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Lecture 12 

Chapter 25: Carbohydrate Metabolism 

Sections 1-3 

•! Stage II involves the 
breakdown of monomeric units 
that make up nutrient 
molecules, to Acetyl-CoA 

•! In the next two lectures we will 
cover what happens to 
Carbohydrates during Stage II 
of catabolism 
–! Glycolysis  

–! Pyruvate Metabolism 

Stage II of Catabolism 

Glycolysis 

•! Glycolysis is a series of 
reactions that converts glucose 
into:  
–! 2 pyruvates 

–! Net of 2 ATPs  

–! 2 NADH 

•! It was the first metabolic pathway 
to be elucidated  

•! Can be divided into two phases 

•! As glucose enters the cell it is 
immediately phosphorylated, to 
trap it in the cell, phosphorylated 
intermediates cannot diffuse 

x 2 

Phase I 

•! Step 1: Activates glucose and 
commits it to entering glycolysis 

•! ATP is the phosphate donor and 
hydrolysis of ATP makes the 
reaction essentially irreversible 

•! Hexokinase requires Mg2+  

•! Step 2: Isomerization of G6P to 
F6P, creates a primary OH that 
can be phosporylated more easily 
than a hemiacetal 

•! Phosphoglucose isomerase 
catalyzes this reaction 

•! Step 3: Phosphorylation of F6P, to 
create fructose 1,6-bisphosphate 

•! Phosphofructokinase catalyzes 
this reaction, requires Mg2+  

•! ATP is the phosphate donor and its 
hydrolysis ensures that the reaction 
is irreversible (rate limiting step) 

•! Step 4: Cleaves fructose 1,6-
bisphosphate into two 
phosphorylated trioses 

•! Aldolase catalyzes this reaction 
Aldolase 

•! Step 5: Dihydroxyacetone 
isomerizes to a second G3P 

•! Triose phosphate isomerase 
catalyzes this reaction 

ADP ATP 

Phosphoglycerate 
kinase 

From here on everything is multiplied by 2 

•! Step 6: Oxidation and phosphorylation of of 
G3P 

•! Inorganic phosphate is the phosphate donor 

•! Glyceraldehyde-3-phosphate 
dehydrogenase catalyzes this reaction 

•! Step 7: First Substrate level 
phosphorylation 

•! 1,3-bisphosphate contains a high 
energy acyl phosphate bond, which 
allows the phosphate to be 
transferred to ADP, ATP input has 
been repaid 

•! Phosphoglycerate kinase catalyzes 
this reaction, requires Mg2+ 

Phase II 
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Phosphoglyceromutase 

Enolase 

Pyruvate 
kinase 

•! Step 8: Phosphate group is moved 
to C2, allows for the later creation 
of a high energy molecule 

•! Phosphoglyceromutase catalyzes 
this reaction 

•! Step 9: Dehydration of 2-
phosphoglycerate to form PEP (a 
compound with a high energy 
phosphate group 

•! Enolase catalyzes this reaction 

•! Step 10: 2nd substrate-level-
phosphorylation 

•! A net of 2ATP, 2NADH, & 2 
Pyruvate has been produced 

•! Pyruvate kinase catalyzes this 
reaction, requires Mg2+ and K+ 

ADP ATP 

Metabolism of Pyruvate 

•! The presence or absence of O2 determines the fates of 
pyruvate and NADH, produced in glycolysis 

•! When plenty of O2 is available (aerobic): 
–! Pyruvate is completely oxidized to CO2 and lots of ATP is 

produced in the process 

•! When O2 is absent (anaerobic), the fate of pyruvate 
depends on the organism: 
–! In vertebrates it is converted to lactate 

–! In other organisms, such as yeast, pyruvate is converted to 
ethanol and CO2  

Oxidation of Pyruvate Under Aerobic 
Conditions 

•! Pyruvate is enzymatically decarboxylated and oxidized 
(oxidative decarboxylation) to yield acetyl-CoA 

•! The processes required the sequential action of 3 enzymes 
and the participation of 5 coenzymes (Coenzyme A, 
thiamine pyrophosphate (TPP), lipoic acid, NAD+, and 
FAD) 

Lipoic Acid 
TPP, FAD 

Pyruvate Dehyrogenase Complex  

Pyruvate Conversion Under Anaerobic 
Conditions 

•! When strenuous exercise places enormous energy demands 
on muscles, the muscle cells must obtain energy under 
anaerobic conditions 

•! Pyruvate is reduced to lactate, by the lactate dehydrogenase 
complex, in the process NADH is oxidized to NAD+ 

Pyruvate Dehyrogenase 
Complex  

Control of Lactate Accumulation 

•! If lactate were allowed to accumulate in muscle cells 
(as well as other tissues), it would lead to a more acidic 
environment in the cell 

•! Two processes act to maintain a proper level of lactate 
and both require O2 

1. 70-80% of the lactate diffuses out of the 
muscle and is transported to the liver 
(Cori Cycle): 

–! There it can be oxidized to pyruvate and 
then enter the Krebs cycle 

–! OR it can be converted back to glucose 

2.  When muscle cells receive an ample 
supply of O2, the lactate that remains 
can be reoxidized to pyruvate and 
enters the Krebs cycle Cori Cycle 

Alcohol Fermentation 

•! Under anaerobic conditions, yeast and 
other microorganisms metabolize 
pyruvate to CO2 and ethanol, in a two 
step process  

1st Pyruvate is irreversibly 
decarboxylated 

Pyruvate 
Decarboxylase  

TPP, 
Mg2+ 

Alcohol 
Dehydrogenase 

2nd Acetyladehyde is reduced 
and NADH is oxidized 

Zn2+ 
2H+ 
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Alcohol Metabolism 

•! In humans, the principal route of metabolism of ingested 
alcohol is believed to be oxidation in the liver, first to 
acetaldehyde and subsequently to acetic acid 

•! Most of the acetic acid is released by the liver and 
transported to other tissues, where it is converted to 
acetyl-CoA, which can be utilized in a variety of ways 

CH3-CH2-OH 
Alcohol 

Dehyddrogenase  

NAD+ NADH 

CH3-C-H 

O 

Acetaldehyde 
Dehyddrogenase  

NAD+ NADH 

CH3-C-OH 

O 

Ethanol Acetaldehyde Acetic Acid 

CH3-C-SCoA 

O 

Acetic Acid 

Acetyl-CoA 
Synthetase  

Fetal Alcohol Syndrome (FAS) 

•! In pregnant women, alcohol readily crosses the 
placental membrane and builds up in the fetus, 
because the liver of the fetus lacks the enzymes to 
metabolize the alcohol, these children have a high 
risk for developing FAS 

•! FAS consists of facial deformities, growth deficiency, 
and mental retardation 

•! In the US more than 2,000 FAS children are born 
each year 

Alcohol Addiction 

•! More than 200,000 people die each year due to alcohol 
addiction 
–! Mainly as a result of cirrhosis of the liver, but also cardiovascular 

disease, and cancers of the mouth and larynx 

–! Drunk driving is responsible for half of US traffic fatalities 

•! One method for the treatment of chronic alcoholism is to 
administer disulfiram (Antabuse) 

CH3-C-H 

O 

Acetaldehyde 
Dehyddrogenase  

NAD+ NADH 

CH3-C-OH 

O 

Acetaldehyde Acetic Acid 

Inhibits Acetaldeyde binding to enzyme and leads to the accumulation of Acetaldehyde 
Results in a sever hang over with in minutes, this effect can last between 30 min to 
several hours   

Disulfiram 

Net Yield of ATP-Anaerobically 

•! The net yield of ATP from anaerobic glucose 
metabolism can readily be determined (in moles) by 
looking at production during glycolysis 

Without O2, the breakdown of 
1 mole of glucose will only 
produce a net of 2 moles of 
ATP 

% Efficiency: 
[(2 x 7.5 kcal)/ 686 kcal] x 100% = 2.2% 

Overall ATP Production-Aerobically 

Process 

Energy 
Molecule 
Produced 

Total 
ATP 

Glycolysis 

+ 

Electron 
Transport 

2 ATP 

2 NADH 

2 ATP 

5 ATP 

Oxidation of 
Pyruvate 

+ 

Electron 
Transport 

2 NADH 5 ATP 

Krebs Cycle 

+ 

Electron 
Transport 

2 GTP 

6 NADH 

2 FADH2 

2 ATP 

15 ATP 

3 ATP 

Total Amount of ATP =32  

% Efficiency: 
[(32 x 7.5 kcal)/ 686 kcal] x 100% = 35% 

Complete oxidation of 1 mol of glucose: 
releases 6 mol of CO2, 6 mol of H2O and 
32 mol of ATP  

Cell Specific ATP Production 

•! It is important to note that the amount of ATP produced from 1 NADH, 
derived from glycolysis can vary depending on cell types 
–! This is because NADH is not transported to the inner mitochondrial 

membrane the same way in all cells 

•! Brain and muscle cells utilize a transport mechanism that passes e- 
from the cytoplasmic NADH through the membrane to FAD, 
producing FADH2 
–! 2 FADH2 produce only 3 ATP, therefore the total amount of ATP obtained 

from one glucose in these cells is 30 ATP 

•! A more efficient transport system is found in the liver, heart, and 
kidney cells, where one cytoplasmic NADH results in one 
mitochondrial NADH  
–! Here the normal 2 NADH produced during glycolysis would yield 5 ATP 
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The Other 65% 

•! From the complete oxidation of one glucose we conserve 
~35% of the total energy originally in the glucose 
molecule, where does the rest go? 

•! The other 65% of the energy is released as heat 
–! It is this heat that maintains body temp 

•! This is the reason why when we exercise, our metabolism 
speeds up to provide us the necessary energy for muscle 
contraction, and in the process we produce more heat  
–! Our bodies then compensate by producing sweat, which when it 

evaporates carries away the excess heat from our bodies 

Questions???? 


