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9.3: Oxidation of glucose -the glycolysis

Learning Objectives

o Understand glycolysis and the essential reactions in this metabolic pathway responsible for glucose oxidation to two
pyruvate molecules.

e Understand the reactions that pyruvate undergoes in the absence and presence of oxygen before entering the third stage of
catabolism.

Glycolysis
Oxidation of glucose is the 2™ stage of the catabolism of carbohydrates. It happens in the cytoplasm of the cell. It is a metabolic
pathway consisting of ten glycolysis reactions, as illustrated in Figure 9.3.1.
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Figure 9.3.1: Illustration of ten steps of glycolysis with enzymes needed in each step. Phosphate (POi ~)is shown as a letter P in a
circle. (Copyright; Modified from created by Morglin, translated by Cryptex, Public domain, via Wikimedia Commons)

The ten reactions of glycolysis are the following (copyright: modified from a Public Domain resource at Wikipedia.)

1. Glucose is converted to glucose-6-phosphate by an SN, reaction mechanism between a primary alcohol acting as a nucleophile
and a P of ATP as an electrophile, where ADP acts as a good leaving group, as shown below.
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2. Glucose-6-phosphate, which is an aldohexose, isomerizes to fructose-6-phosphate, which is a ketohexose.
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3. The same mechanism phosphorylates the primary alcohol group of fructose-6-phosphate as in the first step producing fructose-
1,6-bisphosphate.

ATP ADP

Phospho-
fructokinase-1

OH H OH H
Fructose-6-phosphate Fructose-1,6-bisphosphate

4. The open-chain form of fructose-1,6-bisphosphate, which is in equilibrium with the cyclic form, splits into two compounds,
glyceraldehyde-3-phosphate and dihydroxyacetone phosphate.

OH H

Fructose-1,6-bisphosphate Dihydroxyacetone Glyceraldehyde-3-
phosphate phosphate

5. This reaction is an isomerization reaction between glyceraldehyde-3-phosphate and its isomer dihydroxyacetone phosphate. The
aldehyde or ketone in these two isomers tautomerizes to their enol forms, which either revert to the initial compound or to its
isomers when the enol form changes back to an aldo or keto form.

https://chem.libretexts.org/@go/page/433996


https://libretexts.org/
https://en.wikipedia.org/wiki/Public_domain
https://chem.libretexts.org/@go/page/433996?pdf

LibreTextsm

i i
0_—F|' —0~ ?H
o] H—C—O0OH
| Triosephosphate |
<|3Ha isomerase CH,
i — +
HO—(f—H o'—T'l—O_
H 0

Dihydroxyacetone phosphate  Glyceraldehyde-3-phosphate

6. The aldehyde (—HC=O) group of glyceraldehyde-3-phosphate is oxidized in three steps: activated by the addition of HS—CoA
(step 6i), followed by oxidation of —OH to a carbonyl (C=O group at the expense of reduction of NAD™ to NADH (step 6ii));
and finally displacement of HS—CoA by a phosphate (—PO? ~) group (step 6iii). The overall reaction is the following.
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The ketone group in dihydroxyacetone phosphate does not oxidize directly but converts to glyceraldehyde-3-phosphate due to the
equilibrium creation#5. So, reaction#6 and reactions after this happen twice for each glucose molecule.

7. A phosphate group is transferred from 1,3-bisphosphoglycerate to ADP producing an ATP and a 3-phosphoglycerate.

E—O—j’)_:o H—OH
H—(j|:—OH c|> H—‘%—OH

CH, ADP ATP X
. \ 5
0_—F|'—0_ Phosphoglycerate 0__"1'—0_
kinase H
1,3-Bisphosphoglycerate 3-phosphoglycerate

Since this step happens twice for each glucose molecule processed, it compensates for the two ATP consumed, one in step#1 and
the other in step#3.

8. 3-Phosphoglycerate is isomerized to 2-phosphoglycerate. In this step, the enzyme phosphoglycerate mutase first transfers its
phosphate group to the —OH at position#2 and then receives the phosphate from position#3 of the intermediate, resulting in the
isomerization of 3-Phosphoglycerate to 2-phosphoglycerate.
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9. 2-Phosphoglycerate is dehydrated, i.e., H, O is eliminated form it, producing phosphoenolpyruvate.
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10. Phosphoenolpyruvate transfers its phosphate group to ADP producing pyruvate and ATP.
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Since the reaction happens two times for each glucose, two ATP are produced in this step.

In summary, glycolysis is the oxidation of glucose without the need for oxygen, i.e., anaerobic oxidation, consisting of two
phases. The first phase comprises reactions#1 to 5. It is the preparatory phase, which is also energy consuming phase in which a six
C’s glucose (CgH,,0;) is phosphorylated twice at the expense of two ATP's and converts to two glyceraldehyde-3-phosphate
molecules having three C’s each. The second phase, comprising reactions#6 to 10, is the payoff phase in which four ATP's are
produced, i.e., two more than the ATP consumed in the first phase. Two NAD™ are reduced to two NADH along with the
production of two pyruvates CH;COCOOQO™ in the second phase, as shown in the following reaction.

00
I
C¢H,,04 +2NAD* +2ADP +2Pi — 2CH;—-C—-C-0O~ +2NADH+2ATP+2H" +2H,0
\?,_.z \—P,t_/
ucose yruvate

Fate of pyruvate

Two NAD™ are reduced to two NADH which need to be oxidized back to NAD™ for the process to continue. It happens in
different ways depending on whether sufficient oxygen is present, i.e., aerobic condition or aerobic respiration, or if there is no
oxygen, i.e., anaerobic condition. The fate of pyruvate also depends on whether the condition is aerobic or anaerobic, as described

below.
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Aerobic condition

In aerobic conditions, NADH is not oxidized at this stage, it is oxidized to NAD™ at the expense of oxygen in mitochondria. The
energy released by the oxidation of NADH is used to produce more ATP's in the third stage of catabolism. Pyruvate is also
transferred to mitochondria and undergoes oxidation at the cost of NAD™ reduced to NADH through a series of reactions
catalyzed by a complex of three enzymes and five coenzymes, collectively called the pyruvate dehydrogenase complex. The overall
reaction is the decarboxylation of pyruvate, i.e., carbon dioxide (CO,) eliminated. The acetyl (CH;—CO™) group is transferred to
HS—CoA producing acetyl-CoA, as shown in the following reaction.

[ 11 Pyruvate dehydrogenase complex

I
CH,—C-C—0" +HS—CoA +NAD" CH;—C—S—CoA +CO, + NADH+H"
~—_—
Pyruvate Acetyl CoA

Acetyl-CoA enters into the citric acid cycle, also called the Krebs cycle, in mitochondria, the third stage of catabolism.

The processing of pyruvate under aerobic conditions is also called oxidative decarboxylation or link reaction, which links
glycolysis to the citric acid cycle, as explained in the video below.

ate Oxidation)
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A

Going to the Krebs Cycle!

Acetyl CoA

A £

Two pyruvates are produced per glycolysis of one glucose molecule. The overall reaction of one glucose molecule under aerobic
conditions before entry into the citric acid cycle is the following.

0]
[l
CgH,,0, +2HS—CoA +4NAD" +2 ADP +2Pi — 2 CH,—C—S—CoA +2CO, +4NADH +2 ATP +4
————
Glucose Acetyl CoA

H' +2H,0

There is a net gain of six energetic molecules: 2 ATP and 4 NADH from glycolysis and link reaction under aerobic
conditions.

Anaerobic condition

During vigorous exercises, as shown in the figure on the right, or strenuous physical work, oxygen depletes in muscles creating
anaerobic (oxygen-free) conditions. Under anaerobic conditions, NADH is oxidized to NAD™ in the cytoplasm at the expense of
the reduction of pyruvate to lactate, as shown in the reaction below.
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Overall, glycolysis of glucose under anaerobic conditions is the following reaction.

OH‘C‘)

|
C4H,,0,4 +2ADP +2Pi — 2CH,—~C —C—0~ +2ATP
———

Glucose Lactate

The two NADH produced in the glycolysis of one glucose are consumed in the anaerobic
conversion of two pyruvates into two lactates.

e There is a net gain of two energetic molecules, i.e., 2 ATP in glycolysis of one glucose followed by anaerobic conversion

of two pyruvates into two lactates.
e The accumulation of lactate makes muscles tire and sour. The person keeps beating heavily after the exercise to pay the

oxygen debt. Most of the lactate is transported to the liver, where it is re-oxidized to pyruvate.

X Fermentation

Instead of converting pyruvate to lactate, as in humans and animals, yeast has an enzyme called pyruvate decarboxylase that
decarboxylates pyruvate to acetaldehyde. Then NADH is oxidized to NAD™ at the expense of the reduction of acetaldehyde

to ethanol in a process called fermentation, as shown in the reaction below.

0] O CO, NADH + H*
N

© TPP, o H NAD*  OH
I Mg=* Z N/ |
C=0 — C — CH,
| pyruvate alcohol |
CH;  decarboxylase CH; dehydrogenase CH;

Pyruvate Acetaldehyde Ethanol

Copyright; User: Cwernert at en.Wikipedia, vectorized by User: GKFX., CC BY-SA 3.0, via Wikimedia Commons.
The overall reaction of glycolysis of glucose in the fermentation process by yeast.
C¢H,,04 +2ADP +2Pi — 2 CH;—CH,—OH +2 CO, +2 ATP
———— —_——— —

Glucose Ethanol

This page titled 9.3: Oxidation of glucose -the glycolysis is shared under a Public Domain license and was authored, remixed, and/or curated by

Muhammad Arif Malik.
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