
METABOLIC BIOCHEMISTRY

REGULATION OF GLYCOLYSIS
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PFK1: Key enzyme
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Glycolysis Is under Tight Regulation

• The flux of glucose through the glycolytic pathway is regulated to 
maintain nearly constant ATP levels

• The required adjustment in the rate of glycolysis is achieved by a 
complex interplay among ATP consumption, NAD regeneration, 
and allosteric regulation of three glycolytic enzymes: hexokinase, 
PFK-1, and pyruvate kinase

• glycolysis is regulated by the hormones glucagon, epinephrine, 
and insulin

• By changes in the expression of the genes for several glycolytic
enzymes.
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Hexokinase and Glucokinase

• Hexokinase performs step 1 of glycolysis in most tissues, including 
muscle and brain. It has a low Km (high affinity) for glucose, so it 
permits initiation of glycolysis even when blood glucose levels are 
relatively low. However, its Vmax is relatively low.

• Hexokinase is inhibited by the product of its reaction, glucose-6-
phosphate. This is a very important regulatory step, since it prevents 
the consumption of too much cellular ATP to form G6P when glucose 
is not limiting.

• Glucokinase, found in the liver and pancreatic B- cells, requires a 
much higher glucose concentration for maximal activity. It is thus most 
active when glucose is very high in the portal vein, immediately after 
consumption of a carbohydrate-rich meal. It has a high Vmax, 
allowing the liver to effectively remove excess glucose, and minimize 
hyperglycemia after eating. 

• Glucokinase is  inhibited by F6P.
7
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Regulation of hexokinase IV (glucokinase) by sequestration in the nucleus.

The regulatory protein inhibits glucokinase by  forming a  complex with this enzyme in the 

presence of fructose  6-phosphate.

The protein inhibitor of glucokinase is a nuclear binding protein that draws glucokinase

into the nucleus when the fructose 6-phosphate concentration in liver is high and 

releases it to the cytosol when the glucose concentration is high.
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PFK1

Phosphofructokinase-1(PFK1)

(Acetyl CoA+ OAA)

The most important allosteric regulator of both glycolysis and 
gluconeogenesis is fructose 2,6-bisphosphate, F2,6BP, which is not an 
intermediate in glycolysis or in gluconeogenesis.



Phosphofructokinase-1(PFK1)

ATP allosteric inhibitor
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Insulin/Glucagon ratio (fed/starve state): Glucagon: high in starvation, as blood 
glucose levels are low, therefore it favors gluconeogenesis in Liver. Insulin: on the 
contrary favors glycolysis.
.

Feed forward stimulation

Potent activator of glycolysis



Regulation of pyruvate kinase

feedforward 

stimulation
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+
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Pyruvate kinase

• Pyruvate kinase is the third regulated enzyme of glycolysis. Like PFK,

pyruvate kinase is regulated both by allosteric effectors and by covalent

modification (phosphorylation). Pyruvate kinase is activated by F-1,6-BP in

the liver, a second example of feedforward stimulation. ATP and alanine act

as allosteric inhibitors of pyruvate kinase.

• Phosphorylation of pyruvate kinase is regulated by blood glucose level, just

like PFK. High glucagon (low blood sugar) causes phosphorylation, which in

this case renders the enzyme inactive.

• Hormonal regulation of glycolysis ensures coordination among different

tissues and organs. As we will see later, the same hormones that regulate

the rate of glycolysis also regulate gluconeogenesis and the metabolism of

glycogen, a stored form of glucose.
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Pyruvate kinase
• The liver isozyme (L form), but not the muscle isozyme (M 

form), is subject to further regulation by phosphorylation.

• When low blood glucose causes glucagon release, cAMP-
dependent protein kinase phosphorylates the L

isozyme of pyruvate kinase, inactivating it. This slows the 
use of glucose as a fuel in liver, sparing it for export to the 
brain and other organs. 
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• Genetic defects of this enzyme cause the disease known as pyruvate kinase 

deficiency, a lack of pyruvate kinase slows down the process of glycolysis. 

• One example is red blood cells, which in a state of pyruvate kinase deficiency rapidly 

become deficient in ATP and can undergo hemolysis.  Therefore, pyruvate kinase 

deficiency can cause hemolytic anemia and an increase in plasma bilirubin.

• A discrepancy between red blood cell energy requirements and ATP generating 

capacity produces irreversible membrane injury resulting in cellular distortion, rigidity, 

and dehydration. This leads to premature erythrocyte destruction by the spleen and 

liver.

Pyruvate Kinase Deficiency
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GLUCONEOGENESIS
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Gluconeogenesis occurs mainly in liver.

Synthesis of glucose from pyruvate utilizes many of 
the same enzymes as Glycolysis. 

Three Glycolysis reactions have such a large 
negative DG that they are essentially irreversible. 

 Hexokinase (or Glucokinase)

 Phosphofructokinase1(PFK1)

 Pyruvate Kinase. 

These steps must be bypassed in 
Gluconeogenesis.

Two of the bypass reactions involve simple 
hydrolysis reactions.
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Bypass of Pyruvate Kinase (2 enzymes):

Pyruvate Carboxylase (Gluconeogenesis) catalyzes:

pyruvate + HCO3
- + ATP   oxaloacetate + ADP + Pi

PEP Carboxykinase (Gluconeogenesis) catalyzes:

oxaloacetate + GTP   PEP + GDP + CO2
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First bypass
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Phosphofructokinase(PFK1) (Glycolysis) catalyzes:  

fructose-6-P + ATP   fructose-1,6-bisP + ADP

Fructose-1,6-bisphosphatase (Gluconeogenesis) 

catalyzes:   

fructose-1,6-bisP + H2O  fructose-6-P + Pi
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Second bypass
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Hexokinase or Glucokinase (Glycolysis) catalyzes:

glucose + ATP   glucose-6-phosphate + ADP

Glucose-6-Phosphatase (Gluconeogenesis) catalyzes:   

glucose-6-phosphate + H2O   glucose + Pi
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Third bypass
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The source of pyruvate and oxaloacetate for 

gluconeogenesis during fasting or carbohydrate 

starvation is mainly amino acid catabolism. 

Some amino acids are catabolized to pyruvate, 

oxaloacetate. 

Muscle proteins may break down to supply amino 

acids. These are transported to liver where they are 

deaminated and converted to gluconeogenesis 

inputs.

Glycerol, derived from hydrolysis of triacylglycerols 

in fat cells, is also a significant input to 

gluconeogenesis. 
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MDH

MDH

Malate shuttle

The transport of malate from

the mitochondrion to the

cytosol and its reconversion

there to OAA effectively moves

reducing equivalents to the

cytosol, where they are scarce.

This path from pyruvate to

PEP therefore provides an

important balance between

NADH produced and

consumed in the cytosol during

gluconeogenesis
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TCA cycle
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METABOLIC BIOCHEMISTRY

REGULATION

(Gluconeogenesis)
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Gluconeogenesis
• Gluconeogenesis involved in 2 cycles to maintain blood glucose level:

Cori cycle and alanine cycle

What is cori cycle?

• Glucose formed circulates to tissues in 

blood

• Required to recycle lactate in large 

mammals on a recovery basis after 

anaerobia

• Lactate (muscles;RBC)  Liver (glycogen) 

is the Cori Cycle
45
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Cori Cycle
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http://upload.wikimedia.org/wikipedia/commons/8/8a/Cori_Cycle.SVG
http://upload.wikimedia.org/wikipedia/commons/8/8a/Cori_Cycle.SVG
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Two alternative fates for pyruvate   

When fatty acids are

readily available as 

fuels, their breakdown 

in liver mitochondria 

yields acetyl-CoA, a 

signal that further 

oxidation of glucose 

for fuel is not 

necessary. 

Acetyl-CoA is a 

positive allosteric 

modulator of pyruvate 

carboxylase

and a negative 

modulator of pyruvate 

dehydrogenase 

complex

Fatty Acids

49



53

Glycolysis vs. Gluconeogenesis

ATP/ADP,AMP ratio
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+
feedforward 

stimulation
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Fructose 2,6-Bisphosphate Is a Regulator

of Glycolysis and Gluconeogenesis
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• Phosphorylation of the bifunctional enzyme (PFK2/FBPase2)is regulated 
by blood glucose level, mediated by glucagon and insulin.

• High glucagon (low blood sugar) causes phosphorylation of the enzyme, 
which results in conversion of F-2,6-BP back to F6P, removing its 
stimulatory effect on PFK, and therefore slowing the rate of glycolysis.

• Glucagon promotes transcription of the gene for PEP carboxykinase

• Conversion of F6P to F-2,6-BP is also stimulated by high levels of F6P. 
This is an example of feed forward stimulation .

• Feedforward regulation ensures that intermediates on metabolic 
pathways do not accumulate uselessly.

• F-2,6-BP is also an important regulator of the process of 
gluconeogenesis, where glucose is synthesized from pyruvate. 
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To Summarize…….


