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chapter

Carbohydrates are the most abundant biomolecules
on Earth. Each year, photosynthesis converts more

than 100 billion metric tons of CO2 and H2O into cellu-
lose and other plant products. Certain carbohydrates
(sugar and starch) are a dietary staple in most parts of
the world, and the oxidation of carbohydrates is the cen-
tral energy-yielding pathway in most nonphotosynthetic
cells. Insoluble carbohydrate polymers serve as struc-
tural and protective elements in the cell walls of bacte-
ria and plants and in the connective tissues of animals.
Other carbohydrate polymers lubricate skeletal joints
and participate in recognition and adhesion between
cells. More complex carbohydrate polymers covalently

attached to proteins or lipids act as signals that deter-
mine the intracellular location or metabolic fate of these
hybrid molecules, called glycoconjugates. This chap-
ter introduces the major classes of carbohydrates and
glycoconjugates and provides a few examples of their
many structural and functional roles.

Carbohydrates are polyhydroxy aldehydes or ke-
tones, or substances that yield such compounds on hy-
drolysis. Many, but not all, carbohydrates have the em-
pirical formula (CH2O)n; some also contain nitrogen,
phosphorus, or sulfur.

There are three major size classes of carbohydrates:
monosaccharides, oligosaccharides, and polysaccha-
rides (the word “saccharide” is derived from the Greek
sakcharon, meaning “sugar”). Monosaccharides, or
simple sugars, consist of a single polyhydroxy aldehyde
or ketone unit. The most abundant monosaccharide in
nature is the six-carbon sugar D-glucose, sometimes re-
ferred to as dextrose. Monosaccharides of more than
four carbons tend to have cyclic structures. 

Oligosaccharides consist of short chains of mono-
saccharide units, or residues, joined by characteristic
linkages called glycosidic bonds. The most abundant are
the disaccharides, with two monosaccharide units.
Typical is sucrose (cane sugar), which consists of the
six-carbon sugars D-glucose and D-fructose. All common
monosaccharides and disaccharides have names ending
with the suffix “-ose.” In cells, most oligosaccharides
consisting of three or more units do not occur as free
entities but are joined to nonsugar molecules (lipids or
proteins) in glycoconjugates.

The polysaccharides are sugar polymers contain-
ing more than 20 or so monosaccharide units, and some
have hundreds or thousands of units. Some polysac-
charides, such as cellulose, are linear chains; others,
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Ah! sweet mystery of life . . .
—Rida Johnson Young (lyrics) and Victor Herbert (music),

“Ah! Sweet Mystery of Life,” 1910

I would feel more optimistic about a bright future for man
if he spent less time proving that he can outwit Nature
and more time tasting her sweetness and respecting her
seniority.

—E. B. White, “Coon Tree,” 1977
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Chapter 7 Carbohydrates and Glycobiology 239

such as glycogen, are branched. Both glycogen and cel-
lulose consist of recurring units of D-glucose, but they
differ in the type of glycosidic linkage and consequently
have strikingly different properties and biological roles.

7.1 Monosaccharides and Disaccharides
The simplest of the carbohydrates, the monosaccha-
rides, are either aldehydes or ketones with two or more
hydroxyl groups; the six-carbon monosaccharides glu-
cose and fructose have five hydroxyl groups. Many of
the carbon atoms to which hydroxyl groups are attached
are chiral centers, which give rise to the many sugar
stereoisomers found in nature. We begin by describing
the families of monosaccharides with backbones of three
to seven carbons—their structure and stereoisomeric
forms, and the means of representing their three-
dimensional structures on paper. We then discuss sev-
eral chemical reactions of the carbonyl groups of mono-
saccharides. One such reaction, the addition of a
hydroxyl group from within the same molecule, gener-
ates the cyclic forms of five- and six-carbon sugars (the
forms that predominate in aqueous solution) and cre-
ates a new chiral center, adding further stereochemical
complexity to this class of compounds. The nomencla-
ture for unambiguously specifying the configuration
about each carbon atom in a cyclic form and the means
of representing these structures on paper are therefore
described in some detail; this information will be useful
as we discuss the metabolism of monosaccharides in
Part II. We also introduce here some important mono-
saccharide derivatives encountered in later chapters.

The Two Families of Monosaccharides Are Aldoses
and Ketoses

Monosaccharides are colorless, crystalline solids that
are freely soluble in water but insoluble in nonpolar sol-
vents. Most have a sweet taste. The backbones of com-
mon monosaccharide molecules are unbranched carbon
chains in which all the carbon atoms are linked by sin-
gle bonds. In the open-chain form, one of the carbon
atoms is double-bonded to an oxygen atom to form a
carbonyl group; each of the other carbon atoms has a
hydroxyl group. If the carbonyl group is at an end of the
carbon chain (that is, in an aldehyde group) the mono-
saccharide is an aldose; if the carbonyl group is at any
other position (in a ketone group) the monosaccharide
is a ketose. The simplest monosaccharides are the two
three-carbon trioses: glyceraldehyde, an aldotriose, and
dihydroxyacetone, a ketotriose (Fig. 7–1a).

Monosaccharides with four, five, six, and seven car-
bon atoms in their backbones are called, respectively,
tetroses, pentoses, hexoses, and heptoses. There are
aldoses and ketoses of each of these chain lengths:

aldotetroses and ketotetroses, aldopentoses and ke-
topentoses, and so on. The hexoses, which include the
aldohexose D-glucose and the ketohexose D-fructose
(Fig. 7–1b), are the most common monosaccharides in
nature. The aldopentoses D-ribose and 2-deoxy-D-ribose
(Fig. 7–1c) are components of nucleotides and nucleic
acids (Chapter 8).

Monosaccharides Have Asymmetric Centers

All the monosaccharides except dihydroxyacetone con-
tain one or more asymmetric (chiral) carbon atoms and
thus occur in optically active isomeric forms (pp. 17–
19). The simplest aldose, glyceraldehyde, contains one
chiral center (the middle carbon atom) and therefore has
two different optical isomers, or enantiomers (Fig. 7–2).
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FIGURE 7–1 Representative monosaccharides. (a) Two trioses, an 
aldose and a ketose. The carbonyl group in each is shaded. (b) Two
common hexoses. (c) The pentose components of nucleic acids. 
D-Ribose is a component of ribonucleic acid (RNA), and 2-deoxy-D-
ribose is a component of deoxyribonucleic acid (DNA).

8885d_c07_238-272  11/21/03  7:38 AM  Page 239 Mac113 mac113:122_EDL:



By convention, one of these two forms is designated the
D isomer, the other the L isomer. As for other biomole-
cules with chiral centers, the absolute configurations of
sugars are known from x-ray crystallography. To repre-
sent three-dimensional sugar structures on paper, we
often use Fischer projection formulas (Fig. 7–2).

In general, a molecule with n chiral centers can
have 2n stereoisomers. Glyceraldehyde has 21 ! 2; the
aldohexoses, with four chiral centers, have 24 ! 16
stereoisomers. The stereoisomers of monosaccharides

of each carbon-chain length can be divided into two
groups that differ in the configuration about the chiral
center most distant from the carbonyl carbon. Those
in which the configuration at this reference carbon is
the same as that of D-glyceraldehyde are designated D

isomers, and those with the same configuration as L-
glyceraldehyde are L isomers. When the hydroxyl group
on the reference carbon is on the right in the projection
formula, the sugar is the D isomer; when on the left, it
is the L isomer. Of the 16 possible aldohexoses, eight are
D forms and eight are L. Most of the hexoses of living
organisms are D isomers. 

Figure 7–3 shows the structures of the D stereoiso-
mers of all the aldoses and ketoses having three to six
carbon atoms. The carbons of a sugar are numbered be-
ginning at the end of the chain nearest the carbonyl
group. Each of the eight D-aldohexoses, which differ in
the stereochemistry at C-2, C-3, or C-4, has its own
name: D-glucose, D-galactose, D-mannose, and so forth
(Fig. 7–3a). The four- and five-carbon ketoses are des-
ignated by inserting “ul” into the name of a correspond-
ing aldose; for example, D-ribulose is the ketopentose
corresponding to the aldopentose D-ribose. The keto-
hexoses are named otherwise: for example, fructose
(from the Latin fructus, “fruit”; fruits are rich in this
sugar) and sorbose (from Sorbus, the genus of moun-
tain ash, which has berries rich in the related sugar al-
cohol sorbitol). Two sugars that differ only in the con-
figuration around one carbon atom are called epimers;
D-glucose and D-mannose, which differ only in the stere-
ochemistry at C-2, are epimers, as are D-glucose and D-
galactose (which differ at C-4) (Fig. 7–4).

Some sugars occur naturally in their L form; exam-
ples are L-arabinose and the L isomers of some sugar de-
rivatives that are common components of glycoconju-
gates (Section 7.3).

The Common Monosaccharides 
Have Cyclic Structures

For simplicity, we have thus far represented the struc-
tures of aldoses and ketoses as straight-chain molecules
(Figs 7–3, 7–4). In fact, in aqueous solution, aldotet-
roses and all monosaccharides with five or more carbon
atoms in the backbone occur predominantly as cyclic
(ring) structures in which the carbonyl group has
formed a covalent bond with the oxygen of a hydroxyl
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FIGURE 7–2 Three ways to represent the two stereoisomers of glyc-
eraldehyde. The stereoisomers are mirror images of each other. Ball-
and-stick models show the actual configuration of molecules. By con-
vention, in Fischer projection formulas, horizontal bonds project out
of the plane of the paper, toward the reader; vertical bonds project
behind the plane of the paper, away from the reader. Recall (see Fig.
1–17) that in perspective formulas, solid wedge-shaped bonds point
toward the reader, dashed wedges point away.
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Chapter 7 Carbohydrates and Glycobiology 241
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FIGURE 7–3 Aldoses and ketoses. The series of (a) D-aldoses and
(b) D-ketoses having from three to six carbon atoms, shown as
projection formulas. The carbon atoms in red are chiral centers.
In all these D isomers, the chiral carbon most distant from the
carbonyl carbon has the same configuration as the chiral carbon
in D-glyceraldehyde. The sugars named in boxes are the most
common in nature; you will encounter these again in this and
later chapters.
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FIGURE 7–6 Formation of the two cyclic forms of D-glucose. Reac-
tion between the aldehyde group at C-1 and the hydroxyl group at 
C-5 forms a hemiacetal linkage, producing either of two stereoiso-
mers, the ! and " anomers, which differ only in the stereochemistry
around the hemiacetal carbon. The interconversion of ! and " anomers
is called mutarotation.

FIGURE 7–5 Formation of hemiacetals and hemiketals.
An aldehyde or ketone can react with an alcohol in a 
1:1 ratio to yield a hemiacetal or hemiketal, respectively,
creating a new chiral center at the carbonyl carbon.
Substitution of a second alcohol molecule produces an
acetal or ketal. When the second alcohol is part of 
another sugar molecule, the bond produced is a 
glycosidic bond (p. 245).

istry of ring forms of monosaccharides. However, the
six-membered pyranose ring is not planar, as Haworth
perspectives suggest, but tends to assume either of two
“chair” conformations (Fig. 7–8). Recall from Chapter 1
(p. 19) that two conformations of a molecule are in-
terconvertible without the breakage of covalent bonds,
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group along the chain. The formation of these ring struc-
tures is the result of a general reaction between alco-
hols and aldehydes or ketones to form derivatives called
hemiacetals or hemiketals (Fig. 7–5), which contain
an additional asymmetric carbon atom and thus can ex-
ist in two stereoisomeric forms. For example, D-glucose
exists in solution as an intramolecular hemiacetal in
which the free hydroxyl group at C-5 has reacted with
the aldehydic C-1, rendering the latter carbon asym-
metric and producing two stereoisomers, designated !
and " (Fig. 7–6). These six-membered ring compounds
are called pyranoses because they resemble the six-
membered ring compound pyran (Fig. 7–7). The sys-
tematic names for the two ring forms of D-glucose are
!-D-glucopyranose and "-D-glucopyranose.

Aldohexoses also exist in cyclic forms having five-
membered rings, which, because they resemble the five-
membered ring compound furan, are called furanoses.
However, the six-membered aldopyranose ring is much
more stable than the aldofuranose ring and predomi-
nates in aldohexose solutions. Only aldoses having five
or more carbon atoms can form pyranose rings.

Isomeric forms of monosaccharides that differ only
in their configuration about the hemiacetal or hemike-
tal carbon atom are called anomers. The hemiacetal (or
carbonyl) carbon atom is called the anomeric carbon.
The ! and " anomers of D-glucose interconvert in aque-
ous solution by a process called mutarotation. Thus,
a solution of !-D-glucose and a solution of "-D-glucose
eventually form identical equilibrium mixtures having
identical optical properties. This mixture consists of
about one-third !-D-glucose, two-thirds "-D-glucose,
and very small amounts of the linear and five-membered
ring (glucofuranose) forms.

Ketohexoses also occur in ! and " anomeric forms.
In these compounds the hydroxyl group at C-5 (or C-6)
reacts with the keto group at C-2, forming a furanose
(or pyranose) ring containing a hemiketal linkage (Fig.
7–5). D-Fructose readily forms the furanose ring (Fig.
7–7); the more common anomer of this sugar in com-
bined forms or in derivatives is "-D-fructofuranose.

Haworth perspective formulas like those in Fig-
ure 7–7 are commonly used to show the stereochem-
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FIGURE 7–7 Pyranoses and furanoses. The pyranose forms of D-
glucose and the furanose forms of D-fructose are shown here as
Haworth perspective formulas. The edges of the ring nearest the reader
are represented by bold lines. Hydroxyl groups below the plane of the
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FIGURE 7–8 Conformational formulas of pyranoses. (a) Two chair
forms of the pyranose ring. Substituents on the ring carbons may be
either axial (ax), projecting parallel to the vertical axis through the
ring, or equatorial (eq), projecting roughly perpendicular to this axis.
Two conformers such are these are not readily interconvertible with-
out breaking the ring. However, when the molecule is “stretched” (by
atomic force microscopy), an input of about 46 kJ of energy per mole
of sugar can force the interconversion of chair forms. Generally, sub-
stituents in the equatorial positions are less sterically hindered by
neighboring substituents, and conformers with bulky substituents in
equatorial positions are favored. Another conformation, the “boat” (not
shown), is seen only in derivatives with very bulky substituents. (b) A
chair conformation of !-D-glucopyranose. 

whereas two configurations can be interconverted only
by breaking a covalent bond—for example, in the case
of ! and " configurations, the bond involving the ring
oxygen atom. The specific three-dimensional confor-
mations of the monosaccharide units are important in
determining the biological properties and functions of
some polysaccharides, as we shall see.

Organisms Contain a Variety of Hexose Derivatives

In addition to simple hexoses such as glucose, galactose,
and mannose, there are a number of sugar derivatives
in which a hydroxyl group in the parent compound is
replaced with another substituent, or a carbon atom is
oxidized to a carboxyl group (Fig. 7–9). In glucosamine,
galactosamine, and mannosamine, the hydroxyl at C-2
of the parent compound is replaced with an amino
group. The amino group is nearly always condensed with
acetic acid, as in N-acetylglucosamine. This glucosamine
derivative is part of many structural polymers, includ-
ing those of the bacterial cell wall. Bacterial cell walls
also contain a derivative of glucosamine, N-acetylmu-
ramic acid, in which lactic acid (a three-carbon car-
boxylic acid) is ether-linked to the oxygen at C-3 of 
N-acetylglucosamine. The substitution of a hydrogen for

the hydroxyl group at C-6 of L-galactose or L-mannose
produces L-fucose or L-rhamnose, respectively; these
deoxy sugars are found in plant polysaccharides and in
the complex oligosaccharide components of glycopro-
teins and glycolipids. 

Oxidation of the carbonyl (aldehyde) carbon of glu-
cose to the carboxyl level produces gluconic acid; other
aldoses yield other aldonic acids. Oxidation of the car-
bon at the other end of the carbon chain—C-6 of glucose,
galactose, or mannose—forms the corresponding uronic
acid: glucuronic, galacturonic, or mannuronic acid. Both
aldonic and uronic acids form stable intramolecular es-
ters called lactones (Fig. 7–9, lower left). In addition to
these acidic hexose derivatives, one nine-carbon acidic
sugar deserves mention: N-acetylneuraminic acid (a sialic
acid, but often referred to simply as “sialic acid”), a de-
rivative of N-acetylmannosamine, is a component of many
glycoproteins and glycolipids in animals. The carboxylic
acid groups of the acidic sugar derivatives are ionized at
pH 7, and the compounds are therefore correctly named
as the carboxylates—glucuronate, galacturonate, and so
forth.
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In the synthesis and metabolism of carbohydrates,
the intermediates are very often not the sugars them-
selves but their phosphorylated derivatives. Condensation
of phosphoric acid with one of the hydroxyl groups of a
sugar forms a phosphate ester, as in glucose 6-phosphate
(Fig. 7–9). Sugar phosphates are relatively stable at neu-
tral pH and bear a negative charge. One effect of sugar
phosphorylation within cells is to trap the sugar inside the
cell; most cells do not have plasma membrane trans-
porters for phosphorylated sugars. Phosphorylation also
activates sugars for subsequent chemical transformation.
Several important phosphorylated derivatives of sugars
are components of nucleotides (discussed in the next
chapter).

Monosaccharides Are Reducing Agents

Monosaccharides can be oxidized by relatively
mild oxidizing agents such as ferric (Fe3!) or

cupric (Cu2!) ion (Fig. 7–10a). The carbonyl carbon is
oxidized to a carboxyl group. Glucose and other sugars
capable of reducing ferric or cupric ion are called re-
ducing sugars. This property is the basis of Fehling’s
reaction, a qualitative test for the presence of reducing
sugar. By measuring the amount of oxidizing agent re-
duced by a solution of a sugar, it is also possible to es-
timate the concentration of that sugar. For many years
this test was used to detect and measure elevated glu-
cose levels in blood and urine in the diagnosis of dia-
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C-5 (also known as the ! carbon) hydroxyl group of D-gluconate.
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betes mellitus. Now, more sensitive methods for meas-
uring blood glucose employ an enzyme, glucose oxidase
(Fig. 7–10b). !

Disaccharides Contain a Glycosidic Bond

Disaccharides (such as maltose, lactose, and sucrose)
consist of two monosaccharides joined covalently by an
O-glycosidic bond, which is formed when a hydroxyl
group of one sugar reacts with the anomeric carbon of
the other (Fig. 7–11). This reaction represents the for-
mation of an acetal from a hemiacetal (such as glu-
copyranose) and an alcohol (a hydroxyl group of the
second sugar molecule) (Fig. 7–5). Glycosidic bonds are
readily hydrolyzed by acid but resist cleavage by base.
Thus disaccharides can be hydrolyzed to yield their free
monosaccharide components by boiling with dilute acid.
N-glycosyl bonds join the anomeric carbon of a sugar to
a nitrogen atom in glycoproteins (see Fig. 7–31) and nu-
cleotides (see Fig. 8–1).

The oxidation of a sugar’s anomeric carbon by
cupric or ferric ion (the reaction that defines a reduc-
ing sugar) occurs only with the linear form, which ex-
ists in equilibrium with the cyclic form(s). When the
anomeric carbon is involved in a glycosidic bond, that
sugar residue cannot take the linear form and therefore
becomes a nonreducing sugar. In describing disaccha-
rides or polysaccharides, the end of a chain with a free
anomeric carbon (one not involved in a glycosidic bond)
is commonly called the reducing end.

The disaccharide maltose (Fig. 7–11) contains two
D-glucose residues joined by a glycosidic linkage be-
tween C-1 (the anomeric carbon) of one glucose residue
and C-4 of the other. Because the disaccharide retains
a free anomeric carbon (C-1 of the glucose residue on
the right in Fig. 7–11), maltose is a reducing sugar. The
configuration of the anomeric carbon atom in the gly-
cosidic linkage is !. The glucose residue with the free
anomeric carbon is capable of existing in !- and "-pyra-
nose forms.

To name reducing disaccharides such as maltose un-
ambiguously, and especially to name more complex
oligosaccharides, several rules are followed. By conven-
tion, the name describes the compound with its nonre-
ducing end to the left, and we can “build up” the name
in the following order. (1) Give the configuration (! or
") at the anomeric carbon joining the first monosac-
charide unit (on the left) to the second. (2) Name the
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FIGURE 7–10 Sugars as reducing agents. (a) Oxidation of the
anomeric carbon of glucose and other sugars is the basis for
Fehling’s reaction. The cuprous ion (Cu!) produced under alkaline
conditions forms a red cuprous oxide precipitate. In the hemi-
acetal (ring) form, C-1 of glucose cannot be oxidized by Cu2!.
However, the open-chain form is in equilibrium with the ring
form, and eventually the oxidation reaction goes to completion.
The reaction with Cu2! is not as simple as the equation here
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amount of H2O2 produced in the reaction catalyzed by glucose
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produce a colored compound, the amount of which is then
measured spectrophotometrically.

FIGURE 7–11 Formation of maltose. A disaccharide is formed from
two monosaccharides (here, two molecules of D-glucose) when an
OOH (alcohol) of one glucose molecule (right) condenses with the
intramolecular hemiacetal of the other glucose molecule (left), with
elimination of H2O and formation of an O-glycosidic bond. The re-
versal of this reaction is hydrolysis—attack by H2O on the glycosidic
bond. The maltose molecule retains a reducing hemiacetal at the 
C-1 not involved in the glycosidic bond. Because mutarotation inter-
converts the ! and " forms of the hemiacetal, the bonds at this posi-
tion are sometimes depicted with wavy lines, as shown here, to indi-
cate that the structure may be either ! or ".

(a)

(b)
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nonreducing residue; to distinguish five- and six-mem-
bered ring structures, insert “furano” or “pyrano” into
the name. (3) Indicate in parentheses the two carbon
atoms joined by the glycosidic bond, with an arrow con-
necting the two numbers; for example, (1n4) shows
that C-1 of the first-named sugar residue is joined to 
C-4 of the second. (4) Name the second residue. If there
is a third residue, describe the second glycosidic bond
by the same conventions. (To shorten the description
of complex polysaccharides, three-letter abbreviations
for the monosaccharides are often used, as given in
Table 7–1.) Following this convention for naming
oligosaccharides, maltose is !-D-glucopyranosyl-(1n4)-
D-glucopyranose. Because most sugars encountered in
this book are the D enantiomers and the pyranose form
of hexoses predominates, we generally use a shortened
version of the formal name of such compounds, giving
the configuration of the anomeric carbon and naming
the carbons joined by the glycosidic bond. In this ab-
breviated nomenclature, maltose is Glc(!1n4)Glc.

The disaccharide lactose (Fig. 7–12), which yields
D-galactose and D-glucose on hydrolysis, occurs natu-
rally only in milk. The anomeric carbon of the glucose
residue is available for oxidation, and thus lactose 
is a reducing disaccharide. Its abbreviated name is
Gal("1n4)Glc. Sucrose (table sugar) is a disaccharide
of glucose and fructose. It is formed by plants but not
by animals. In contrast to maltose and lactose, sucrose
contains no free anomeric carbon atom; the anomeric
carbons of both monosaccharide units are involved in
the glycosidic bond (Fig. 7–12). Sucrose is therefore a
nonreducing sugar. Nonreducing disaccharides are
named as glycosides; in this case, the positions joined
are the anomeric carbons. In the abbreviated nomen-
clature, a double-headed arrow connects the symbols
specifying the anomeric carbons and their configura-
tions. For example, the abbreviated name of sucrose
is either Glc(!1mn2")Fru or Fru("2mn1!)Glc. Sucrose
is a major intermediate product of photosynthesis; in

many plants it is the principal form in which sugar is
transported from the leaves to other parts of the plant
body. Trehalose, Glc(!1mn1!)Glc (Fig. 7–12)—a disac-
charide of D-glucose that, like sucrose, is a nonreducing
sugar—is a major constituent of the circulating fluid
(hemolymph) of insects, serving as an energy-storage
compound.
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FIGURE 7–12 Some common disaccharides. Like maltose in Figure
7–11, these are shown as Haworth perspectives. The common name,
full systematic name, and abbreviation are given for each disaccharide.

Abequose Abe Glucuronic acid GlcA
Arabinose Ara Galactosamine GalN
Fructose Fru Glucosamine GlcN
Fucose Fuc N-Acetylgalactosamine GalNAc
Galactose Gal N-Acetylglucosamine GlcNAc
Glucose Glc Iduronic acid IdoA
Mannose Man Muramic acid Mur
Rhamnose Rha N-Acetylmuramic acid Mur2Ac
Ribose Rib N-Acetylneuraminic acid Neu5Ac
Xylose Xyl (a sialic acid)

TABLE 7–1 Abbreviations for Common Monosaccharides 
and Some of Their Derivatives
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SUMMARY 7.1 Monosaccharides and Disaccharides

! Sugars (also called saccharides) are compounds
containing an aldehyde or ketone group and
two or more hydroxyl groups.

! Monosaccharides generally contain several
chiral carbons and therefore exist in a variety
of stereochemical forms, which may be
represented on paper as Fischer projections.
Epimers are sugars that differ in configuration
at only one carbon atom.

! Monosaccharides commonly form internal 
hemiacetals or hemiketals, in which the
aldehyde or ketone group joins with a hydroxyl
group of the same molecule, creating a cyclic
structure; this can be represented as a
Haworth perspective formula. The carbon atom
originally found in the aldehyde or ketone
group (the anomeric carbon) can assume either
of two configurations, ! and ", which are
interconvertible by mutarotation. In the linear
form, which is in equilibrium with the cyclized
forms, the anomeric carbon is easily oxidized.

! A hydroxyl group of one monosaccharide can
add to the anomeric carbon of a second
monosaccharide to form an acetal. In this
disaccharide, the glycosidic bond protects the
anomeric carbon from oxidation.

! Oligosaccharides are short polymers of several
monosaccharides joined by glycosidic bonds. At
one end of the chain, the reducing end, is a
monosaccharide unit whose anomeric carbon is
not involved in a glycosidic bond. 

! The common nomenclature for di- or
oligosaccharides specifies the order of
monosaccharide units, the configuration at
each anomeric carbon, and the carbon atoms
involved in the glycosidic linkage(s).

7.2 Polysaccharides
Most carbohydrates found in nature occur as polysac-
charides, polymers of medium to high molecular weight.
Polysaccharides, also called glycans, differ from each
other in the identity of their recurring monosaccharide
units, in the length of their chains, in the types of bonds
linking the units, and in the degree of branching. Homo-
polysaccharides contain only a single type of monomer;
heteropolysaccharides contain two or more different
kinds (Fig. 7–13). Some homopolysaccharides serve as
storage forms of monosaccharides that are used as fuels;
starch and glycogen are homopolysaccharides of this
type. Other homopolysaccharides (cellulose and chitin,

for example) serve as structural elements in plant cell
walls and animal exoskeletons. Heteropolysaccharides
provide extracellular support for organisms of all king-
doms. For example, the rigid layer of the bacterial cell
envelope (the peptidoglycan) is composed in part of a
heteropolysaccharide built from two alternating mono-
saccharide units. In animal tissues, the extracellular
space is occupied by several types of heteropolysac-
charides, which form a matrix that holds individual cells
together and provides protection, shape, and support to
cells, tissues, and organs.

Unlike proteins, polysaccharides generally do not
have definite molecular weights. This difference is a con-
sequence of the mechanisms of assembly of the two
types of polymers. As we shall see in Chapter 27, pro-
teins are synthesized on a template (messenger RNA)
of defined sequence and length, by enzymes that follow
the template exactly. For polysaccharide synthesis there
is no template; rather, the program for polysaccharide
synthesis is intrinsic to the enzymes that catalyze the
polymerization of the monomeric units, and there is no
specific stopping point in the synthetic process.

Some Homopolysaccharides Are Stored Forms of Fuel

The most important storage polysaccharides are starch
in plant cells and glycogen in animal cells. Both poly-
saccharides occur intracellularly as large clusters or
granules (Fig. 7–14). Starch and glycogen molecules are
heavily hydrated, because they have many exposed hy-
droxyl groups available to hydrogen-bond with water.
Most plant cells have the ability to form starch, but it is
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FIGURE 7–13 Homo- and heteropolysaccharides. Polysaccharides
may be composed of one, two, or several different monosaccharides,
in straight or branched chains of varying length.
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especially abundant in tubers, such as potatoes, and in
seeds.

Starch contains two types of glucose polymer, amy-
lose and amylopectin (Fig. 7–15). The former consists
of long, unbranched chains of D-glucose residues con-
nected by (!1n4) linkages. Such chains vary in mo-
lecular weight from a few thousand to more than a mil-
lion. Amylopectin also has a high molecular weight (up
to 100 million) but unlike amylose is highly branched.
The glycosidic linkages joining successive glucose
residues in amylopectin chains are (!1n4); the branch
points (occurring every 24 to 30 residues) are (!1n6)
linkages.

Glycogen is the main storage polysaccharide of an-
imal cells. Like amylopectin, glycogen is a polymer of
(!1n4)-linked subunits of glucose, with (!1n6)-linked
branches, but glycogen is more extensively branched
(on average, every 8 to 12 residues) and more compact
than starch. Glycogen is especially abundant in the liver,

where it may constitute as much as 7% of the wet
weight; it is also present in skeletal muscle. In hepato-
cytes glycogen is found in large granules (Fig. 7–14b),
which are themselves clusters of smaller granules com-
posed of single, highly branched glycogen molecules
with an average molecular weight of several million.
Such glycogen granules also contain, in tightly bound
form, the enzymes responsible for the synthesis and
degradation of glycogen.

Because each branch in glycogen ends with a nonre-
ducing sugar unit, a glycogen molecule has as many
nonreducing ends as it has branches, but only one re-
ducing end. When glycogen is used as an energy source,
glucose units are removed one at a time from the nonre-
ducing ends. Degradative enzymes that act only at
nonreducing ends can work simultaneously on the many
branches, speeding the conversion of the polymer to
monosaccharides.

Why not store glucose in its monomeric form? It has
been calculated that hepatocytes store glycogen equiv-
alent to a glucose concentration of 0.4 M. The actual con-
centration of glycogen, which is insoluble and con-
tributes little to the osmolarity of the cytosol, is about
0.01 "M. If the cytosol contained 0.4 M glucose, the os-
molarity would be threateningly elevated, leading to os-
motic entry of water that might rupture the cell (see
Fig. 2–13). Furthermore, with an intracellular glucose
concentration of 0.4 M and an external concentration of
about 5 mM (the concentration in the blood of a mam-
mal), the free-energy change for glucose uptake into
cells against this very high concentration gradient would
be prohibitively large.

Dextrans are bacterial and yeast polysaccharides
made up of (!1n6)-linked poly-D-glucose; all have
(!1n3) branches, and some also have (!1n2) or
(!1n4) branches. Dental plaque, formed by bacteria
growing on the surface of teeth, is rich in dextrans. Syn-
thetic dextrans are used in several commercial products
(for example, Sephadex) that serve in the fractionation
of proteins by size-exclusion chromatography (see Fig.
3–18b). The dextrans in these products are chemically
cross-linked to form insoluble materials of various
porosities, admitting macromolecules of various sizes.

Some Homopolysaccharides Serve Structural Roles

Cellulose, a fibrous, tough, water-insoluble substance, is
found in the cell walls of plants, particularly in stalks,
stems, trunks, and all the woody portions of the plant
body. Cellulose constitutes much of the mass of wood,
and cotton is almost pure cellulose. Like amylose and
the main chains of amylopectin and glycogen, the cel-
lulose molecule is a linear, unbranched homopolysac-
charide, consisting of 10,000 to 15,000 D-glucose units.
But there is a very important difference: in cellulose the
glucose residues have the # configuration (Fig. 7–16),

Part I Structure and Catalysis248
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(a)

Glycogen granules
(b)

FIGURE 7–14 Electron micrographs of starch and glycogen granules.
(a) Large starch granules in a single chloroplast. Starch is made in the
chloroplast from D-glucose formed photosynthetically. (b) Glycogen
granules in a hepatocyte. These granules form in the cytosol and are
much smaller (~0.1 "m) than starch granules (~1.0 "m).
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whereas in amylose, amylopectin, and glycogen the glu-
cose is in the ! configuration. The glucose residues in
cellulose are linked by ("1n4) glycosidic bonds, in con-
trast to the (!1n4) bonds of amylose, starch, and glyco-
gen. This difference gives cellulose and amylose very
different structures and physical properties.

Glycogen and starch ingested in the diet are hy-
drolyzed by !-amylases, enzymes in saliva and intestinal
secretions that break (!1n4) glycosidic bonds between
glucose units. Most animals cannot use cellulose as a
fuel source, because they lack an enzyme to hydrolyze
the ("1n4) linkages. Termites readily digest cellulose
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FIGURE 7–16 The structure of cellulose. (a) Two units of a cellulose
chain; the D-glucose residues are in ("1n4) linkage. The rigid chair
structures can rotate relative to one another. (b) Scale drawing of seg-
ments of two parallel cellulose chains, showing the conformation of
the D-glucose residues and the hydrogen-bond cross-links. In the hex-
ose unit at the lower left, all hydrogen atoms are shown; in the other
three hexose units, the hydrogens attached to carbon have been omit-
ted for clarity as they do not participate in hydrogen bonding.
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(and therefore wood), but only because their intestinal
tract harbors a symbiotic microorganism, Tricho-
nympha, that secretes cellulase, which hydrolyzes the
(!1n4) linkages. Wood-rot fungi and bacteria also pro-
duce cellulase (Fig. 7–17).

Chitin is a linear homopolysaccharide composed of
N-acetylglucosamine residues in ! linkage (Fig. 7–18).
The only chemical difference from cellulose is the re-
placement of the hydroxyl group at C-2 with an acety-
lated amino group. Chitin forms extended fibers similar
to those of cellulose, and like cellulose cannot be di-
gested by vertebrates. Chitin is the principal component
of the hard exoskeletons of nearly a million species of
arthropods—insects, lobsters, and crabs, for example—
and is probably the second most abundant polysaccha-
ride, next to cellulose, in nature.

Steric Factors and Hydrogen Bonding Influence
Homopolysaccharide Folding

The folding of polysaccharides in three dimensions fol-
lows the same principles as those governing polypeptide
structure: subunits with a more-or-less rigid structure
dictated by covalent bonds form three-dimensional
macromolecular structures that are stabilized by weak
interactions within or between molecules: hydrogen-
bond, hydrophobic, and van der Waals interactions, and,
for polymers with charged subunits, electrostatic inter-
actions. Because polysaccharides have so many hydroxyl
groups, hydrogen bonding has an especially important
influence on their structure. Glycogen, starch, and cel-
lulose are composed of pyranoside subunits (having 
six-membered rings), as are the oligosaccharides of gly-
coproteins and glycolipids to be discussed later. Such
molecules can be represented as a series of rigid pyra-
nose rings connected by an oxygen atom bridging two
carbon atoms (the glycosidic bond). There is, in princi-
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FIGURE 7–17 Cellulose breakdown by wood fungi. A wood fungus
growing on an oak log. All wood fungi have the enzyme cellulase,
which breaks the (!1n4) glycosidic bonds in cellulose, such that
wood is a source of metabolizable sugar (glucose) for the fungus. The
only vertebrates able to use cellulose as food are cattle and other ru-
minants (sheep, goats, camels, giraffes). The extra stomach compart-
ment (rumen) of a ruminant teems with bacteria and protists that
secrete cellulase. 
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chapter

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
!2,840 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 main-
taining a relatively low cytosolic osmolarity. When en-
ergy demands increase, glucose can be released from
these intracellular storage polymers and used to pro-
duce ATP either aerobically or anaerobically.

Glucose is not only an excellent fuel, it is also a re-
markably versatile precursor, capable of supplying a
huge array of metabolic intermediates for biosynthetic
reactions. A bacterium such as Escherichia coli can ob-
tain from glucose the carbon skeletons for every amino
acid, nucleotide, coenzyme, fatty acid, or other meta-
bolic intermediate it needs for growth. A comprehen-
sive study of the metabolic fates of glucose would en-
compass hundreds or thousands of transformations. In
animals and vascular plants, glucose has three major
fates: it may be stored (as a polysaccharide or as su-
crose); oxidized to a three-carbon compound (pyru-
vate) via glycolysis to provide ATP and metabolic in-
termediates; or oxidized via the pentose phosphate
(phosphogluconate) pathway to yield ribose 5-phos-
phate for nucleic acid synthesis and NADPH for reduc-
tive biosynthetic processes (Fig. 14–1).

Organisms that do not have access to glucose from
other sources must make it. Photosynthetic organisms
make glucose by first reducing atmospheric CO2 to
trioses, then converting the trioses to glucose. Non-
photosynthetic cells make glucose from simpler three-
and four-carbon precursors by the process of gluconeo-
genesis, effectively reversing glycolysis in a pathway
that uses many of the glycolytic enzymes. 

In this chapter we describe the individual reactions
of glycolysis, gluconeogenesis, and the pentose phos-
phate pathway and the functional significance of each
pathway. We also describe the various fates of the
pyruvate produced by glycolysis; they include the fer-
mentations that are used by many organisms in anaer-
obic niches to produce ATP and that are exploited in-
dustrially as sources of ethanol, lactic acid, and other
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The problem of alcoholic fermentation, of the origin and
nature of that mysterious and apparently spontaneous
change, which converted the insipid juice of the grape
into stimulating wine, seems to have exerted a fascination
over the minds of natural philosophers from the very
earliest times.

—Arthur Harden, Alcoholic Fermentation, 1923
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commercially useful products. And we look at the path-
ways that feed various sugars from mono-, di-, and poly-
saccharides into the glycolytic pathway. The discussion
of glucose metabolism continues in Chapter 15, where
we describe the opposing anabolic and catabolic path-
ways that connect glucose and glycogen, and use the
processes of carbohydrate synthesis and degradation as
examples of the many mechanisms by which organisms
regulate metabolic pathways. 

14.1 Glycolysis
In glycolysis (from the Greek glykys, meaning “sweet,”
and lysis, 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 energy released from glucose is con-
served in the form of ATP and NADH. Glycolysis was
the first metabolic pathway to be elucidated and is prob-
ably the best understood. From Eduard Buchner’s dis-
covery in 1897 of fermentation in broken extracts of
yeast cells until the elucidation of the whole pathway in
yeast (by Otto Warburg and Hans von Euler-Chelpin)

and in muscle (by Gustav Embden and Otto Meyerhof)
in the 1930s, the reactions of glycolysis in extracts of
yeast and muscle were a major focus of biochemical re-
search. The philosophical shift that accompanied these
discoveries was announced by Jacques Loeb in 1906:

Through the discovery of Buchner, Biology was
relieved of another fragment of mysticism. The
splitting up of sugar into CO2 and alcohol is no
more the effect of a “vital principle” than the
splitting up of cane sugar by invertase. The 
history of this problem is instructive, as it warns
us against considering problems as beyond our
reach because they have not yet found their 
solution.

The development of methods of enzyme purifica-
tion, the discovery and recognition of the importance of
coenzymes such as NAD, and the discovery of the piv-
otal metabolic role of ATP and other phosphorylated
compounds all came out of studies of glycolysis. The gly-
colytic enzymes of many species have long 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 glycolytic breakdown of glu-
cose is the sole source of metabolic energy in some
mammalian tissues and cell types (erythrocytes, renal
medulla, brain, and sperm, for example). Some plant tis-
sues that are modified to store starch (such as potato
tubers) and some aquatic plants (watercress, for ex-
ample) 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 ob-
tain energy, conserved as ATP. Because living organisms
first arose in an atmosphere without oxygen, anaerobic
breakdown of glucose is probably the most ancient bio-
logical mechanism for obtaining energy from organic
fuel molecules. In the course of evolution, the chemistry
of this reaction sequence has been completely con-
served; the glycolytic enzymes of vertebrates are closely

similar, in amino acid sequence and
three-dimensional structure, to their
homologs in yeast and spinach. Gly-
colysis 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 me-
tabolism. A study of glycolysis can
therefore serve as a model for many
aspects of the pathways discussed
throughout this book.
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FIGURE 14–1 Major pathways of glucose utilization. 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.
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Before examining each step of the pathway in some
detail, we take a look at glycolysis as a whole.

An Overview: Glycolysis Has Two Phases

The breakdown of the six-carbon glucose into two mol-
ecules of the three-carbon pyruvate occurs in ten steps,
the first five of which constitute the preparatory phase
(Fig. 14–2a). In these reactions, glucose is first phos-
phorylated at the hydroxyl group on C-6 (step 1 ). The
D-glucose 6-phosphate thus formed is converted to D-
fructose 6-phosphate (step 2 ), which is again phos-
phorylated, this time at C-1, to yield D-fructose 1,6-
bisphosphate (step 3 ). For both phosphorylations, ATP 
is the phosphoryl group donor. As all sugar derivatives 
in glycolysis are the D isomers, we will usually omit the
D designation except when emphasizing stereochemistry.

Fructose 1,6-bisphosphate is split to yield two
three-carbon molecules, dihydroxyacetone phosphate
and glyceraldehyde 3-phosphate (step 4 ); this is the
“lysis” step that gives the pathway its name. The dihy-
droxyacetone phosphate is isomerized to a second mol-
ecule of glyceraldehyde 3-phosphate (step 5 ), ending
the first phase of glycolysis. From a chemical perspec-
tive, the isomerization in step 2 is critical for setting
up the phosphorylation and COC bond cleavage reac-
tions in steps 3 and 4 , as detailed later. Note that two
molecules of ATP are invested before the cleavage of
glucose into two three-carbon pieces; later 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 inter-
mediates, and the carbon chains of all the metabolized
hexoses are converted into a common product, 
glyceraldehyde 3-phosphate.

The energy gain comes in the payoff phase of gly-
colysis (Fig. 14–2b). Each molecule of glyceraldehyde
3-phosphate is oxidized and phosphorylated by inor-
ganic phosphate (not by ATP) to form 1,3-bisphospho-
glycerate (step 6 ). Energy is then released as the two
molecules of 1,3-bisphosphoglycerate are converted to
two molecules of pyruvate (steps 7 through 10). Much
of this energy is conserved by the coupled phosphory-
lation of four molecules of ADP to ATP. The net yield is
two molecules of ATP per molecule of glucose used, be-
cause two molecules of ATP were invested in the
preparatory phase. Energy is also conserved in the pay-
off phase in the formation of two molecules of NADH
per molecule of glucose.

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 high-energy phosphate compounds formed during
glycolysis, and (3) transfer of a hydride ion to NAD!,
forming NADH.

Fates of Pyruvate With the exception of some interest-
ing variations in the bacterial realm, 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 (Fig. 14–3). Pyru-
vate 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 (Chapter 16). The electrons from these
oxidations are passed to O2 through a chain of carriers
in the mitochondrion, to form H2O. The energy from the
electron-transfer reactions drives the synthesis of ATP
in the mitochondrion (Chapter 19).

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 reoxi-
dized to NAD!, but NAD! is required as an electron ac-
ceptor 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 tis-
sues and cell types (retina and erythrocytes, for exam-
ple) convert glucose to lactate even under aerobic con-
ditions, and lactate is also the product of glycolysis
under anaerobic conditions in some microorganisms
(Fig. 14–3).

The third major route of pyruvate catabolism leads
to ethanol. In some plant tissues and in certain inver-
tebrates, protists, and microorganisms such as brewer’s
yeast, pyruvate is converted under hypoxic or anaero-
bic conditions into ethanol and CO2, a process called
ethanol (alcohol) fermentation (Fig. 14–3). 

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 syn-
thesis of the amino acid alanine. We return to these an-
abolic reactions of pyruvate in later chapters.

ATP Formation Coupled to Glycolysis 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

Glucose ! 2NAD! ! 2ADP ! 2Pi 88n
2 pyruvate ! 2NADH ! 2H! ! 2ATP ! 2H2O (14–1)

For each molecule of glucose degraded to pyruvate, two
molecules of ATP are generated from ADP and Pi. We
can now resolve the equation of glycolysis into two
processes—the conversion of glucose to pyruvate,
which is exergonic:

Glucose ! 2NAD! 88n 2 pyruvate ! 2NADH ! 2H! (14–2)
"G1#$ % &146 kJ/mol
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FIGURE 14–2 The two phases of glycolysis. For each molecule of glu-
cose that passes through the preparatory phase (a), two molecules of
glyceraldehyde 3-phosphate are formed; both pass through the payoff
phase (b). Pyruvate is the end product of the second phase of glycol-
ysis. For each glucose molecule, two ATP are consumed in the prepara-
tory phase and four ATP are produced in the payoff phase, giving a

net yield of two ATP per molecule of glucose converted to pyruvate.
The numbered reaction steps are catalyzed by the enzymes listed on
the right, and also correspond to the numbered headings in the text
discussion. Keep in mind that each phosphoryl group, represented
here as P , has two negative charges (OPO3

2!).

8885d_c14_521-559  2/6/04  3:43 PM  Page 524 mac76 mac76:385_reb:



and the formation of ATP from ADP and Pi, which is
endergonic:

2ADP " 2Pi 88n 2ATP " 2H2O (14–3)
#G2$% & 2(30.5 kJ/mol) & 61.0 kJ/mol

The sum of Equations 14–2 and 14–3 gives the overall
standard free-energy change of glycolysis, #Gs$%:

#Gs$% & #G1$% " #G2$% & !146 kJ/mol " 61.0 kJ/mol
& !85 kJ/mol

Under standard conditions and in the cell, glycolysis is
an essentially irreversible process, driven to completion
by a large net decrease in free energy. At the actual in-
tracellular concentrations of ATP, ADP, and Pi (see Box
13–1) and of glucose and pyruvate, the energy released
in glycolysis (with pyruvate as the end product) is re-
covered as ATP with an efficiency of more than 60%.

Energy Remaining in Pyruvate Glycolysis releases only a
small fraction of the total available energy of the glu-
cose molecule; the two molecules of pyruvate formed
by glycolysis still contain most of the chemical poten-
tial energy of glucose, energy that can be extracted by
oxidative reactions in the citric acid cycle (Chapter 16)
and oxidative phosphorylation (Chapter 19).

Importance of Phosphorylated Intermediates Each of the
nine glycolytic intermediates between glucose and pyru-
vate is phosphorylated (Fig. 14–2). The phosphoryl
groups appear to have three functions.

1. Because the plasma membrane generally lacks
transporters for phosphorylated sugars, the phos-
phorylated glycolytic intermediates cannot leave
the cell. After the initial phosphorylation, no fur-
ther energy is necessary to retain phosphorylated
intermediates in the cell, despite the large differ-
ence in their intracellular and extracellular con-
centrations.

2. Phosphoryl groups are essential components in
the enzymatic conservation of metabolic energy.
Energy released in the breakage of phosphoanhy-
dride bonds (such as those in ATP) is partially
conserved in the formation of phosphate esters
such as glucose 6-phosphate. High-energy phos-
phate compounds formed in glycolysis (1,3-bisphos-
phoglycerate and phosphoenolpyruvate) donate
phosphoryl groups to ADP to form ATP.

3. Binding energy resulting from the binding of phos-
phate groups to the active sites of enzymes lowers
the activation energy and increases the specificity
of the enzymatic reactions (Chapter 6). The phos-
phate groups of ADP, ATP, and the glycolytic in-
termediates form complexes with Mg2", and the
substrate binding sites of many glycolytic enzymes
are specific for these Mg2" complexes. Most gly-
colytic enzymes require Mg2" for activity.

The Preparatory Phase of Glycolysis Requires ATP

In the preparatory phase of glycolysis, two molecules of
ATP are invested and the hexose chain is cleaved into
two triose phosphates. The realization that phosphory-
lated hexoses were intermediates in glycolysis came
slowly and serendipitously. In 1906, Arthur Harden and
William Young tested their hypothesis that inhibitors of
proteolytic enzymes would stabilize the glucose-
fermenting enzymes in yeast extract. They added blood
serum (known to contain inhibitors of proteolytic en-
zymes) to yeast extracts and observed the predicted
stimulation of glucose metabolism. However, in a con-
trol experiment intended to show that boiling the serum
destroyed the stimulatory activity, they discovered that
boiled serum was just as effective at stimulating glycol-
ysis. Careful examination and testing of the contents of
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the boiled serum revealed that inorganic phosphate was
responsible for the stimulation. Harden and Young soon
discovered that glucose added to their yeast extract was
converted to a hexose bisphosphate (the “Harden-
Young ester,” eventually identified as fructose 1,6-
bisphosphate). This was the beginning of a long series
of investigations on the role of organic esters of phos-
phate in biochemistry, which has led to our current un-
derstanding of the central role of phosphoryl group
transfer in biology.

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

This reaction, which is irreversible under intracel-
lular conditions, is catalyzed by hexokinase. Recall that
kinases are enzymes that catalyze the transfer of the
terminal phosphoryl group from ATP to an acceptor nu-
cleophile (see Fig. 13–10). Kinases are a subclass of
transferases (see Table 6–3). The acceptor in the case
of hexokinase is a hexose, normally D-glucose, although
hexokinase also catalyzes the phosphorylation of other
common hexoses, such as D-fructose and D-mannose.

Hexokinase, like many other kinases, requires Mg2"

for its activity, because the true substrate of the enzyme
is not ATP4! but the MgATP2! complex (see Fig. 13–2).
Mg2" shields the negative charges of the phosphoryl
groups in ATP, making the terminal phosphorus atom an
easier target for nucleophilic attack by an OOH of glu-
cose. Hexokinase undergoes a profound change in
shape, an induced fit, when it binds glucose; two do-
mains of the protein move about 8 Å closer to each other
when ATP binds (see Fig. 6–22). This movement brings
bound ATP closer to a molecule of glucose also bound
to the enzyme and blocks the access of water (from the
solvent), which might otherwise enter the active site
and attack (hydrolyze) the phosphoanhydride bonds of
ATP. Like the other nine enzymes of glycolysis, hexo-
kinase is a soluble, cytosolic protein.

Hexokinase is present in all cells of all organisms.
Hepatocytes also contain a form of hexokinase called
hexokinase IV or glucokinase, which differs from other
forms of hexokinase in kinetic and regulatory proper-
ties (see Box 15–2). Two enzymes that catalyze the
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same reaction but are encoded in different genes are
called isozymes.

2 Conversion of Glucose 6-Phosphate to Fructose 6-Phosphate
The enzyme phosphohexose isomerase (phospho-
glucose isomerase) catalyzes the reversible isomer-
ization of glucose 6-phosphate, an aldose, to fructose
6-phosphate, a ketose:

The mechanism for this reaction is shown in Figure
14–4. The reaction proceeds readily in either direction,
as might be expected from the relatively small change
in standard free energy. This isomerization has a criti-
cal role in the overall chemistry of the glycolytic path-
way, as the rearrangement of the carbonyl and hydroxyl
groups at C-1 and C-2 is a necessary prelude to the next
two steps. The phosphorylation that occurs in the next
reaction (step 3 ) requires that the group at C-1 first
be converted from a carbonyl to an alcohol, and in the
subsequent reaction (step 4 ) cleavage of the bond be-
tween C-3 and C-4 requires a carbonyl group at C-2 
(p. 485).

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) cat-
alyzes the transfer of a phosphoryl group from ATP to
fructose 6-phosphate to yield fructose 1,6-bisphos-
phate:
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This enzyme is called PFK-1 to distinguish it from a sec-
ond 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 pos-
sible 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 1,6-bisphosphate:

Mg2!

Fructose 6-phosphate ! PPi 88n
fructose 1,6-bisphosphate ! Pi

"G#$ % &14 kJ/mol

Phosphofructokinase-1 is a regulatory enzyme
(Chapter 6), one of the most complex known. It is the
major point of regulation in glycolysis. The activity of
PFK-1 is increased whenever the cell’s ATP supply is
depleted or when the ATP breakdown products, ADP
and AMP (particularly the latter), are in excess. The en-
zyme 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.
The regulation of this step in glycolysis is discussed in
greater detail in Chapter 15.

4 Cleavage of Fructose 1,6-Bisphosphate The enzyme
fructose 1,6-bisphosphate aldolase, often called
simply aldolase, catalyzes a reversible aldol condensa-
tion (p. 485). Fructose 1,6-bisphosphate is cleaved to
yield two different triose phosphates, glyceraldehyde
3-phosphate, an aldose, and dihydroxyacetone
phosphate, a ketose:

There are two classes of aldolases. Class I aldolases,
found in animals and plants, use the mechanism shown
in Figure 14–5. 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
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MECHANISM FIGURE 14–4 The
phosphohexose isomerase reaction. The ring
opening and closing reactions (steps 1 and
4 ) are catalyzed by an active-site His

residue, by mechanisms omitted here for
simplicity. The movement of the proton
between C-2 and C-1 (steps 2 and 3 ) is
base-catalyzed by an active-site Glu residue
(shown as B:). The proton (pink) initially at
C-2 is made more easily abstractable by
electron withdrawal by the adjacent carbonyl
and the nearby hydroxyl group. After its
transfer from C-2 to the active-site Glu
residue, the proton is freely exchanged with
the surrounding solution; that is, the proton
abstracted from C-2 in step 2 is not
necessarily the same one that is added to C-1
in step 3 . (The additional exchange of
protons (yellow and blue) between the
hydroxyl groups and solvent is shown for
completeness. The hydroxyl groups are weak
acids and can exchange protons with the
surrounding water whether the isomerization
reaction is underway or not.) 

Phosphohexose Isomerase Mechanism
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and stabilizes the enolate intermediate created in the
COC bond cleavage step. 

Although the aldolase reaction has a strongly posi-
tive standard free-energy change in the direction of fruc-
tose 1,6-bisphosphate cleavage, at the lower concentra-
tions of reactants present in cells, the actual free-energy
change is small and the aldolase reaction is readily re-
versible. We shall see later that aldolase acts in the re-

verse direction during the process of gluconeogenesis
(see Fig. 14–16).

5 Interconversion of the Triose Phosphates Only one of the
two triose phosphates formed by aldolase, glyceralde-
hyde 3-phosphate, can be directly degraded in the 
subsequent steps of glycolysis. The other product, dihy-
droxyacetone phosphate, is rapidly and reversibly 
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converted to glyceraldehyde 3-phosphate by the fifth
enzyme of the sequence, triose phosphate isomerase:

The reaction mechanism is similar to the reaction pro-
moted by phosphohexose isomerase in step 2 of gly-
colysis (Fig. 14–4). After the triose phosphate isomerase
reaction, C-1, C-2, and C-3 of the starting glucose are
chemically indistinguishable from C-6, C-5, and C-4, re-
spectively (Fig. 14–6), setting up the efficient metabo-
lism of the entire six-carbon glucose molecule.

This reaction completes the preparatory phase of
glycolysis. The hexose molecule has been phosphory-
lated at C-1 and C-6 and then cleaved to form two mol-
ecules of glyceraldehyde 3-phosphate. 

The Payoff Phase of Glycolysis Yields ATP and NADH

The payoff phase of glycolysis (Fig. 14–2b) includes the
energy-conserving phosphorylation steps in which some
of the free energy of the glucose molecule is conserved
in the form of ATP. Remember that one molecule of glu-
cose yields two molecules of glyceraldehyde 3-phos-
phate; both halves of the glucose molecule follow the

same pathway in the second phase of glycolysis. The
conversion of two molecules of glyceraldehyde 3-phos-
phate to two molecules of pyruvate is accompanied by
the formation of four molecules of ATP from ADP. How-
ever, the net yield of ATP per molecule of glucose de-
graded is only two, because two ATP were invested in
the preparatory phase of glycolysis to phosphorylate the
two ends of the hexose molecule.

6 Oxidation of Glyceraldehyde 3-Phosphate to 1,3-Bisphos-
phoglycerate The first step in the payoff phase is the
oxidation of glyceraldehyde 3-phosphate to 1,3-bis-
phosphoglycerate, catalyzed by glyceraldehyde 3-
phosphate dehydrogenase:
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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 an-
hydride, called an acyl phosphate, has a very high stan-
dard free energy of hydrolysis (!G"# $ %49.3 kJ/mol;
see Fig. 13–4, Table 13–6). Much of the free energy of
oxidation of the aldehyde group of glyceraldehyde 3-
phosphate is conserved by formation of the acyl phos-
phate group at C-1 of 1,3-bisphosphoglycerate.

The acceptor of hydrogen in the glyceraldehyde 3-
phosphate dehydrogenase reaction is NAD& (see Fig.
13–15), bound to a Rossmann fold as shown in Figure
13–16. The reduction of NAD& proceeds by the enzy-
matic transfer of a hydride ion (:H%) from the aldehyde
group of glyceraldehyde 3-phosphate to the nicoti-

namide ring of NAD&, yielding the reduced coenzyme
NADH. The other hydrogen atom of the substrate mol-
ecule is released to the solution as H&.

Glyceraldehyde 3-phosphate is covalently bound to
the dehydrogenase during the reaction (Fig. 14–7). The
aldehyde group of glyceraldehyde 3-phosphate reacts
with the OSH group of an essential Cys residue in the
active site, in a reaction analogous to the formation of a
hemiacetal (see Fig. 7–5), in this case producing a thio-
hemiacetal. Reaction of the essential Cys residue with a
heavy metal such as Hg2& irreversibly inhibits the enzyme.

Because cells maintain only limited amounts of
NAD&, glycolysis would soon come to a halt if the NADH
formed in this step of glycolysis were not continuously
reoxidized. The reactions in which NAD& is regenerated
anaerobically are described in detail in Section 14.3, in
our discussion of the alternative fates of pyruvate.

Chapter 14 Glycolysis, Gluconeogenesis, and the Pentose Phosphate Pathway530

C

HCOH

O

1,3-Bisphosphoglycerate

2

1

NAD+

S
H

Cys

:N

NH

His

formation of
thiohemiacetal
intermediate

C

HCOH

H O

CH2OPO3
2–

NAD+

S

Cys

C

HCOH

H O–

CH2OPO3
2–

NAD+

S
H

Cys

:N

NH

His

3
oxidation to
thioester
intermediate

NADH

S

Cys

C

HCOH

O

CH2OPO3
2–

NAD+

S

Cys

C

HCOH

O

CH2OPO3
2–

CH2OPO3
2–

OPO3
2–

O–

–O P OH

O

Glyceraldehyde
3-phosphate
dehydrogenase

Glyceraldehyde
3-phosphate

formation of enzyme-
substrate complex

4
NADH exchanged
for NAD+; attack
on thioester
by Pi

NAD+

NADH

Pi

5
release of
product

H N

NH

His

+

H N

NH

His

+
H N

NH

His

+

MECHANISM FIGURE 14–7 The glyceraldehyde 3-phosphate dehy-
drogenase reaction. After 1 formation of the enzyme-substrate com-
plex, 2 a covalent thiohemiacetal linkage forms between the sub-
strate and the OSH group of a Cys residue—facilitated by acid-base
catalysis with a neighboring base catalyst, probably a His residue.  
3 This enzyme-substrate intermediate is oxidized by NAD& bound

to the active site, forming a covalent acyl-enzyme intermediate, a

thioester. 4 The newly formed NADH leaves the active site and is
replaced by another NAD& molecule. The bond between the acyl
group and the thiol group of the enzyme has a very high standard free
energy of hydrolysis. 5 This bond undergoes phosphorolysis (attack
by Pi), releasing the acyl phosphate product, 1,3-bisphosphoglycerate.
Formation of this product conserves much of the free energy liberated
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7 Phosphoryl Transfer from 1,3-Bisphosphoglycerate to ADP
The enzyme phosphoglycerate kinase transfers the
high-energy phosphoryl group from the carboxyl group
of 1,3-bisphosphoglycerate to ADP, forming ATP and 3-
phosphoglycerate:

Notice that [H!] is not included in Q. In biochemical cal-
culations, [H!] is assumed to be a constant (10"7

M),
and this constant is included in the definition of #G$%
(p. 491).

When the mass-action ratio is less than 1.0, its nat-
ural logarithm has a negative sign. Step 7 , by consum-
ing the product of step 6 (1,3-bisphosphoglycerate),
keeps [1,3-bisphosphoglycerate] relatively low in the
steady state and thereby keeps Q for the overall energy-
coupling process small. When Q is small, the contribution
of ln Q can make #G strongly negative. This is simply
another way of showing how the two reactions, steps
6 and 7 , are coupled through a common intermediate.

The outcome of these coupled reactions, both re-
versible under cellular conditions, is that the energy re-
leased 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-bisphos-
phoglycerate is referred to as a substrate-level
phosphorylation, to distinguish this mechanism from
respiration-linked phosphorylation. Substrate-level
phosphorylations involve soluble enzymes and chemical
intermediates (1,3-bisphosphoglycerate in this case).
Respiration-linked phosphorylations, on the other hand,
involve membrane-bound enzymes and transmembrane
gradients of protons (Chapter 19).

8 Conversion of 3-Phosphoglycerate to 2-Phosphoglycerate
The enzyme phosphoglycerate mutase catalyzes a re-
versible shift of the phosphoryl group between C-2 and
C-3 of glycerate; Mg2! is essential for this reaction: 

The reaction occurs in two steps (Fig. 14–8). A phos-
phoryl group initially attached to a His residue of the
mutase is transferred to the hydroxyl group at C-2 of 3-
phosphoglycerate, forming 2,3-bisphosphoglycerate
(2,3-BPG). The phosphoryl group at C-3 of 2,3-BPG is
then transferred to the same His residue, producing 2-
phosphoglycerate and regenerating the phosphorylated
enzyme. Phosphoglycerate mutase is initially phospho-
rylated by phosphoryl transfer from 2,3-BPG, which is
required in small quantities to initiate the catalytic cy-
cle and is continuously regenerated by that cycle. Al-
though in most cells 2,3-BPG is present in only trace
amounts, it is a major component (~5 mM) of erythro-
cytes, where it regulates the affinity of hemoglobin for
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oxygen (see Fig. 5–17; note that in the context of he-
moglobin regulation, 2,3-bisphosphoglycerate is usually
abbreviated as simply BPG).

9 Dehydration of 2-Phosphoglycerate to Phosphoenolpyruvate
In the second glycolytic reaction that generates a com-
pound with high phosphoryl group transfer potential,
enolase promotes reversible removal of a molecule of
water from 2-phosphoglycerate to yield phospho-
enolpyruvate (PEP):

The mechanism of the enolase reaction is presented in
Figure 6–23. Despite the relatively small standard free-
energy change of this reaction, there is a very large
difference in the standard free energy of hydrolysis of

the phosphoryl groups of the reactant and product:
!17.6 kJ/mol for 2-phosphoglycerate (a low-energy phos-
phate ester) and !61.9 kJ/mol for phosphoenolpyruvate
(a compound with a very high standard free energy
of hydrolysis) (see Fig. 13–3, Table 13–6). Although
2-phosphoglycerate and phosphoenolpyruvate contain
nearly the same total amount of energy, the loss of the
water molecule from 2-phosphoglycerate causes a re-
distribution of energy within the molecule, greatly
increasing the standard free energy of hydrolysis of the
phosphoryl group. 

10 Transfer of the Phosphoryl Group from Phosphoenolpyru-
vate 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":

In this substrate-level phosphorylation, the product
pyruvate first appears in its enol form, then tautomer-
izes 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 con-
version of the enol form of pyruvate to the keto form
(see Fig. 13–3). The #G$% of phosphoenolpyruvate
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hydrolysis is !61.9 kJ/mol; about half of this energy is
conserved in the formation of the phosphoanhydride
bond of ATP (#G$% & !30.5 kJ/mol), and the rest
(!31.4 kJ/mol) constitutes a large driving force push-
ing the reaction toward ATP synthesis. The pyruvate
kinase reaction is essentially irreversible under intra-
cellular conditions and is an important site of regula-
tion, as described in Chapter 15.

The Overall Balance Sheet Shows a Net Gain of ATP

We can now construct a balance sheet for glycolysis to
account for (1) the fate of the carbon skeleton of glu-
cose, (2) the input of Pi and ADP and the output of ATP,
and (3) the pathway of electrons in the oxidation-
reduction reactions. The left-hand side of the following
equation shows all the inputs of ATP, NAD", ADP, and
Pi (consult Fig. 14–2), and the right-hand side shows all
the outputs (keep in mind that each molecule of glucose
yields two molecules of pyruvate):

Glucose " 2ATP " 2NAD" " 4ADP " 2Pi 88n
2 pyruvate " 2ADP " 2NADH " 2H" " 4ATP " 2H2O

Canceling out common terms on both sides of the equa-
tion gives the overall equation for glycolysis under aer-
obic conditions:

Glucose " 2NAD" " 2ADP " 2Pi 88n
2 pyruvate " 2NADH " 2H" " 2ATP " 2H2O

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 electron-
transfer chain, which in eukaryotic cells is located in the
mitochondria. The electron-transfer chain passes these
electrons to their ultimate destination, O2:

2NADH " 2H" " O2 88n 2NAD" " 2H2O

Electron transfer from NADH to O2 in mitochondria pro-
vides the energy for synthesis of ATP by respiration-
linked phosphorylation (Chapter 19).

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 glyceralde-
hyde 3-phosphate to two of NAD" (the pathway of elec-
trons).

Glycolysis Is under Tight Regulation

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 differ-

ence in the rates of anaerobic and aerobic glycolysis.
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 glu-
cose to CO2 under aerobic conditions (30 or 32 ATP per
glucose; see Table 19–5). About 15 times as much glu-
cose must therefore be consumed anaerobically as aer-
obically 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 inter-
play among ATP consumption, NADH regeneration, and
allosteric regulation of several glycolytic enzymes—in-
cluding hexokinase, PFK-1, and pyruvate kinase—and
by second-to-second fluctuations in the concentration
of key metabolites that reflect the cellular balance be-
tween ATP production and consumption. On a slightly
longer time scale, glycolysis is regulated by the hor-
mones glucagon, epinephrine, and insulin, and by
changes in the expression of the genes for several gly-
colytic enzymes. We return to a more detailed discus-
sion of the regulation of glycolysis in Chapter 15.

Cancerous Tissue Has Deranged Glucose Catabolism

Glucose uptake and glycolysis proceed about ten
times faster in most solid tumors than in non-

cancerous tissues. Tumor cells commonly experience
hypoxia (limited oxygen supply), because they initially
lack an extensive capillary network to supply the tumor
with oxygen. As a result, cancer cells more than 100 to
200 !m from the nearest capillaries depend on anaero-
bic glycolysis for much of their ATP production. They
take up more glucose than normal cells, converting it to
pyruvate and then to lactate as they recycle NADH. The
high glycolytic rate may also result in part from smaller
numbers of mitochondria in tumor cells; less ATP made
by respiration-linked phosphorylation in mitochondria
means more ATP is needed from glycolysis. In addition,
some tumor cells overproduce several glycolytic en-
zymes, including an isozyme of hexokinase that associ-
ates with the cytosolic face of the mitochondrial inner
membrane and is insensitive to feedback inhibition by
glucose 6-phosphate. This enzyme may monopolize the
ATP produced in mitochondria, using it to convert glu-
cose to glucose 6-phosphate and committing the cell to
continued glycolysis. The hypoxia-inducible transcrip-
tion factor (HIF-1) is a protein that acts at the level of
mRNA synthesis to stimulate the synthesis of at least
eight of the glycolytic enzymes. This gives the tumor
cell the capacity to survive anaerobic conditions until
the supply of blood vessels has caught up with tumor
growth.
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The German biochemist Otto Warburg was the first
to show, as early as 1928, that tumors have a higher rate
of glucose metabolism than other tissues. With his as-
sociates, Warburg purified and crystallized seven of the
enzymes of glycolysis. In these studies he developed and
used an experimental tool that revolutionized biochem-
ical studies of oxidative metabolism: the Warburg
manometer, which measured directly the consumption
of oxygen by monitoring changes in gas volume, and
therefore allowed quantitative measurement of any en-
zyme with oxidase activity. 

Warburg, considered by many the preeminent bio-
chemist of the first half of the twentieth century, made

seminal contributions to many
other areas of biochemistry,
including respiration, photo-
synthesis, and the enzymol-
ogy of intermediary metabo-
lism. Trained in carbohydrate
chemistry in the laboratory of
the great Emil Fischer (who
won the Nobel Prize in Chem-
istry in 1902), Warburg him-
self won the Nobel Prize in
Physiology or Medicine in
1931. A number of Warburg’s
students and colleagues also
were awarded Nobel Prizes:

Otto Meyerhof in 1922, Hans Krebs and Fritz Lipmann
in 1953, and Hugo Theorell in 1955. Meyerhof’s labora-
tory provided training for Lipmann, and for several other
Nobel Prize winners: Severo Ochoa (1959), Andre Lwoff
(1965), and George Wald (1967). !

SUMMARY 14.1 Glycolysis

! Glycolysis is a near-universal pathway by which
a glucose molecule is oxidized to two molecules
of pyruvate, with energy conserved as ATP and
NADH.

! All ten glycolytic enzymes are in the cytosol,
and all ten intermediates are phosphorylated
compounds of three or six carbons.

! In the preparatory phase of glycolysis, ATP is
invested to convert glucose to fructose 
1,6-bisphosphate. The bond between C-3 and
C-4 is then broken to yield two molecules of
triose phosphate. 

! In the payoff phase, each of the two molecules
of glyceraldehyde 3-phosphate derived from
glucose undergoes oxidation at C-1; the energy
of this oxidation reaction is conserved in the
formation of one NADH and two ATP per triose
phosphate oxidized. The net equation for the
overall process is

Glucose " 2NAD" " 2ADP " 2Pi 88n
2 pyruvate " 2NADH " 2H" " 2ATP " 2H2O

! Glycolysis is tightly regulated in coordination
with other energy-yielding pathways to assure
a steady supply of ATP. Hexokinase, PFK-1,
and pyruvate kinase are all subject to allosteric
regulation that controls the flow of carbon
through the pathway and maintains constant
levels of metabolic intermediates. 

14.2 Feeder Pathways for Glycolysis
Many carbohydrates besides glucose meet their cata-
bolic fate in glycolysis, after being transformed into one
of the glycolytic intermediates. The most significant are
the storage polysaccharides glycogen and starch; the
disaccharides maltose, lactose, trehalose, and sucrose;
and the monosaccharides fructose, mannose, and galac-
tose (Fig. 14–9).

Glycogen and Starch Are Degraded by Phosphorolysis

Glycogen in animal tissues and in microorganisms (and
starch in plants) 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
("1n4) glycosidic linkage that joins the last two glu-
cose residues at a nonreducing end, generating glucose
1-phosphate and a polymer one glucose unit shorter
(Fig. 14–10). Phosphorolysis preserves some of the en-
ergy of the glycosidic bond in the phosphate ester glu-
cose 1-phosphate. Glycogen phosphorylase (or starch
phosphorylase) acts repetitively until it approaches an
("1n6) branch point (see Fig. 7–15), where its action
stops. A debranching enzyme removes the branches.
The mechanisms and control of glycogen degradation
are described in detail in Chapter 15.

Glucose 1-phosphate produced by glycogen phos-
phorylase is converted to glucose 6-phosphate by
phosphoglucomutase, which catalyzes the reversible
reaction

Glucose 1-phosphate glucose 6-phosphate

The glucose 6-phosphate thus formed can enter glycol-
ysis or another pathway such as the pentose phosphate
pathway, described in Section 14.5. Phosphoglucomu-
tase employs essentially the same mechanism as phos-
phoglycerate mutase (p. 531). The general name mu-
tase 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 (see Table 6–3).

zy
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14.3 Fates of Pyruvate under Anaerobic
Conditions: Fermentation
Pyruvate occupies an important junction in carbohy-
drate catabolism (Fig. 14–3). Under aerobic conditions
pyruvate is oxidized to acetate, which enters the citric
acid cycle and is oxidized to CO2 and H2O, and NADH
formed by the dehydrogenation of glyceraldehyde 3-
phosphate is ultimately reoxidized to NAD! by passage
of its electrons to O2 in mitochondrial respiration. How-
ever, under hypoxic conditions, as in very active skele-
tal muscle, in submerged plant tissues, or in lactic acid
bacteria, NADH generated by glycolysis cannot be re-
oxidized by O2. 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 there-
fore be regenerated in some other way.

The earliest cells lived in an atmosphere almost
devoid of oxygen and had to develop strategies for de-
riving energy from fuel molecules under anaerobic 
conditions. Most modern organisms have retained the
ability to constantly regenerate NAD! during anaero-
bic glycolysis by transferring electrons from NADH to
form a reduced end product such as lactate or ethanol.

Pyruvate Is the Terminal Electron Acceptor in Lactic
Acid Fermentation

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. As
mentioned earlier, some tissues and cell types (such as
erythrocytes, which have no mitochondria and thus can-
not oxidize pyruvate to CO2) produce lactate from glu-
cose even under aerobic conditions. The reduction of
pyruvate is catalyzed by lactate dehydrogenase,
which forms the L isomer of lactate at pH 7: 

The overall equilibrium of this reaction strongly favors
lactate formation, as shown by the large negative
standard free-energy change.

In glycolysis, dehydrogenation of the two molecules
of glyceraldehyde 3-phosphate derived from each mol-
ecule 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
NAD!, there is no net change in NAD! or NADH: 

O" "

!

C

CH3

HO
NAD

O

C

CH3

Pyruvate

O O

O

C C

lactate
dehydrogenase

!NADH ! H

H

25.1 kJ/mol
L-Lactate

# "$G%&

The lactate formed by active skeletal muscles (or by ery-
throcytes) can be recycled; it is carried in the blood to
the liver, where it is converted to glucose during the re-
covery from strenuous muscular activity. When lactate
is produced in large quantities during vigorous muscle
contraction (during a sprint, for example), the acidifi-
cation that results from ionization of lactic acid in mus-
cle and blood limits the period of vigorous activity. The
best-conditioned athletes can sprint at top speed for no
more than a minute (Box 14–1).

Although conversion of glucose to lactate includes
two oxidation-reduction 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. Never-
theless, 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 glu-
cose molecule consumed. Fermentation is the general
term for such processes, which extract energy (as ATP)
but do not consume oxygen or change the concentra-
tions of NAD! or NADH. Fermentations are carried out
by a wide range of organisms, many of which occupy
anaerobic niches, and they yield a variety of end prod-
ucts, some of which find commercial uses. 

Ethanol Is the Reduced Product in Ethanol
Fermentation

Yeast and other microorganisms ferment glucose to
ethanol and CO2, rather than to lactate. Glucose is con-
verted to pyruvate by glycolysis, and the pyruvate is
converted to ethanol and CO2 in a two-step process: 

In the first step, pyruvate is decarboxylated in an irre-
versible reaction catalyzed by pyruvate decarboxy-
lase. This reaction is a simple decarboxylation and does
not involve the net oxidation of pyruvate. Pyruvate de-
carboxylase requires Mg2! and has a tightly bound
coenzyme, thiamine pyrophosphate, discussed below.
In the second step, acetaldehyde is reduced to ethanol
through the action of alcohol dehydrogenase, with

2 Pyruvate 2 Lactate

Glucose

2NADH

2NAD!
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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 de-
scription. Similar substrate cycles also occur with the
other two sets of bypass reactions of gluconeogenesis
(Fig. 15–15).

We begin our examination of the coordinated regu-
lation of glycolysis and gluconeogenesis by considering
the regulatory patterns seen at the three main control

points of glycolysis. We then look at the regulation of
the enzymes of gluconeogenesis, leading to a consider-
ation of how the regulation of both pathways is tightly,
reciprocally coordinated.

Hexokinase Isozymes of Muscle and Liver Are
Affected Differently by Their Product, Glucose 
6-Phosphate

Hexokinase, which catalyzes the entry of free glucose
into the glycolytic pathway, is a regulatory enzyme.
There are four isozymes (designated I to IV), encoded
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1,6-bisphosphatase

(2) 1,3-Bisphosphoglycerate
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(2) 2-Phosphoglycerate
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triose phosphate
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triose phosphate
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Glycolysis Gluconeogenesis

FIGURE 15–15 Glycolysis and gluconeogenesis. Opposing path-
ways of glycolysis (pink) and gluconeogenesis (blue) in rat liver.
Three steps are catalyzed by different enzymes in gluconeogenesis

(the “bypass reactions”) and glycolysis; seven steps are catalyzed
by the same enzymes in the two pathways. Cofactors have been
omitted for simplicity.
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by four different genes. Isozymes are different proteins
that catalyze the same reaction (Box 15–2). The pre-
dominant 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 hexokinases I
and II are allosterically inhibited by their product, glu-
cose 6-phosphate, so whenever the cellular concentra-

tion of glucose 6-phosphate rises above its normal level,
these isozymes are temporarily and reversibly inhibited,
bringing the rate of glucose 6-phosphate formation into
balance with the rate of its utilization and reestablishing
the steady state.

The different hexokinase isozymes of liver and mus-
cle reflect the different roles of these organs in carbo-
hydrate metabolism: muscle consumes glucose, using it
for energy production, whereas liver maintains blood glu-
cose homeostasis by removing or producing glucose, de-
pending on the prevailing glucose concentration. The
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BOX 15–2 WORKING IN BIOCHEMISTRY

Isozymes: Different Proteins That Catalyze
the Same Reaction
The four forms of hexokinase found in mammalian tis-
sues are but one example of a common biological sit-
uation: the same reaction catalyzed by two or more
different molecular forms of an enzyme. These multi-
ple forms, called isozymes or isoenzymes, may occur
in the same species, in the same tissue, or even in the
same cell. The different forms of the enzyme gener-
ally differ in kinetic or regulatory properties, in the
cofactor they use (NADH or NADPH for dehydroge-
nase isozymes, for example), or in their subcellular
distribution (soluble or membrane-bound). Isozymes
may have similar, but not identical, amino acid se-
quences, and in many cases they clearly share a com-
mon evolutionary origin.

One of the first enzymes found to have isozymes
was lactate dehydrogenase (LDH) (p. 538), which, in
vertebrate tissues, exists as at least five different
isozymes separable by electrophoresis. All LDH
isozymes contain four polypeptide chains (each of Mr

33,500), each type containing a different ratio of two
kinds of polypeptides. The M (for muscle) chain and the
H (for heart) chain are encoded by two different genes.

In skeletal muscle the predominant isozyme con-
tains four M chains, and in heart the predominant
isozyme contains four H chains. Other tissues have some
combination of the five possible types of LDH isozymes:

Type Composition Location
LDH1 HHHH Heart and erythrocyte
LDH2 HHHM Heart and erythrocyte
LDH3 HHMM Brain and kidney
LDH4 HMMM Skeletal muscle and liver
LDH5 MMMM Skeletal muscle and liver

These differences in the isozyme content of tis-
sues can be used to assess the timing and ex-

tent of heart damage due to myocardial infarction
(heart attack). Damage to heart tissue results in the

release of heart LDH into the blood. Shortly after a
heart attack, the blood level of total LDH increases,
and there is more LDH2 than LDH1. After 12 hours the
amounts of LDH1 and LDH2 are very similar, and af-
ter 24 hours there is more LDH1 than LDH2. This
switch in the LDH1/LDH2 ratio, combined with in-
creased concentrations in the blood of another heart
enzyme, creatine kinase, is very strong evidence of a
recent myocardial infarction. !

The different LDH isozymes have significantly dif-
ferent values of Vmax and KM, particularly for pyru-
vate. The properties of LDH4 favor rapid reduction of
very low concentrations of pyruvate to lactate in skele-
tal muscle, whereas those of isozyme LDH1 favor rapid
oxidation of lactate to pyruvate in the heart.

In general, the distribution of different isozymes
of a given enzyme reflects at least four factors:

1. Different metabolic patterns in different or-
gans. For glycogen phosphorylase, the isozymes
in skeletal muscle and liver have different regula-
tory properties, reflecting the different roles of
glycogen breakdown in these two tissues.

2. Different locations and metabolic roles for
isozymes in the same cell. The isocitrate dehy-
drogenase isozymes of the cytosol and the mito-
chondrion are an example (Chapter 16).

3. Different stages of development in embryonic
or fetal tissues and in adult tissues. For exam-
ple, the fetal liver has a characteristic isozyme dis-
tribution of LDH, which changes as the organ de-
velops into its adult form. Some enzymes of
glucose catabolism in malignant (cancer) cells oc-
cur as their fetal, not adult, isozymes.

4. Different responses of isozymes to allosteric
modulators. This difference is useful in fine-tun-
ing metabolic rates. Hexokinase IV (glucokinase)
of liver and the hexokinase isozymes of other tis-
sues differ in their sensitivity to inhibition by glu-
cose 6-phosphate.
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predominant hexokinase isozyme of liver is hexokinase
IV (glucokinase), which differs in three important 
respects from hexokinases I–III of muscle. First, the 
glucose concentration at which hexokinase IV is half-
saturated (about 10 mM) is higher than the usual con-
centration of glucose in the blood. Because an efficient
glucose transporter in hepatocytes (GLUT2; see Fig.
11–31) rapidly equilibrates the glucose concentrations in
cytosol and blood, the high Km of hexokinase IV allows
its direct regulation by the level of blood glucose (Fig.
15–16). When the blood glucose concentration is high,
as it is after a meal rich in carbohydrates, excess glucose
is transported into hepatocytes, where hexokinase IV

converts it to glucose 6-phosphate. Because hexokinase
IV is not saturated at 10 mM glucose, its activity con-
tinues to increase as the glucose concentration rises to
10 mM or more.

Second, hexokinase IV is subject to inhibition by the
reversible binding of a regulatory protein specific to liver
(Fig. 15–17). The binding is much tighter in the pres-
ence of the allosteric effector fructose 6-phosphate. Glu-
cose competes with fructose 6-phosphate for binding
and causes dissociation of the regulatory protein from
hexokinase IV, relieving the inhibition. Immediately af-
ter a carbohydrate-rich meal, when blood glucose is
high, glucose enters the hepatocyte via GLUT2 and ac-
tivates hexokinase IV by this mechanism. During a fast,
when blood glucose drops below 5 mM, fructose 6-
phosphate triggers the inhibition of hexokinase IV by
the regulatory protein, so the liver does not compete
with other organs for the scarce glucose. The mecha-
nism of inhibition by the regulatory protein is interest-
ing: the protein anchors hexokinase IV inside the nu-
cleus, where it is segregated from the other enzymes of
glycolysis in the cytosol (Fig. 15–17). When the glucose
concentration in the cell rises, it equilibrates with glu-
cose in the nucleus by transport through the nuclear
pores. Glucose causes dissociation of the regulatory pro-
tein, and hexokinase IV enters the cytosol and begins
to phosphorylate glucose. 

Third, hexokinase IV is not inhibited by glucose 6-
phosphate, and it can therefore continue to operate
when the accumulation of glucose 6-phosphate com-
pletely inhibits hexokinases I–III. 

Phosphofructokinase-1 Is under Complex 
Allosteric Regulation

As we have noted, glucose 6-phosphate can flow either
into glycolysis or through any of several other pathways,
including glycogen synthesis and the pentose phosphate
pathway. The metabolically irreversible reaction cat-
alyzed by PFK-1 is the step that commits glucose to gly-
colysis. In addition to its substrate-binding sites, this
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FIGURE 15–16 Comparison of the kinetic properties of hexokinase
IV (glucokinase) and hexokinase I. Note the sigmoidicity for hexoki-
nase IV and the much lower Km for hexokinase I. When blood glu-
cose rises above 5 mM, hexokinase IV activity increases, but hexoki-
nase I is already operating near Vmax at 5 mM glucose and cannot
respond to an increase in glucose concentration. Hexokinase I, II, and
III have similar kinetic properties.

FIGURE 15–17 Regulation of hexoki-
nase IV (glucokinase) by sequestration
in the nucleus. The protein inhibitor of
hexokinase IV is a nuclear binding
protein that draws hexokinase IV into
the nucleus when the fructose 6-
0phosphate concentration in liver is
high and releases it to the cytosol when
the glucose concentration is high.
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complex enzyme has several regulatory sites at which
allosteric activators or inhibitors bind.

ATP is not only a substrate for PFK-1 but also an
end product of the glycolytic pathway. When high cel-
lular [ATP] signals that ATP is being produced faster
than it is being consumed, ATP inhibits PFK-1 by bind-

ing to an allosteric site and lowering the affinity of the
enzyme for fructose 6-phosphate (Fig. 15–18). 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 pro-
duce higher enzyme activity when ADP or AMP accu-
mulates and lower activity when ATP accumulates.

Citrate (the ionized form of citric acid), a key in-
termediate in the aerobic oxidation of pyruvate, fatty
acids, and amino acids, also serves as an allosteric reg-
ulator of PFK-1; high citrate concentration increases the
inhibitory effect of ATP, further reducing the flow of glu-
cose through glycolysis. In this case, as in several oth-
ers 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.

The most significant allosteric regulator of PFK-1
is fructose 2,6-bisphosphate, which strongly activates
the enzyme. We return to this role of fructose 2,6-
bisphosphate later.

Pyruvate Kinase Is Allosterically Inhibited by ATP

At least three isozymes of pyruvate kinase are found in
vertebrates, differing in their tissue distribution and their
response to modulators. High concentrations of ATP,
acetyl-CoA, and long-chain fatty acids (signs of abundant
energy supply) allosterically inhibit all isozymes of pyru-
vate kinase (Fig. 15–19). 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, cAMP-dependent protein kinase
phosphorylates the L isozyme of pyruvate kinase, inacti-
vating it. This slows the use of glucose 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 response.
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FIGURE 15–18 Phosphofructokinase-1 (PFK-1) and its regulation.
(a) Ribbon diagram of E. coli phosphofructokinase-1, showing two of
its four identical subunits (PDB ID 1PFK). Each subunit has its own cat-
alytic site, where ADP (blue) and fructose 1,6-bisphosphate (yellow) are
almost in contact, and its own binding sites for the allosteric regulator
ADP (blue), located at the interface between subunits. (b) Allosteric
regulation of muscle PFK-1 by ATP, shown by a substrate-activity curve.
At low concentrations of ATP, the K0.5 for fructose 6-phosphate is rel-
atively low, enabling the enzyme to function at a high rate at relatively
low concentrations of fructose 6-phosphate. (Recall from Chapter 6
that K0.5 or Km is equivalent to the substrate concentration at which
half-maximal enzyme activity occurs.) When the concentration of ATP
is high, K0.5 for fructose 6-phosphate is greatly increased, as indicated
by the sigmoid relationship between substrate concentration and en-
zyme activity. (c) Summary of the regulators affecting PFK-1 activity. 

8885d_c15_560-600  2/26/04  9:04 AM  Page 579 mac76 mac76:385_reb:

Eli C Lewis 2013
PK



Gluconeogenesis Is Regulated at Several Steps

In the pathway leading from pyruvate to glucose, the
first control point determines the fate of pyruvate in the
mitochondrion. Pyruvate can be converted either to
acetyl-CoA (by the pyruvate dehydrogenase complex;
Chapter 16) to fuel the citric acid cycle, or to oxalo-
acetate (by pyruvate carboxylase) to start the process
of gluconeogenesis (Fig. 15–20). When fatty acids are
readily available as fuels, their breakdown in liver mito-
chondria yields acetyl-CoA, a signal that further oxida-
tion 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 energetic 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 acetyl-CoA inhibits the pyruvate dehydrogenase
complex, slowing the formation of acetyl-CoA from
pyruvate, and stimulates gluconeogenesis by activating
pyruvate carboxylase, allowing excess pyruvate to be
converted to glucose.

The second control point in gluconeogenesis is the
reaction catalyzed by FBPase-1 (Fig. 15–21), which is
strongly inhibited by AMP. The corresponding glycolytic
enzyme, PFK-1, is stimulated by AMP and ADP but in-
hibited by citrate and ATP. Thus these opposing steps
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FIGURE 15–19 Regulation of pyruvate kinase. The enzyme is al-
losterically inhibited by ATP, acetyl-CoA, and long-chain fatty acids
(all signs of an abundant energy supply), and the accumulation of fruc-
tose 1,6-bisphosphate triggers its activation. Accumulation of alanine,
which can be synthesized from pyruvate in one step, allosterically in-
hibits pyruvate kinase, slowing the production of pyruvate by glycol-
ysis. The liver isozyme (L form) is also regulated hormonally; glucagon

activates cAMP-dependent protein kinase (PKA; see Fig. 15–25), which
phosphorylates the pyruvate kinase L isozyme, inactivating it. When
the glucagon level drops, a protein phosphatase (PP) dephosphory-
lates pyruvate kinase, activating it. This mechanism prevents the liver
from consuming glucose by glycolysis when the blood glucose con-
centration is low; instead, liver exports glucose. The muscle isozyme
(M form) is not affected by this phosphorylation mechanism.
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FIGURE 15–20 Two alternative fates for
pyruvate. Pyruvate can be converted to
glucose and glycogen via gluconeogenesis
or oxidized to acetyl-CoA for energy
production. The first enzyme in each path
is regulated allosterically; acetyl-CoA,
produced either by fatty acid oxidation or
by the pyruvate dehydrogenase complex,
stimulates pyruvate carboxylase and
inhibits pyruvate dehydrogenase.
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