entering
cells.
Intestinal disaccharides and dextrins are hydrolyzed by enzymes
attached to the outer surface of the intestinal epithelial cells:

The monosaccharides so formed are actively transported into the
epithelial cells, then passed into the blood to be carried to various tissues,
where they are phosphorylated and funneled into the glycolytic sequence.
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Other monosaccharides enter the glycolytic pathway at several
points.

In most organisms, hexoses other than glucose can undergo
glycolysis after conversion to a phosphorylated derivative.
D-Fructose, present in free form in many fruits and formed by
hydrolysis of sucrose in the small intestine of vertebrates, is
phosphorylated by hexokinase:

This is a major pathway of fructose entry into glycolysis in the
muscles and kidney.
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In the liver, fructose enters by a different pathway. The liver
enzyme fructokinase catalyzes the phosphorylation of fructose at
C-1 rather than C-6:
The fructose 1-phosphate is then cleaved to glyceraldehyde
and dihydroxyacetone phosphate by fructose 1-phosphate
aldolase:
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Dihydroxyacetone phosphate is converted to glyceraldehyde 3phosphate by the glycolytic enzyme triose phosphate isomerase.

Glyceraldehyde is phosphorylated by ATP and triose kinase to
glyceraldehyde 3-phosphate:
Thus both products of fructose 1-phosphate hydrolysis enter the
glycolytic pathway as glyceraldehyde 3-phosphate.
D-Galactose, a product of the hydrolysis of lactose (milk sugar),
passes in the blood from the intestine to the liver, where it is first
phosphorylated at C-1, at the expense of ATP, by the enzyme
galactokinase:
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The galactose 1-phosphate
is then converted to its
epimer at C-4, glucose 1phosphate, by a set of
reactions in which uridine
diphosphate (UDP) functions
as a coenzyme-like carrier of
hexose groups.
A defect in any of the three
enzymes in this pathway
causes
galactosemia
in
humans.
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D-Mannose, released in the digestion of various polysaccharides
and glycoproteins of foods, can be phosphorylated at C-6 by
hexokinase:
Mannose 6-phosphate is isomerized by phosphomannose
isomerase to yield fructose 6-phosphate, an intermediate of
glycolysis.
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Fates of Pyruvate under Anaerobic
Conditions: Fermentation
Under aerobic conditions, the pyruvate formed in the final step of
glycolysis is oxidized to acetate (acetylCoA), which enters the citric
acid cycle and is oxidized to CO2 and H2O.

The NADH formed by dehydrogenation of glyceraldehyde 3phosphate is ultimately reoxidized to NAD+ by passage of its
electrons to O2 in mitochondrial respiration.
Under hypoxic (low-oxygen) conditions, however—as in very
active skeletal muscle, in submerged plant tissues, in solid tumors,
or in lactic acid bacteria—NADH generated by glycolysis cannot be
reoxidized by O2.
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Failure to regenerate NAD+ would leave the cell with no electron
acceptor for the oxidation of glyceraldehyde 3-phosphate, and the
energy-yielding reactions of glycolysis would stop.
NAD+ must therefore be regenerated in some other way.
The earliest cells lived in an atmosphere almost devoid of oxygen
and had to develop strategies for deriving energy from fuel
molecules under anaerobic conditions.
Most modern organisms have retained the ability to continually
regenerate NAD+ during anaerobic glycolysis by transferring
electrons from NADH to form a reduced end product such as lactate
or ethanol.
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When animal tissues cannot be supplied with sufficient oxygen
to support aerobic oxidation of the pyruvate and NADH
produced in glycolysis, NAD+ is regenerated from NADH by the
reduction of pyruvate to lactate.

Some tissues and cell types (such as erythrocytes, which have
no mitochondria and thus cannot oxidize pyruvate to CO2)
produce lactate from glucose even under aerobic conditions.
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In glycolysis, dehydrogenation of the two molecules of
glyceraldehyde 3-phosphate derived from each molecule of
glucose converts two molecules of NAD+ to two of NADH.
Because the reduction of two molecules of pyruvate to two of
lactate regenerates two molecules of NAD1, there is no net
change in NAD+ or NADH:
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The lactate formed by active skeletal muscles (or by erythrocytes)
can be recycled; it is carried in the blood to the liver, where it is
converted to glucose during the recovery from strenuous muscular
activity.
When lactate is produced in large quantities during vigorous
muscle contraction (during a sprint, for example), the acidification
that results from ionization of lactic acid in muscle and blood limits
the period of vigorous activity.
Although conversion of glucose to lactate includes two oxidationreduction steps, there is no net change in the oxidation state of
carbon; in glucose (C6H12O6) and lactic acid (C3H6O3), the H:C ratio is
the same.

Nevertheless, some of the energy of the glucose molecule has
been extracted by its conversion to lactate—enough to give a net
yield of two molecules of ATP for every glucose molecule consumed. 79

Fermentation is the general term for such processes, which extract
energy (as ATP) but do not consume oxygen or change the
concentrations of NAD+ or NADH.
Yeast and other microorganisms ferment glucose to ethanol and
CO2, rather than to lactate.

Glucose is converted to pyruvate by glycolysis, and the pyruvate is
converted to ethanol and CO2 in a two-step process:
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In the first step, pyruvate is decarboxylated in an irreversible reaction
catalyzed by pyruvate decarboxylase.

This reaction is a simple decarboxylation and does not involve the net
oxidation of pyruvate.
Pyruvate decarboxylase requires Mg2+ and has a tightly bound
coenzyme, thiamine pyrophosphate.
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In the second step, acetaldehyde is reduced to ethanol through
the action of alcohol dehydrogenase, with the reducing power
furnished by NADH derived from the dehydrogenation of
glyceraldehyde 3-phosphate.

Ethanol and CO2 are thus the end products of ethanol
fermentation, and the overall equation is:
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Beer brewing was a science learned early in human history, and later
refined for larger-scale production.

Brewers prepare beer by ethanol fermentation of the carbohydrates
in cereal grains (seeds) such as barley, carried out by yeast glycolytic
enzymes.
The carbohydrates, largely polysaccharides, must first be degraded to
disaccharides and monosaccharides.
In a process called malting, the barley seeds are allowed to germinate
until they form the hydrolytic enzymes required to break down their
polysaccharides, at which point germination is stopped by controlled
heating.
The product is malt, which contains enzymes that catalyze the
hydrolysis of the β linkages of cellulose and other cell wall
polysaccharides of the barley husks, and enzymes such as α-amylase
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and maltase.

 The brewer next prepares the wort, the nutrient medium required
for fermentation by yeast cells.
The malt is mixed with water and then mashed or crushed.
This allows the enzymes formed in the malting process to act on the
cereal polysaccharides to form maltose, glucose, and other simple
sugars, which are soluble in the aqueous medium.
The remaining cell matter is then separated, and the liquid wort is
boiled with hops to give flavor.
The wort is cooled and then aerated.
Now the yeast cells are added.
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In the aerobic wort the yeast grows and reproduces very rapidly, using
energy obtained from available sugars.

No ethanol forms during this stage, because the yeast, amply supplied
with oxygen, oxidizes the pyruvate formed by glycolysis to CO2 and H2O
via the citric acid cycle.
When all the dissolved oxygen in the vat of wort has been consumed,
the yeast cells switch to anaerobic metabolism, and from this point they
ferment the sugars into ethanol and CO2.
The fermentation process is controlled in part by the concentration of
the ethanol formed, by the pH, and by the amount of remaining sugar.
After fermentation has been stopped, the cells are removed and the
“raw” beer is ready for final processing.
In the final steps of brewing, the amount of foam (or head) on the
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beer, which results from dissolved proteins, is adjusted.

Normally this is controlled by proteolytic enzymes that arise in the
malting process.

If these enzymes act on the proteins too long, the beer will have very
little head and will be flat; if they do not act long enough, the beer will
not be clear when it is cold.
Sometimes proteolytic enzymes from other sources are added to
control the head.
 Much of the technology developed for large-scale production of
alcoholic beverages is now finding application to a wholly different
problem: the production of ethanol as a renewable fuel.
With the continuing depletion of the known stores of fossil fuels and
the rising cost of fuel for internal combustion engines, there is increased
interest in the use of ethanol as a fuel substitute or extender.
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The principal advantage of ethanol as a fuel is that it can be produced
from relatively inexpensive and renewable resources rich in sucrose,
starch, or cellulose—starch from corn or wheat, sucrose from beets or
cane, and cellulose from straw, forest industry waste, or municipal solid
waste.

Typically, the raw material (feedstock) is first converted chemically to
monosaccharides, then fed to a hardy strain of yeast in an industrialscale fermenter.
The fermentation can yield not only ethanol for fuel but also side
products such as proteins that can be used as animal feed.
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Gluconeogenesis
The central role of glucose in metabolism arose early in evolution,
and this sugar remains the nearly universal fuel and building block in
modern organisms, from microbes to humans.
In mammals, some tissues depend almost completely on glucose
for their metabolic energy.
For the human brain and nervous system, as well as the
erythrocytes, testes, renal medulla, and embryonic tissues, glucose
from the blood is the sole or major fuel source.
The brain alone requires about 120 g of glucose each day—more
than half of all the glucose stored as glycogen in muscle and liver.
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However, the supply of glucose from these stores is not always
sufficient; between meals and during longer fasts, or after vigorous
exercise, glycogen is depleted.
For these times, organisms need a method for synthesizing glucose
from noncarbohydrate precursors.
This is accomplished by a pathway called gluconeogenesis (“new
formation of sugar”), which converts pyruvate and related three- and
four-carbon compounds to glucose.
Gluconeogenesis
microorganisms.

occurs

in

all

animals,

plants,

fungi,

and

The reactions are essentially the same in all tissues and all species.
The important precursors of glucose in animals are three-carbon
compounds such as lactate, pyruvate, and glycerol, as well as certain
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amino acids
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In mammals, gluconeogenesis takes place mainly in the liver, and to a
lesser extent in renal cortex and in the epithelial cells that line the inside of
the small intestine.
The glucose produced passes into the blood to supply other tissues.

After vigorous exercise, lactate produced by anaerobic glycolysis in
skeletal muscle returns to the liver and is converted to glucose, which
moves back to muscle and is converted to glycogen—a circuit called the
Cori cycle
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Gluconeogenesis and glycolysis are not identical pathways
running in opposite directions, although they do share several
steps.

7 of the 10 enzymatic reactions of gluconeogenesis are the
reverse of glycolytic reactions.
However, three reactions of glycolysis are essentially
irreversible in vivo and cannot be used in gluconeogenesis:
 the conversion of glucose to glucose 6-phosphate by
hexokinase,
 the phosphorylation of fructose 6-phosphate to fructose 1,6bisphosphate by phosphofructokinase-1, and
 the conversion of phosphoenolpyruvate to pyruvate by
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pyruvate kinase.
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In gluconeogenesis, the three irreversible steps are bypassed by a
separate set of enzymes, catalyzing reactions that are sufficiently
exergonic to be effectively irreversible in the direction of glucose
synthesis.
Thus, both glycolysis and gluconeogenesis are irreversible
processes in cells. In animals, both pathways occur largely in the
cytosol, necessitating their reciprocal and coordinated regulation.
 Separate regulation of the two pathways is brought about
through controls exerted on the enzymatic steps unique to each.
We begin by considering the three bypass reactions of
gluconeogenesis.
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Conversion of Pyruvate to Phosphoenolpyruvate
The first of the bypass reactions in gluconeogenesis is the
conversion of pyruvate to phosphoenolpyruvate (PEP).
Pyruvate is first transported from the cytosol into mitochondria
or is generated from alanine within mitochondria by
transamination.
Then pyruvate carboxylase, a mitochondrial enzyme that
requires the coenzyme biotin, converts the pyruvate to
oxaloacetate
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Pyruvate carboxylase is the first regulatory enzyme in the
gluconeogenic pathway, requiring acetyl-CoA as a positive
effector.
Because the mitochondrial membrane has no transporter for
oxaloacetate, before export to the cytosol the oxaloacetate
formed from pyruvate must be reduced to malate by
mitochondrial malate dehydrogenase, at the expense of NADH:
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Malate leaves the mitochondrion through aspecific transporter in
the inner mitochondrial membrane, and in the cytosol it is
reoxidized to oxaloacetate, with the production of cytosolic NADH:
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The oxaloacetate is then converted
phosphoenolpyruvate carboxykinase.

to

PEP

by

This Mg2+-dependent reaction requires GTP as the phosphoryl
group donor:
The reaction is reversible under intracellular conditions; the
formation of one high-energy phosphate compound (PEP) is
balanced by the hydrolysis of another (GTP).
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The overall equation for this set of bypass reactions, the sum of
Equations is;

There is a logic to the route of these reactions through the
mitochondrion.
The [NADH]/[NAD+] ratio is about 105 times lower than in
mitochondria.
Because cytosolic NADH is consumed in gluconeogenesis, glucose
biosynthesis cannot proceed unless NADH is available.
The transport of malate from the mitochondrion to the cytosol and
its reconversion there to oxaloacetate effectively moves reducing
equivalents to the cytosol, where they are scarce.
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A second pyruvate → PEP bypass predominates when lactate is the
glucogenic precursor.
This pathway makes use of lactate produced by glycolysis in
erythrocytes or anaerobic muscle, for example, and it is particularly
important in large vertebrates after vigorous exercise.
The conversion of lactate to pyruvate in the cytosol of hepatocytes
yields NADH, and the export of reducing equivalents (as malate) from
mitochondria is therefore unnecessary.
After the pyruvate produced by the lactate dehydrogenase reaction is
transported into the mitochondrion, it is converted to oxaloacetate by
pyruvate carboxylase, as described above.
This oxaloacetate, however, is converted directly to PEP by a
mitochondrial isozyme of PEP carboxykinase, and the PEP is transported
out of the mitochondrion to continue on the gluconeogenic path.
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Conversion of Fructose 1,6-Bisphosphate to Fructose
6-Phosphate

The second glycolytic reaction that cannot participate in
gluconeogenesis is the phosphorylation of fructose 6-phosphate by
PFK-1.
Because this reaction is highly exergonic and therefore
irreversible in intact cells, the generation of fructose 6-phosphate
from fructose 1,6-bisphosphate is catalyzed by a different enzyme,
Mg2+-dependent fructose 1,6-bisphosphatase (FBPase-1).
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Conversion of Glucose 6-Phosphate to Glucose
The third bypass is the final reaction of gluconeogenesis, the
dephosphorylation of glucose 6-phosphate to yield glucose.
Reversal of the hexokinase reaction would require phosphoryl
group transfer from glucose 6-phosphate to ADP, forming ATP, an
energetically unfavorable reaction.
The reaction catalyzed by glucose 6-phosphatase does not require
synthesis of ATP; it is a simple hydrolysis of a phosphate ester:
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This Mg2+-activated enzyme is found on the lumenal side of the
endoplasmic reticulum of hepatocytes, renal cells, and epithelial
cells of the small intestine, but not in other tissues, which are
therefore unable to supply glucose to the blood.
If other tissues had glucose 6-phosphatase, this enzyme’s activity
would hydrolyze the glucose 6-phosphate needed within those
tissues for glycolysis.
Glucose produced by gluconeogenesis in the liver or kidney or
ingested in the diet is delivered to these other tissues, including
brain and muscle, through the bloodstream.
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Gluconeogenesis Is Energetically Expensive,
but Essential
The sum of the biosynthetic reactions leading from pyruvate to
free blood glucose is
For each molecule of glucose formed from pyruvate, six highenergy phosphate groups are required, four from ATP and two from
GTP.
In addition, two molecules of NADH are required for the reduction
of two molecules of 1,3-bisphosphoglycerate.

Clearly, this is not simply the reverse of the equation for
conversion of glucose to pyruvate by glycolysis, which would require
only two molecules of ATP:
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Citric Acid Cycle Intermediates and Some
Amino Acids Are Glucogenic
The biosynthetic pathway to glucose described above allows the net
synthesis of glucose not only from pyruvate but also from the four-,
five-, and six-carbon intermediates of the citric acid cycle.
Citrate, isocitrate, α-ketoglutarate, succinyl-CoA, succinate, fumarate,
and malate—all are citric acid cycle intermediates that can undergo
oxidation to oxaloacetate.
Some or all of the carbon atoms of most amino acids derived from
proteins are ultimately catabolized to pyruvate or to intermediates of
the citric acid cycle.
Such amino acids can therefore undergo net conversion to glucose
and are said to be glucogenic.
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No net conversion of fatty acids to glucose occurs in mammals.
The catabolism of most fatty acids yields only acetyl-CoA.

Mammals cannot use acetyl-CoA as a precursor of glucose,
because the pyruvate dehydrogenase reaction is irreversible and cells
have no other pathway to convert acetyl-CoA to pyruvate.
Plants, yeast, and many bacteria do have a pathway (the glyoxylate
cycle) for converting acetyl-CoA to oxaloacetate, so these organisms
can use fatty acids as the starting material for gluconeogenesis.
Although mammals cannot convert fatty acids to carbohydrate,
they can use the small amount of glycerol produced from the
breakdown of fats (triacylglycerols) for gluconeogenesis.
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If glycolysis (the conversion of glucose to pyruvate) and
gluconeogenesis (the conversion of pyruvate to glucose) were
allowed to proceed simultaneously at high rates, the result would
be the consumption of ATP and the production of heat.
PFK-1 and FBPase-1 enzymatic reactions, and several others in
the two pathways, are regulated allosterically and by covalent
modification (phosphorylation).
The pathways are regulated so that when the flux of glucose
through glycolysis goes up, the flux of pyruvate toward glucose goes
down, and vice versa
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Pentose Phosphate Pathway of Glucose Oxidation
In most animal tissues, the major catabolic fate of glucose 6phosphate is glycolytic breakdown to pyruvate, much of which is then
oxidized via the citric acid cycle, ultimately leading to the formation of
ATP.
Glucose 6-phosphate does have other catabolic fates, however, which
lead to specialized products needed by the cell.
Of particular importance in some tissues is the oxidation of glucose 6phosphate to pentose phosphates by the pentose phosphate pathway.
In this oxidative pathway, NADP+ is the electron acceptor, yielding
NADPH.

Rapidly dividing cells, such as those of bone marrow, skin, and
intestinal mucosa, and those of tumors, use the pentose ribose 5phosphate to make RNA, DNA, and such coenzymes as ATP, NADH,
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FADH2, and coenzyme A.
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In other tissues, the essential product of the pentose phosphate
pathway is not the pentoses but the electron donor NADPH, needed
for reductive biosynthesis or to counter the damaging effects of
oxygen radicals.

Tissues that carry out extensive fatty acid synthesis (liver, adipose,
lactating mammary gland) or very active synthesis of cholesterol and
steroid hormones (liver, adrenal glands, gonads) require the NADPH
provided by this pathway.
Erythrocytes and the cells of the lens and cornea are directly
exposed to oxygen and thus to the damaging free radicals generated
by oxygen.
By maintaining a reducing atmosphere (a high ratio of NADPH to
NADP+ and a high ratio of reduced to oxidized glutathione), such
cells can prevent or undo oxidative damage to proteins, lipids, and
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other sensitive molecules.

The Oxidative Phase
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The first reaction of the pentose phosphate pathway is the
oxidation of glucose 6-phosphate by glucose 6-phosphate
dehydrogenase (G6PD) to form 6-phosphoglucono-d-lactone, an
intramolecular ester.
NADP+ is the electron acceptor, and the overall equilibrium lies far
in the direction of NADPH formation.
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The lactone is hydrolyzed to the free acid 6-phosphogluconate
by a specific lactonase, then 6-phosphogluconate undergoes
oxidation and decarboxylation by 6-phosphogluconate
dehydrogenase to form the ketopentose ribulose 5-phosphate.

 The reaction generates a second molecule of NADPH.
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Phosphopentose isomerase converts ribulose 5-phosphate to
its aldose isomer, ribose 5-phosphate.

In some tissues, the pentose phosphate pathway ends at this
point, and its overall equation is
 The net result is the production of NADPH, a reductant for
biosynthetic reactions, and ribose 5-phosphate, a precursor for
nucleotide synthesis.
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The Nonoxidative Phase Recycles Pentose Phosphates
to Glucose 6-Phosphate

121

122

In tissues that require primarily NADPH, the pentose
phosphates produced in the oxidative phase of the pathway are
recycled into glucose 6-phosphate.
In this nonoxidative phase, ribulose 5-phosphate is first
epimerized to xylulose 5-phosphate:
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Then, in a series of rearrangements of the carbon skeletons, six
five-carbon sugar phosphates are converted to five six-carbon sugar
phosphates, completing the cycle and allowing continued oxidation
of glucose 6-phosphate with production of NADPH.
Continued recycling leads ultimately to the conversion of glucose
6-phosphate to six CO2.
Two enzymes unique to the pentose phosphate pathway act in
these interconversions of sugars: transketolase and transaldolase.

Transketolase catalyzes the transfer of a twocarbon fragment from
a ketose donor to an aldose acceptor.
Transaldolase catalyzes a reaction similar to the aldolase reaction
of glycolysis.
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All the enzymes in the pentose phosphate pathway are located in
the cytosol, like those of glycolysis and most of those of
gluconeogenesis.
In fact, these three pathways are connected through several
shared intermediates and enzymes.
The glyceraldehyde 3-phosphate formed by the action of
transketolase is readily converted to dihydroxyacetone phosphate by
the glycolytic enzyme triose phosphate isomerase, and these two
trioses can be joined by the aldolase as in gluconeogenesis, forming
fructose 1,6-bisphosphate.
Alternatively, the triose phosphates can be oxidized to pyruvate by
the glycolytic reactions.

The fate of the trioses is determined by the cell's relative needs for
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pentose phosphates, NADPH, and ATP.

Whether glucose 6-phosphate enters glycolysis or the pentose
phosphate pathway depends on the current needs of the cell and
on the concentration of NADP+ in the cytosol.
Without this electron acceptor, the first reaction of the pentose
phosphate pathway (catalyzed by G6PD) cannot proceed.

When a cell is rapidly converting NADPH to NADP+ in biosynthetic
reductions, the level of NADP+ rises, allosterically stimulating G6PD
and thereby increasing the flux of glucose 6-phosphate through the
pentose phosphate pathway.
When the demand for NADPH slows, the level of NADP+ drops,
the pentose phosphate pathway slows, and glucose 6-phosphate is
instead used to fuel glycolysis.
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The Metabolism of Glycogen
In organisms from bacteria to plants to vertebrates, excess
glucose is converted to polymeric forms for storage—glycogen in
vertebrates and many microorganisms, starch in plants.
In vertebrates, glycogen is found primarily in the liver and skeletal
muscle; it may represent up to 10% of the weight of liver and 1% to
2% of the weight of muscle.
If this much glucose were dissolved in the cytosol of a hepatocyte,
its concentration would be about 0.4 M, enough to dominate the
osmotic properties of the cell.
When stored as a large polymer (glycogen), however, the same
mass of glucose has a concentration of only 0.01 μM.
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The glycogen in muscle is there to provide a quick source of
energy for either aerobic or anaerobic metabolism.
Muscle glycogen can be exhausted in less than an hour during
vigorous activity.
Liver glycogen serves as a reservoir of glucose for other tissues
when dietary glucose is not available (between meals or during a
fast); this is especially important for the neurons of the brain,
which cannot use fatty acids as fuel.

Liver glycogen can be depleted in 12 to 24 hours.
The breakdown of glycogen to glucose 1-phosphate is called as
glycogenolysis, while synthesis of glycogen is called as
glycogenesis.
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Glycogen Breakdown, Glycogenolysis
In skeletal muscle and liver, the glucose units of the outer
branches of glycogen enter the glycolytic pathway through the
action of three enzymes: glycogen phosphorylase, glycogen
debranching enzyme, and phosphoglucomutase.

Glycogen phosphorylase catalyzes the reaction in which an (
14) glycosidic linkage between two glucose residues at a
nonreducing end of glycogen undergoes attack by inorganic
phosphate (Pi), removing the terminal glucose residue as α-Dglucose 1-phosphate.
Pyridoxal phosphate is an essential cofactor in the glycogen
phosphorylase reaction

133

134

This phosphorolysis reaction is different from the hydrolysis of
glycosidic bonds by amylase during intestinal degradation of dietary
glycogen and starch.
In phosphorolysis, some of the energy of the glycosidic bond is
preserved in the formation of the phosphate ester, glucose 1phosphate.

Glycogen phosphorylase acts repetitively on the nonreducing ends
of glycogen branches until it reaches a point four glucose residues
away from an ( 16) branch point, where its action stops.
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Further degradation by glycogen phosphorylase can occur only
after the debranching enzyme catalyzes two successive reactions
that transfer branches.

Once these branches are transferred and the glucosyl residue
at C-6 is hydrolyzed, glycogen phosphorylase activity can
continue
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Glucose 1-phosphate, the end product of the glycogen
phosphorylase reaction, is converted to glucose 6-phosphate by
phosphoglucomutase, which catalyzes the reversible reaction
The glucose 6-phosphate formed from glycogen in skeletal
muscle can enter glycolysis and serve as an energy source to
support muscle contraction.
In liver, glycogen breakdown serves a different purpose: to
release glucose into the blood when the blood glucose level
drops, as it does between meals.
This requires the enzyme glucose 6-phosphatase, present in
liver and kidney but not in other tissues.
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Glucose 6-phosphatase is an integral membrane protein of the
endoplasmic reticulum, with its active site on the lumenal side of
the ER, thus it is separated from glycolysis.
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Glycogen Synthesis- Glycogenesis
Many of the reactions in which hexoses are transformed or
polymerized involve sugar nucleotides, compounds in which the
anomeric carbon of a sugar is activated by attachment to a
nucleotide through a phosphate ester linkage.
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Sugar nucleotides are the substrates for polymerization of
monosaccharides into disaccharides, glycogen, starch, cellulose, and more
complex extracellular polysaccharides.
Glycogen synthesis takes place in virtually all animal tissues but is
especially prominent in the liver and skeletal muscles.
The starting point for synthesis of glycogen is glucose 6-phosphate.
This can be derived from free glucose in a reaction catalyzed by the
isozymes hexokinase I and hexokinase II in muscle and hexokinase IV
(glucokinase) in liver.
However, some ingested glucose takes a more roundabout path to
glycogen.

It is first taken up by erythrocytes and converted to lactate glycolytically;
the lactate is then taken up by the liver and converted to glucose 6140
phosphate by gluconeogenesis.

To initiate glycogen synthesis, the glucose 6-phosphate is
converted to glucose 1-phosphate in the phosphoglucomutase
reaction:
The product of this reaction is converted to UDP-glucose by the
action of UDP-glucose pyrophosphorylase, in a key step of glycogen
biosynthesis.

UDP-glucose is the immediate donor of glucose residues in the
reaction catalyzed by glycogen synthase, which promotes the
transfer of the glucose residue from UDP-glucose to a nonreducing
end of a branched glycogen molecule.
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Glycogen synthase cannot make the (α16) bonds found at the
branch points of glycogen; these are formed by the glycogen-branching
enzyme.

The biological effect of branching is to make the glycogen molecule
more soluble and to increase the number of nonreducing ends.
This increases the number of sites accessible to glycogen
phosphorylase and glycogen synthase, both of which act only at
nonreducing ends.
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Glycogen synthase cannot initiate a new glycogen chain de novo.
It requires a primer, usually a preformed (α14) polyglucose chain
or branch having at least eight glucose residues.
The protein glycogenin is both the primer on which new chains are
assembled and the enzyme that catalyzes their assembly.
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Principles of Metabolic Regulation
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Metabolic regulation, a central theme in biochemistry, is one of
the most remarkable features of living organisms.
Of the thousands of enzyme catalyzed reactions that can take
place in a cell, there is probably not one that escapes some form of
regulation.
Although it is convenient for the student of biochemistry to divide
metabolic processes into “pathways” that play discrete roles in the
cell’s economy, no such separation exists in the living cell.
Rather, every pathway we discuss in this book is inextricably
intertwined with all the other cellular pathways in a
multidimensional network of reactions.
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For example, there are four possible fates for glucose 6-phosphate
in a hepatocyte:
 breakdown by glycolysis for the production of ATP,
 breakdown in the pentose phosphate pathway for the
production of NADPH and pentose phosphates,
 use in the synthesis of complex polysaccharides of the
extracellular matrix, or

 hydrolysis to glucose and phosphate to replenish blood glucose.
In fact, glucose 6-phosphate has other possible fates in hepatocytes,
too; it may, for example, be used to synthesize other sugars, such as
glucosamine, galactose and neuraminic acid, for use in protein
glycosylation, or it may be partially degraded to provide acetyl-CoA for
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fatty acid and sterol synthesis.

When any cell uses glucose 6-phosphate for one purpose, that
“decision” affects all the other pathways for which glucose 6phosphate is a precursor or intermediate.
Any change in the allocation of glucose 6-phosphate to one pathway
affects, directly or indirectly, the flow of metabolites through all the
others.
The ability of a cell to carry out all these interlocking metabolic
processes simultaneously—obtaining every product in the amount
needed and at the right time, in the face of major perturbations from
outside, and without generating leftovers—is an astounding
accomplishment.
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The pathways of glucose metabolism provide, in the catabolic
direction, the energy essential to oppose the forces of entropy and, in
the anabolic direction, biosynthetic precursors and a storage form of
metabolic energy.
These reactions are so important to survival that very complex
regulatory mechanisms have evolved to ensure that metabolites move
through each pathway in the correct direction and at the correct rate to
match exactly the cell’s or the organism’s changing circumstances.
In the course of evolution, organisms have acquired a remarkable
collection of regulatory mechanisms for maintaining homeostasis at the
molecular, cellular, and organismal levels, as reflected in the proportion
of genes that encode regulatory machinery.

In humans, about 4,000 genes (12% of all genes) encode regulatory
proteins, including a variety of receptors, regulators of gene expression,
and more than 500 different protein kinases!
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Coordinated Regulation of Glycolysis
and Gluconeogenesis

In mammals, gluconeogenesis occurs primarily in the liver, where
its role is to provide glucose for export to other tissues when
glycogen stores are exhausted and when no dietary glucose is
available.
Gluconeogenesis employs several of the enzymes that act in
glycolysis, but it is not simply the reversal of glycolysis.
Seven of the glycolytic reactions are freely reversible, and the
enzymes that catalyze these reactions also function in
gluconeogenesis.
Three reactions of glycolysis are so exergonic as to be essentially
irreversible: those catalyzed by hexokinase, PFK-1, and pyruvate
kinase.
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Gluconeogenesis uses detours around each of these irreversible
steps.
At each of the three points where glycolytic reactions are bypassed
by alternative, gluconeogenic reactions, simultaneous operation of
both pathways would consume ATP without accomplishing any
chemical or biological work.
For example, PFK-1 and FBPase-1 catalyze opposing reactions:
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The sum of these two reactions is, hydrolysis of ATP without any
useful metabolic work being done.

Clearly, if these two reactions were allowed to proceed
simultaneously at a high rate in the same cell, a large amount of
chemical energy would be dissipated as heat.
This uneconomical process has been called a futile cycle.
However, as we shall see later, such cycles may provide advantages
for controlling pathways, and the term substrate cycle is a better
description.
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Regulation of Hexokinase
Hexokinase, which catalyzes the entry of glucose into the
glycolytic pathway, is a regulatory enzyme.
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The predominant hexokinase isozyme of myocytes (hexokinase II)
has a high affinity for glucose—it is half saturated at about 0.1 mM.

Because glucose entering myocytes from the blood (where the
glucose concentration is 4 to 5 mM) produces an intracellular
glucose concentration high enough to saturate hexokinase II, the
enzyme normally acts at or near its maximal rate.
Muscle hexokinase I and hexokinase II are allosterically inhibited
by their product, glucose 6-phosphate.

The predominant hexokinase isozyme of liver is hexokinase IV
(glucokinase), which differs in three important respects from
hexokinases I–III of muscle.
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First, the glucose concentration at which hexokinase IV is halfsaturated (about 10 mM) is higher than the usual concentration of
glucose in the blood.
The high Km of hexokinase IV allows its direct regulation by the
level of blood glucose.

Second, hexokinase IV is not inhibited by glucose 6-phosphate,
and it can therefore continue to operate when the accumulation of
glucose 6-phosphate completely inhibits hexokinases I–III.
Finally, hexokinase IV is subject to inhibition by the reversible
binding of a regulatory protein specific to liver so the liver does not
compete with other organs for the scarce glucose.

158

159

Regulation of PFK-1
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PFK-1, in addition to its substrate-binding sites, has several
regulatory sites at which allosteric activators or inhibitors bind.
When high cellular [ATP] signals that ATP is being produced faster
than it is being consumed, ATP inhibits PFK-1 by binding to an
allosteric site and lowering the affinity of the enzyme for its
substrate fructose 6-phosphate.
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ADP and AMP, which increase in concentration as consumption of
ATP outpaces production, act allosterically to relieve this inhibition
by ATP.
These effects combine to produce higher enzyme activity when
ADP or AMP accumulates and lower activity when ATP accumulates.
Citrate (the ionized form of citric acid), a key intermediate in the
aerobic oxidation of pyruvate, fatty acids, and amino acids, is also
an allosteric regulator of PFK-1; high citrate concentration increases
the inhibitory effect of ATP, further reducing the flow of glucose
through glycolysis.
In this case, as in several others encountered later, citrate serves
as an intracellular signal that the cell is meeting its current needs
for energy-yielding metabolism by the oxidation of fats and proteins
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Fructose 2,6-bisphosphate is a potent allosteric activator of PFK-1

Regulation of Pyruvate Kinase
At least three isozymes of pyruvate kinase are found in
vertebrates, differing in their tissue distribution and their
response to modulators.
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High concentrations of ATP, acetyl-CoA, and long-chain fatty acids
(signs ofabundant energy supply) allosterically inhibit all isozymes of
pyruvate kinase.
The liver isozyme (L form), but not the muscle isozyme (M form), is
subject to further regulation by phosphorylation.

When low blood glucose causes glucagon release, cAMPdependent
protein kinase phosphorylates the L isozyme of pyruvate kinase,
inactivating it.
This slows the use ofglucose as a fuel in liver, sparing it for export
to the brain and other organs.
 In muscle, the effect of increased [cAMP] is quite different. In
response to epinephrine, cAMP activates glycogen breakdown and
glycolysis and provides the fuel needed for the fight-or-flight
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response.
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Regulation of Gluconeogenesis
In the pathway leading from pyruvate to glucose, the first control
point determines the fate of pyruvate in the mitochondrion: its
conversion either to acetyl-CoA (by the pyruvate dehydrogenase
complex) to fuel the citric acid cycle or to oxaloacetate (by pyruvate
carboxylase) to start the process of gluconeogenesis.
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When fatty acids are readily available as fuels, their breakdown in
liver mitochondria yields acetyl-CoA, a signal that further oxidation
of glucose for fuel is not necessary.
Acetyl-CoA is a positive allosteric modulator of pyruvate
carboxylase and a negative modulator of pyruvate dehydrogenase,
through stimulation of a protein kinase that inactivates the
dehydrogenase.
When the cell’s energy needs are being met, oxidative
phosphorylation slows, [NADH] rises relative to [NAD+] and inhibits
the citric acid cycle, and acetyl-CoA accumulates.
The increased concentration of acetylCoA inhibits the pyruvate
dehydrogenase complex, slowing the formation of acetyl-CoA from
pyruvate, and stimulates gluconeogenesis by activating pyruvate
carboxylase.
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Oxaloacetate formed in this way is converted to
phosphoenolpyruvate (PEP) in the reaction catalyzed by PEP
carboxykinase.
In mammals, the regulation of this key enzyme occurs
primarily at the level of its synthesis and breakdown, in response
to dietary and hormonal signals.
Fasting or high glucagon levels act through cAMP to increase
the rate of transcription and to stabilize the mRNA.

Insulin, or high blood glucose, has the opposite effects.
Generally triggered by a signal from outside the cell (diet,
hormones), these changes take place on a time scale of minutes
to hours.
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FBPase-1, is strongly inhibited (allosterically) by AMP; when the
cell’s supply of ATP is low, the ATP-requiring synthesis of glucose
slows.

 Thus these opposing steps in the glycolytic and gluconeogenic
pathways—those catalyzed by PFK-1 and FBPase-1—are regulated in a
coordinated and reciprocal manner.
In general, when sufficient concentrations of acetyl-CoA or citrate
(the product of acetylCoA condensation with oxaloacetate) are
present, or when a high proportion of the cell’s adenylate is in the
form of ATP, gluconeogenesis is favored.
When the level of AMP increases, it promotes glycolysis by
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stimulating PFK-1

The special role of the liver in maintaining a constant blood glucose
level requires additional regulatory mechanisms to coordinate glucose
production and consumption.
When the blood glucose level decreases, the hormone glucagon
signals the liver to produce and release more glucose and to stop
consuming it for its own needs.
One source of glucose is glycogen stored in the liver; another source
is gluconeogenesis, using pyruvate, lactate, glycerol, or certain amino
acids as starting material.
When blood glucose is high, insulin signals the liver to use glucose
as a fuel and as a precursor for the synthesis and storage of glycogen
and triacylglycerol.
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The rapid hormonal regulation of glycolysis and gluconeogenesis is
mediated by fructose 2,6-bisphosphate, an allosteric effector for the
enzymes PFK-1 and FBPase-1.

When fructose 2,6-bisphosphate binds to its allosteric site on PFK-1, it
increases the enzyme’s affinity for its substrate fructose 6-phosphate and
reduces its affinity for the allosteric inhibitors ATP and citrate.
At the physiological concentrations of its substrates, ATP and fructose
6-phosphate, and of its other positive and negative effectors (ATP, AMP,
citrate), PFK-1 is virtually inactive in the absence of fructose 2,6bisphosphate.
Fructose 2,6-bisphosphate has the opposite effect on FBPase-1: it
reduces its affinity for its substrate, thereby slowing gluconeogenesis. 171
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Coordinated Regulation of Glycogen
Synthesis and Breakdown
The mobilization of stored glycogen is brought about by glycogen
phosphorylase, which degrades glycogen to glucose 1-phosphate.
The glycogen phosphorylase of skeletal muscle exists in two
interconvertible forms: glycogen phosphorylase a, which is
catalytically active, and glycogen phosphorylase b, which is less
active .
The enzyme (phosphorylase b kinase) responsible for activating
phosphorylase by transferring a phosphoryl group to its Ser residue
is itself activated by epinephrine or glucagon.
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By binding to specific surface
receptors, either epinephrine acting on
a myocyte (left) or glucagon acting on a
hepatocyte (right) activates a GTPbinding protein which triggers a rise in
[cAMP], activating PKA.
This sets off a cascade of
phosphorylations;
PKA
activates
phosphorylase b kinase, which then
activates glycogen phosphorylase.
Such cascades effect a
amplification of the initial signal.
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The resulting breakdown of glycogen
provides glucose, which in the myocyte
can supply ATP (via glycolysis) for
muscle contraction and in the
hepatocyte is released into the blood to
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counter the low blood glucose.

When the blood glucose level is too low, glucagon activates
phosphorylase b kinase, which in turn converts phosphorylase b to its active
a form, initiating the release of glucose into the blood.
When blood glucose levels return to normal, glucose enters hepatocytes
and binds to an inhibitory allosteric site on phosphorylase a.
This binding also produces a conformational change that exposes the
phosphorylated Ser residues to PP1, which catalyzes their
dephosphorylation and inactivates the phosphorylase.
The allosteric site for glucose allows liver glycogen phosphorylase to act
as its own glucose sensor and to respond appropriately to changes in blood
glucose.
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Like glycogen phosphorylase, glycogen
synthase can exist in phosphorylated and
dephosphorylated forms.
Its active form, glycogen synthase a, is
unphosphorylated.
The most important regulatory kinase
is glycogen synthase kinase 3 (GSK3).
One way in which insulin triggers
intracellular changes is by activating a
protein kinase (PKB) that in turn
phosphorylates and inactivates GSK3.
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A single enzyme, phosphoprotein phosphatase 1, PP1, can
remove phosphoryl groups from all three of the enzymes
phosphorylated in response to glucagon (liver) and epinephrine
(liver and muscle):

 phosphorylase kinase,
 glycogen phosphorylase, and

 glycogen synthase.
Insulin stimulates glycogen synthesis by activating PP1 and by
inactivating GSK3.
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