CARBOHYDRATE METABOLISM
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Glucose as Fuel
Glucose occupies a central position in the metabolism of plants,
animals, and many microorganisms.
It is relatively rich in potential energy, and thus a good fuel; the
complete oxidation of glucose to carbon dioxide and water proceeds
with a standard free-energy change of 22,840 kJ/mol.
By storing glucose as a high molecular weight polymer such as
starch or glycogen, a cell can stockpile large quantities of hexose
units while maintaining a relatively low cytosolic osmolarity.
When energy demands increase, glucose can be released from
these intracellular storage polymers and used to produce ATP either
aerobically or anaerobically.
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Glucose is not only an excellent fuel, it is also a remarkably versatile
precursor, capable of supplying a huge array of metabolic intermediates for
biosynthetic reactions.
A comprehensive study of the metabolic fates of glucose would
encompass hundreds or thousands of transformations.
In animals and vascular plants, glucose has four major fates:
 it may be used in the synthesis of complex polysaccharides destined for
the extracellular space;

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

Glycolysis
In glycolysis, a molecule of glucose is degraded in a series of enzymecatalyzed reactions to yield two molecules of the three-carbon compound
pyruvate.

During the sequential reactions of glycolysis, some of the free energy
released from glucose is conserved in the form of ATP and NADH.
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Glycolysis is an almost universal central pathway of glucose catabolism,
the pathway with the largest flux of carbon in most cells.
The glycolytic breakdown of glucose is the sole source of metabolic
energy in some mammalian tissues and cell types (erythrocytes, renal
medulla, brain, and sperm, for example).

Some plant tissues that are modified to store starch and some aquatic
plants derive most of their energy from glycolysis; many anaerobic
microorganisms are entirely dependent on glycolysis.
Fermentation is a general term for the anaerobic degradation of
glucose or other organic nutrients to obtain energy, conserved as ATP.
Because living organisms first arose in an atmosphere without oxygen,
anaerobic breakdown of glucose is probably the most ancient biological
mechanism for obtaining energy from organic fuel molecules.
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In the course of evolution, the chemistry of this reaction
sequence has been completely conserved.
The glycolytic enzymes of vertebrates are closely similar, in
amino acid sequence and three-dimensional structure, to their
homologs in yeast and spinach.
Glycolysis differs among species only in the details of its
regulation and in the subsequent metabolic fate of the pyruvate
formed.
The thermodynamic principles and the types of regulatory
mechanisms that govern glycolysis are common to all pathways of
cell metabolism.
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Glycolysis Has Two Phases
The breakdown of the six-carbon glucose into two molecules of the
three-carbon pyruvate occurs in 10 steps, the first 5 of which
constitute the preparatory phase.
The energy gain comes in the payoff phase of glycolysis, also consist
of 5 steps.
In the sequential reactions of glycolysis, three types of chemical
transformations are particularly noteworthy:
 (1) degradation of the carbon skeleton of glucose to yield pyruvate;

 (2) phosphorylation of ADP to ATP by compounds with high
phosphoryl group transfer potential, formed during glycolysis;
 (3) transfer of a hydride ion to NAD+, forming NADH.
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Glucose is first phosphorylated at the hydroxyl group on C-6 (step
1).

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

Fructose 6-phosphate is again phosphorylated, this time at C-1,
to yield fructose 1,6-bisphosphate.
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Fructose 1,6-bisphosphate is split to yield two three-carbon
molecules, dihydroxyacetone phosphate and glyceraldehyde 3phosphate (step 4); this is the “lysis” step that gives the pathway its
name.
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The dihydroxyacetone phosphate is isomerized to a second
molecule of glyceraldehyde 3-phosphate (step 5), ending the first
phase of glycolysis.
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Note that two molecules of ATP are invested before the cleavage of
glucose into two three-carbon pieces; there will be a good return on
this investment.
To summarize: in the preparatory phase of glycolysis the energy of
ATP is invested, raising the free-energy content of the intermediates,
and the carbon chains of all the metabolized hexoses are converted to
a common product, glyceraldehyde 3-phosphate.
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The energy gain comes in the payoff phase of glycolysis.
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Each molecule of glyceraldehyde 3-phosphate is oxidized and
phosphorylated by inorganic phosphate (not by ATP) to form 1,3bisphosphoglycerate (step 6).
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1,3-bisphosphoglycerate transfer one phosphoryl group to
ADP, which turn into ATP (step 7).
This step is the first ATP-forming reaction (substrate-level
phosphorylation).
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Resulting 3-phosphoglycerate turn into 2-phosphoglycerate
(step 8).
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2-phosphoglycerate turn into phosphoenolpyruvate (step 9).
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The last step in glycolysis is the transfer of the phosphoryl
group from phosphoenolpyruvate to ADP, catalyzed by pyruvate
kinase (step 10).
This reaction is also a substrate-level phosphorylation.
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In the sequential reactions of glycolysis, three types of
chemical transformations are particularly noteworthy:

(1) degradation of the carbon skeleton of glucose to yield
pyruvate;
(2) phosphorylation of ADP to ATP by compounds with high
phosphoryl group transfer potential, formed during glycolysis;
and
(3) transfer of a hydride ion to NAD+, forming NADH.
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Glucose Catabolism

23

The pyruvate formed by glycolysis is further metabolized via one of
three catabolic routes.
In aerobic organisms or tissues, under aerobic conditions, glycolysis
is only the first stage in the complete degradation of glucose.
Pyruvate is oxidized, with loss of its carboxyl group as CO2, to yield
the acetyl group of acetyl-coenzyme A; the acetyl group is then
oxidized completely to CO2 by the citric acid cycle.

The electrons from these oxidations are passed to O2 through a
chain of carriers in mitochondria, to form H2O.
The energy from the electron-transfer reactions drives the
synthesis of ATP in mitochondria.
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The second route for pyruvate is its reduction to lactate via lactic
acid fermentation.
When vigorously contracting skeletal muscle must function under
low oxygen conditions (hypoxia), NADH cannot be reoxidized to
NAD+, but NAD+ is required as an electron acceptor for the further
oxidation of pyruvate.
Under these conditions pyruvate is reduced to lactate, accepting
electrons from NADH and thereby regenerating the NAD+ necessary
for glycolysis to continue.
Certain tissues and cell types (retina and erythrocytes, for
example) convert glucose to lactate even under aerobic conditions,
and
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Lactate is also the product of glycolysis under anaerobic
conditions in some microorganisms.
 The third major route of pyruvate catabolism leads to ethanol. In
some plant tissues and in certain invertebrates, protists, and
microorganisms such as brewer’s or baker’s yeast, pyruvate is
converted under hypoxic or anaerobic conditions to ethanol and
CO2, a process called ethanol (alcohol) fermentation.
The oxidation of pyruvate is an important catabolic process, but
pyruvate has anabolic fates as well. It can, for example, provide the
carbon skeleton for the synthesis of the amino acid alanine or for
the synthesis of fatty acids.
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During glycolysis some of the energy of the glucose molecule is
conserved in ATP, while much remains in the product, pyruvate.
The overall equation for glycolysis is
For each molecule of glucose degraded to pyruvate, two molecules of
ATP are generated from ADP and Pi, and two molecules of NADH are
produced by the reduction of NAD+.
We can now resolve the equation of glycolysis into two processes;
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Under standard conditions, and under the (nonstandard) conditions
that prevail in a cell, glycolysis is an essentially irreversible process,
driven to completion by a large net decrease in free energy.
Glycolysis releases only a small fraction of the total available energy
of the glucose molecule.
The two molecules of pyruvate formed by glycolysis still contain most
of the chemical potential energy of glucose.
That energy can be extracted by oxidative reactions in the citric acid
cycle and oxidative phosphorylation.
Each of the nine glycolytic intermediates between glucose and
pyruvate is phosphorylated.
The phosphoryl groups seem to have three functions.
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1. Because the plasma membrane generally lacks transporters for
phosphorylated sugars, the phosphorylated glycolytic intermediates cannot
leave the cell.

2. Phosphoryl groups are essential components in the enzymatic
conservation of metabolic energy.
Energy released in the breakage of phosphoanhydride bonds (such as
those in ATP) is partially conserved in the formation of phosphate esters
such as glucose 6-phosphate. High-energy phosphate compounds formed in
glycolysis (1,3-bisphosphoglycerate and phosphoenolpyruvate) donate
phosphoryl groups to ADP to form ATP.
3. Binding energy resulting from the binding of phosphate groups to the
active sites of enzymes lowers the activation energy and increases the
specificity of the enzymatic reactions
The phosphate groups of ADP, ATP, and the glycolytic intermediates form
complexes with Mg2+, and the substrate binding sites of many glycolytic
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enzymes are specific for these Mg2+ complexes.

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

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

The mechanism for this reaction involves an enediol intermediate.
The reaction proceeds readily in either direction, as might be
expected from the relatively small change in standard free energy.
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3- Phosphorylation of Fructose 6-Phosphate to
Fructose 1,6-Bisphosphate
In the second of the two priming reactions of glycolysis,
phosphofructokinase-1 (PFK-1) catalyzes the transfer of a
phosphoryl group from ATP to fructose 6-phosphate to yield
fructose 1,6-bisphosphate.
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The enzyme that forms fructose 1,6-bisphosphate is called PFK-1 to
distinguish it from a second enzyme (PFK-2) that catalyzes the
formation of fructose 2,6-bisphosphate from fructose 6-phosphate in
a separate pathway.
The PFK-1 reaction is essentially irreversible under cellular
conditions, and it is the first “committed” step in the glycolytic
pathway; glucose 6-phosphate and fructose 6-phosphate have other
possible fates, but fructose 1,6-bisphosphate is targeted for
glycolysis.
Some bacteria and protists and perhaps all plants have a
phosphofructokinase that uses pyrophosphate (PPi), not ATP, as the
phosphoryl group donor in the synthesis of fructose 1,6bisphosphate:
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Phosphofructokinase-1 is subject to complex allosteric regulation;
its activity is increased whenever the cell’s ATP supply is depleted or
when the ATP breakdown products, ADP and AMP (particularly the
latter), accumulate.
The enzyme is inhibited whenever the cell has ample ATP and is
well supplied by other fuels such as fatty acids.
In some organisms, fructose 2,6-bisphosphate (not to be confused
with the PFK-1 reaction product, fructose 1,6-bisphosphate) is a
potent allosteric activator of PFK-1.
Ribulose 5-phosphate, an intermediate in the pentose phosphate
pathway, also activates phosphofructokinase indirectly.
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4- Cleavage of Fructose 1,6-Bisphosphate
The enzyme fructose 1,6-bisphosphate aldolase, often called
simply aldolase, catalyzes a reversible aldol condensation.
Fructose 1,6-bisphosphate is cleaved to yield two different triose
phosphates, glyceraldehyde 3-phosphate, an aldose, and
dihydroxyacetone phosphate, a ketose:
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There are two classes of aldolases.
Class I aldolases, found in animals and plants, use the mechanism
shown in the first part of the following figure.
Class II enzymes, in fungi and bacteria, do not form the Schiff
base intermediate.
Instead, a zinc ion at the active site is coordinated with the
carbonyl oxygen at C-2; the Zn2+ polarizes the carbonyl group and
stabilizes the enolate intermediate created in the C—C bond
cleavage step.
Although the aldolase reaction has a strongly positive standard
free-energy change in the direction of fructose 1,6-bisphosphate
cleavage, at the lower concentrations of reactants present in cells
the actual free energy change is small and the aldolase reaction is
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readily reversible.
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5- Interconversion of the Triose Phosphates
Only one of the two triose phosphates formed by aldolase,
glyceraldehyde 3-phosphate, can be directly degraded in the
subsequent steps of glycolysis.
The other product, dihydroxyacetone phosphate, is rapidly and
reversibly converted to glyceraldehyde 3-phosphate by the fifth
enzyme of the glycolytic sequence, triose phosphate isomerase:
The reaction mechanism is similar to the reaction promoted by
phosphohexose isomerase in step 2 of glycolysis.
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The Payoff Phase of Glycolysis
The payoff phase of glycolysis includes the energy-conserving
phosphorylation steps in which some of the chemical energy of the
glucose molecule is conserved in the form of ATP and NADH.
Remember that one molecule of glucose yields two molecules of
glyceraldehyde 3-phosphate, and both halves of the glucose
molecule follow the same pathway in the second phase of
glycolysis.

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

This is the first of the two energy-conserving reactions of glycolysis that
eventually lead to the formation of ATP.
The aldehyde group of glyceraldehyde 3-phosphate is oxidized, not to a
free carboxyl group but to a carboxylic acid anhydride with phosphoric acid.

This type of anhydride, called an acyl phosphate, has a very high standard
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free energy of hydrolysis
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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 1,3bisphosphoglycerate to ADP, forming ATP and 3-phosphoglycerate:

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

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

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

The overall reaction has a large, negative standard free energy change,
due in large part to the spontaneous conversion of the enol form of
pyruvate to the keto form.
About half of the energy released by PEP hydrolysis (ΔG'° -61.9 kJ/mol) is
conserved in the formation of the phosphoanhydride bond of ATP (ΔG'° 30.5 kJ/mol), and the rest (-31.4 kJ/mol) constitutes a large driving force
pushing the reaction toward ATP synthesis
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We can now construct a balance sheet for glycolysis :
Canceling out common terms on both sides of the equation gives
the overall equation for glycolysis under aerobic conditions:
The two molecules of NADH formed by glycolysis in the cytosol
are, under aerobic conditions, reoxidized to NAD+ by transfer of their
electrons to the electrontransfer chain, which in eukaryotic cells is
located in the mitochondria.
The electron-transfer chain passes these electrons to their
ultimate destination, O2:
Electron transfer from NADH to O2 in mitochondria provides the
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energy for synthesis of ATP by oxidative phosphorylation.

In the overall glycolytic process, one molecule of glucose is
converted to two molecules of pyruvate (the pathway of carbon).
Two molecules of ADP and two of Pi are converted to two
molecules of ATP (the pathway of phosphoryl groups).
Four electrons, as two hydride ions, are transferred from two
molecules of glyceraldehyde 3-phosphate to two of NAD+ (the
pathway of electrons).

During his studies on the fermentation of glucose by yeast, Louis
Pasteur discovered that both the rate and the total amount of
glucose consumption were many times greater under anaerobic than
aerobic conditions.
Later studies of muscle showed the same large difference in the
rates of anaerobic and aerobic glycolysis.
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The biochemical basis of this “Pasteur effect” is now clear.
The ATP yield from glycolysis under anaerobic conditions (2 ATP
per molecule of glucose) is much smaller than that from the
complete oxidation of glucose to CO2 under aerobic conditions (30 or
32 ATP per glucose).

About 15 times as much glucose must therefore be consumed
anaerobically as aerobically to yield the same amount of ATP.
The flux of glucose through the glycolytic pathway is regulated to
maintain nearly constant ATP levels (as well as adequate supplies of
glycolytic intermediates that serve biosynthetic roles).

The required adjustment in the rate of glycolysis is achieved by a
complex interplay among ATP consumption, NADH regeneration, and
allosteric regulation of several glycolytic enzymes —including
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hexokinase, PFK-1, and pyruvate kinase.

On a slightly longer time scale, glycolysis is regulated by the
hormones glucagon, epinephrine, and insulin, and by changes in the
expression of the genes for several glycolytic enzymes.
An especially interesting case of abnormal regulation of glycolysis
is seen in cancer.
The German biochemist Otto Warburg first observed in 1928 that
tumors of nearly all types carry out glycolysis at a much higher rate
than normal tissue, even when oxygen is available.
This “Warburg effect” is the basis for several methods of detecting
and treating cancer.
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The metabolism of glucose in mammals is limited by the rate of
glucose uptake into cells and its phosphorylation by hexokinase.
Glucose uptake from the blood is mediated by the GLUT family of
glucose transporters.
The transporters of hepatocytes (GLUT1, GLUT2) and of brain
neurons (GLUT3) are always present in plasma membranes.
In contrast, the main glucose transporter in the cells of skeletal
muscle, cardiac muscle, and adipose tissue (GLUT4) is sequestered in
small intracellular vesicles and moves into the plasma membrane
only in response to an insulin signal.

Thus in skeletal muscle, heart, and adipose tissue, glucose uptake
and metabolism depend on the normal release of insulin by
pancreatic β cells in response to elevated blood glucose.
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Individuals with type 1 diabetes mellitus (also called insulindependent diabetes) have too few β cells and cannot release sufficient
insulin to trigger glucose uptake by the cells of skeletal muscle, heart, or
adipose tissue.
Thus, after a meal containing carbohydrates, glucose accumulates to
abnormally high levels in the blood, a condition known as
hyperglycemia.
Unable to take up glucose, muscle and fat tissue use the fatty acids of
stored triacylglycerols as their principal fuel.
In the liver, acetyl-CoA derived from this fatty acid breakdown is
converted to “ketone bodies”—acetoacetate and β-hydroxybutyrate—
which are exported and carried to other tissues to be used as fuel.
These compounds are especially critical to the brain, which uses
ketone bodies as alternative fuel when glucose is unavailable.
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In untreated type 1 diabetes, overproduction of acetoacetate and βhydroxybutyrate leads to their accumulation in the blood, and the
consequent lowering of blood pH produces ketoacidosis, a lifethreatening condition.
Insulin injection reverses this sequence of events: GLUT4 moves into
the plasma membranes of hepatocytes and adipocytes, glucose is taken
up into the cells and phosphorylated, and the blood glucose level falls,
greatly reducing the production of ketone bodies.

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

 the storage polysaccharides glycogen and starch, either within
cells (endogenous) or obtained in the diet;
 The disaccharides maltose, lactose, trehalose, and sucrose;
 and the monosaccharides fructose, mannose, and galactose.

62

63

Dietary Polysaccharides and Disaccharides
Undergo Hydrolysis to Monosaccharides
For most humans, starch is the major source of carbohydrates in
the diet.
Digestion begins in the mouth, where salivary α-amylase
hydrolyzes the internal (α1→4) glycosidic linkages of starch,
producing short polysaccharide fragments or oligosaccharides.

(Note that in this hydrolysis reaction, water, not Pi, is the attacking
species.)
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Pancreatic α-amylase yields mainly maltose and maltotriose (the
di- and trisaccharides of glucose) and oligosaccharides called limit
dextrins, fragments of amylopectin containing (α1→6) branch
points.
Maltose and dextrins are degraded to glucose by enzymes of the
intestinal brush border (the fingerlike microvilli of intestinal
epithelial cells, which greatly increase the area of the intestinal
surface).

Dietary glycogen has essentially the same structure as starch, and
its digestion proceeds by the same pathway.
Most animals cannot digest cellulose for lack of the enzyme
cellulase, which attacks the (β1→4) glycosidic bonds of cellulose.
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Glycogen stored in animal tissues (endogenous glycogen, primarily
liver and skeletal muscle), in microorganisms, or in plant tissues can
be mobilized for use within the same cell by a phosphorolytic reaction
catalyzed by glycogen phosphorylase (starch phosphorylase in plants).
These enzymes catalyze an attack by Pi on the (α1→4) glycosidic
linkage that joins the last two glucose residues at a nonreducing end,
generating glucose 1-phosphate and a polymer one glucose unit
shorter.

Phosphorolysis preserves some of the energy of the glycosidic bond
in the phosphate ester glucose 1-phosphate.
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Glycogen phosphorylase (or starch phosphorylase) acts repetitively
until it approaches an (1→6) branch point, where its action stops and a
debranching enzyme removes the branches.
Glucose 1-phosphate produced by glycogen phosphorylase is
converted to glucose 6-phosphate by phosphoglucomutase, which
catalyzes the reversible reaction
The general name mutase is given to enzymes that catalyze the
transfer of a functional group from one position to another in the same
molecule.
Mutases are a subclass of isomerases, enzymes that interconvert
stereoisomers or structural or positional isomers.
The glucose 6-phosphate formed in the phosphoglucomutase reaction
can enter glycolysis or another pathway such as the pentose phosphate
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pathway .

