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Glycolysis is a fundamental metabolic pathway that converts glucose into
pyruvate, producing energy in the form of ATP and NADH. A remarkable feature
of glycolysis is that seven out of its ten enzymatic reactions are reversible
under physiological conditions, especially when the free energy change (AG)
approaches zero. This reversibility allows for the glycolytic pathway to
operate in reverse during gluconeogenesis, the process of synthesizing
glucose from non-carbohydrate precursors. Understanding the reversible
reactions in glycolysis is essential for grasping how cells regulate energy
production and glucose homeostasis.

Overview of Glycolysis and Its Reversibility

Glycolysis consists of ten enzymatic steps that break down glucose into two
molecules of pyruvate, generating ATP and NADH. These reactions occur in the
cytoplasm of cells and are tightly regulated. The pathway can be divided into
two main phases:

- Preparatory Phase: Investment of ATP to modify glucose.
- Payoff Phase: Generation of ATP and NADH as the pathway progresses.

The reversibility of these reactions hinges on the thermodynamics involved.
When the free energy change (AG) of a reaction is near zero, the reaction can
readily proceed in either direction depending on cellular needs and
substrate/product concentrations.

Key factors influencing reaction reversibility include:

- The magnitude of AG under physiological conditions.

- The enzyme mechanisms and their regulation.
- Cellular metabolite concentrations.

Reversible Reactions in Glycolysis

Seven of the ten glycolytic reactions are reversible, meaning they can



operate in the forward or reverse direction depending on cellular conditions.
These reactions are characterized by small AG values close to zero, allowing
equilibrium to shift in either direction.

List of Reversible Glycolytic Reactions

The following are the seven reversible reactions:

1. Glucose to Glucose-6-Phosphate — Catalyzed by Hexokinase / Glucokinase
(though generally considered near-equilibrium in the cell)

2. Glucose-6-Phosphate to Fructose-6-Phosphate — Catalyzed by Glucose-6-
Phosphate Isomerase

3. Fructose-6-Phosphate to Fructose-1,6-Bisphosphate — Catalyzed by
Phosphofructokinase-1 (though typically considered committed step, under
certain conditions it can be reversible)

4. Glyceraldehyde-3-Phosphate to 1,3-Bisphosphoglycerate — Catalyzed by
Glyceraldehyde-3-Phosphate Dehydrogenase

5. 2-Phosphoglycerate to Phosphoenolpyruvate (PEP) — Catalyzed by Enolase
6. Pyruvate to Lactate / Vice Versa — Catalyzed by Lactate Dehydrogenase

7. Pyruvate to Acetyl-CoA (via Pyruvate Dehydrogenase Complex) — Though
this reaction is largely irreversible, under certain cellular
conditions, the formation of acetyl-CoA is reversible in the context of
metabolic flux, but typically considered committed step.

Note: While the initial and final steps involving glucose and pyruvate are
often considered separate in regulation, the core seven reactions listed
above are thermodynamically near equilibrium, making them reversible.

Significance of Reversible Reactions in
Glycolysis and Gluconeogenesis

The reversibility of these reactions is vital for metabolic flexibility.
During gluconeogenesis, the body synthesizes glucose from precursors like
lactate, amino acids, and glycerol. This process largely mirrors glycolysis
in reverse, utilizing the reversible steps to facilitate the pathway.



Role in Metabolic Flexibility

- Energy Balance: Reversible reactions allow cells to adapt to energy demands
by shifting fluxes.

- Gluconeogenesis: Reversible steps enable the pathway to operate in the
reverse direction, producing glucose during fasting or low carbohydrate
intake.

- Metabolic Integration: These reactions connect glycolysis to other pathways
like the pentose phosphate pathway and amino acid metabolism.

Thermodynamic Considerations

The AG values for these reactions are near zero under physiological
conditions, which means small changes in substrate or product concentrations
can drive the reaction in either direction. This thermodynamic feature is
essential for the reversibility and regulation of metabolic fluxes.

Differences Between Reversible and Irreversible
Reactions

While seven reactions are reversible, three key steps are essentially
irreversible under physiological conditions:

- Hexokinase / Glucokinase Reaction: Glucose to Glucose-6-Phosphate

- Phosphofructokinase-1 Reaction: Fructose-6-Phosphate to Fructose-1,6-
Bisphosphate

- Pyruvate Kinase Reaction: Phosphoenolpyruvate to Pyruvate

These irreversible steps have large negative AG values, committed to the
forward direction, and are tightly regulated to control glycolytic flux.

Implications:
- The irreversible steps serve as control points.
- They prevent futile cycling and ensure pathway directionality.

- During gluconeogenesis, bypass enzymes are employed to overcome these
irreversible steps.

Enzymes Facilitating Reversibility

The enzymes catalyzing reversible reactions typically possess properties that
allow them to operate efficiently in both directions:



- Hexokinase / Glucokinase: High substrate affinity and regulation.

- Glucose-6-Phosphate Isomerase: Rapid equilibrium between glucose-6-
phosphate and fructose-6-phosphate.

- Phosphoglucose Isomerase: Facilitates the interconversion under near-
equilibrium conditions.

- Glyceraldehyde-3-Phosphate Dehydrogenase: Catalyzes the reversible
oxidation-reduction reaction.

- Enolase: Reversibly converts 2-phosphoglycerate to PEP.

- Lactate Dehydrogenase: Reversibly interconverts pyruvate and lactate
depending on NADH/NAD+ ratios.

- Pyruvate Dehydrogenase: Although largely irreversible, its activity is
modulated, and in some contexts, flux can be reversible.

Regulation of Reversible Reactions

Even though these reactions are thermodynamically reversible, their actual
directionality in vivo depends on:

- Substrate and product concentrations: Shifts in concentrations can push the
reaction in either direction.

- Allosteric effectors: Molecules such as ATP, ADP, AMP, and citrate
influence enzyme activity.

- Post-translational modifications: Phosphorylation or other modifications
can alter enzyme activity and reversibility.

- Cellular compartmentalization: Localization within cellular compartments
affects metabolite concentrations and reaction direction.

Gluconeogenesis: Using Reversible Reactions in
Reverse

Gluconeogenesis is the process by which organisms synthesize glucose from
non-carbohydrate sources. It relies heavily on the reversibility of the seven
glycolytic reactions, with some steps bypassed by specialized enzymes due to
the irreversibility of certain glycolytic steps.

Bypass Enzymes in Gluconeogenesis

To reverse the irreversible steps, cells utilize:

- Glucose-6-Phosphatase: Converts glucose-6-phosphate to free glucose.

- Fructose-1,6-Bisphosphatase: Converts fructose-1,6-bisphosphate to
fructose-6-phosphate.

- Pyruvate Carboxylase and PEP Carboxykinase: Reverses the pyruvate kinase
step by converting pyruvate to PEP.



The reversible reactions, however, can proceed in the opposite direction if
substrate concentrations are favorably adjusted, making the pathway flexible
and responsive.

Conclusion: The Importance of Reversible
Reactions in Metabolism

Understanding the seven reversible reactions of glycolysis highlights the
elegant regulation and flexibility of cellular metabolism. These reactions
serve as critical control points, allowing the cell to adapt to varying
energy demands and substrate availability. Their near-equilibrium
thermodynamics facilitate the seamless operation of glycolysis and
gluconeogenesis, maintaining glucose homeostasis in the body.

In summary:

- Seven reactions in glycolysis are near equilibrium and reversible, enabling
metabolic flexibility.

- These reactions are crucial for the pathway's ability to operate in both
glycolytic and gluconeogenic directions.

- Proper regulation of these reactions ensures efficient energy production
and glucose synthesis.

- The irreversible steps are tightly controlled, serving as key regulatory
and committed points in the pathway.

Understanding these principles is vital for researchers, educators, and
healthcare professionals aiming to comprehend energy metabolism, metabolic
diseases like diabetes, and potential therapeutic targets for metabolic
regulation.
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Frequently Asked Questions

What does it mean that seven out of ten reactions 1in
glycolysis are reversible?

It means that seven reactions can proceed in both forward and reverse
directions under cellular conditions, allowing glycolysis to run in reverse
during processes like gluconeogenesis.



Why are the reactions in glycolysis considered
reversible when their free energy change (AG) is
near zero?

Because their AG values are close to zero, these reactions can easily shift
direction depending on cellular needs, facilitating both glycolysis and
gluconeogenesis.

Which seven reactions in glycolysis are reversible
and can be used in the reverse process?

The reversible reactions include those catalyzed by enzymes such as
hexokinase, phosphofructokinase, and pyruvate kinase, among others, depending
on the specific pathway steps involved.

How does the reversibility of these reactions
influence metabolic flexibility?

It allows cells to adapt to different energy demands by switching between
glycolysis and gluconeogenesis, efficiently managing glucose and energy
production.

What role do these reversible reactions play in
gluconeogenesis?

They serve as the backbone for reversing glycolytic pathways, enabling the
synthesis of glucose from non-carbohydrate precursors.

Can all steps in glycolysis be reversed in
gluconeogenesis?

No, only the reactions with near-zero AG are reversible; others require
different enzymes or bypass mechanisms to proceed in reverse.

What enzymes are responsible for bypassing the
irreversible steps in glycolysis during
gluconeogenesis?

Enzymes such as glucose-6-phosphatase and fructose-1,6-bisphosphatase bypass
the irreversible steps catalyzed by hexokinase and phosphofructokinase,
respectively.

How does the reversibility of these reactions affect



metabolic regulation?

It provides points of regulation where enzyme activity can control the
direction of metabolic flow, balancing energy production and synthesis as
needed.

Why is understanding the reversibility of glycolytic
reactions important in medical science?

It helps in understanding metabolic disorders like diabetes and in designing
drugs that target specific pathways to regulate glucose metabolism.

Are the reversible reactions in glycolysis energy-
dependent or energy-neutral?

They are generally energy-neutral or near equilibrium, meaning they do not
strongly favor either forward or reverse reactions, allowing flexibility in
metabolic pathways.

Additional Resources

Seven of the ten reactions of glycolysis are reversible (g near zero) and can
be used in reverse of glycolysis

Glycolysis, the fundamental metabolic pathway responsible for the breakdown
of glucose into pyruvate, is central to cellular energy production in almost
all organisms. This pathway not only provides ATP-—the energy currency of the
cell-but also supplies intermediates for various biosynthetic processes. An
intriguing aspect of glycolysis is that seven out of its ten enzymatic
reactions are reversible under physiological conditions, meaning they can
operate in either direction depending on cellular needs and the thermodynamic
environment. This reversibility underpins the cell’s metabolic flexibility,
allowing glycolysis to be seamlessly integrated with other pathways like
gluconeogenesis, lipid synthesis, and amino acid metabolism. Understanding
which reactions are reversible and how they function in reverse is essential
for grasping the regulation of cellular metabolism and the dynamic nature of
biochemical pathways.

Understanding Glycolytic Reactions: An Overview

Glycolysis involves ten enzymatic steps, each catalyzed by specific enzymes.
These reactions can be broadly categorized as either energy-investing,
energy-generating, or preparatory steps. The pathway proceeds through a
series of intermediates, ultimately converting glucose into two molecules of



pyruvate, with a net gain of ATP and NADH.
The ten reactions are:

Glucose to Glucose-6-phosphate (hexokinase/glucokinase)
Glucose-6-phosphate to Fructose-6-phosphate (phosphoglucose isomerase)
Fructose-6-phosphate to Fructose-1,6-bisphosphate (phosphofructokinase-1)
4. Fructose-1,6-bisphosphate to Glyceraldehyde-3-phosphate and
Dihydroxyacetone phosphate (aldolase)

5. Dihydroxyacetone phosphate to Glyceraldehyde-3-phosphate (triose phosphate
isomerase)

6. Glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate (glyceraldehyde-3-
phosphate dehydrogenase)

7. 1,3-bisphosphoglycerate to 3-phosphoglycerate (phosphoglycerate kinase)
8. 3-phosphoglycerate to 2-phosphoglycerate (phosphoglycerate mutase)

9. 2-phosphoglycerate to Phosphoenolpyruvate (enolase)

10. Phosphoenolpyruvate to Pyruvate (pyruvate kinase)
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Among these, reactions 1, 2, 4, 5, 6, 7, 8, and 9 are thermodynamically near
equilibrium under standard conditions, which grants them reversibility.
Reactions 3 and 10 are highly exergonic and essentially irreversible under
physiological conditions, serving as committed steps in glycolysis.

Thermodynamic Foundations of Reaction
Reversibility

At the core of biochemical pathway directionality is thermodynamics,
primarily governed by the Gibbs free energy change (AG). When AG is close to
zero (g near zero), the reaction is near equilibrium and can proceed in
either direction depending on substrate and product concentrations.
Conversely, reactions with large negative AG are essentially irreversible,
functioning as committed steps or control points.

Reversible reactions in glycolysis are characterized by:

- AG values close to zero under cellular conditions.

- Enzymes that catalyze these steps are often bidirectional.

- The pathway's ability to operate in reverse, enabling gluconeogenesis or
other metabolic processes.

Irreversible reactions have a large negative AG, primarily due to substrate
or product concentrations, enzyme catalysis, and cellular energy status,
ensuring unidirectional flow.

The fact that seven reactions are near equilibrium underlines the metabolic
flexibility and the capacity of the pathway to reverse in specific contexts,



such as during gluconeogenesis.

The Seven Reversible Reactions in Glycolysis

Let's examine each of these reversible reactions, their enzymology,
thermodynamics, and role in both glycolysis and its reverse pathway.

1. Glucose-6-Phosphate to Fructose-6-Phosphate
(Phosphoglucose Isomerase)

Reaction Overview:
Glucose-6-phosphate (G6P) is converted into Fructose-6-phosphate (F6P) via
isomerization, a process mediated by the enzyme phosphoglucose isomerase.

Thermodynamics and Reversibility:

This is a classic example of a near-equilibrium reaction, with AG close to
zero under physiological conditions. Because of this, it can readily proceed
in either direction depending on metabolite concentrations.

Functional Significance:

In glycolysis, this reaction prepares the molecule for subsequent
phosphorylation, but in gluconeogenesis, it allows the pathway to generate
G6P from F6P, ultimately leading to glucose synthesis.

2. Fructose-6-Phosphate to Fructose-1,6-bisphosphate
(Phosphofructokinase-1)

Reaction Overview:
This step involves phosphorylation of F6P to Fructose-1,6-bisphosphate
(F1,6BP) using ATP, catalyzed by phosphofructokinase-1 (PFK-1).

Reversibility Consideration:

Unlike the previous reactions, this is highly exergonic and essentially
irreversible during glycolysis. However, under certain conditions, the enzyme
reverses its activity in gluconeogenesis, where the enzyme fructose-1,6-
bisphosphatase (FBPase) catalyzes the reverse reaction.

Significance in Metabolic Regulation:

This step is a key control point in glycolysis and gluconeogenesis, with
regulatory mechanisms modulating the enzyme activity to favor either pathway
depending on energy status.



3. Glyceraldehyde-3-Phosphate to 1,3-
bisphosphoglycerate (Glyceraldehyde-3-Phosphate
Dehydrogenase)

Reaction Overview:
G3P is oxidized and phosphorylated to form 1,3-bisphosphoglycerate,
generating NADH in the process.

Thermodynamics and Reversibility:
This reaction is near equilibrium, allowing it to be readily reversed in
gluconeogenic conditions to generate G3P from 1,3-bisphosphoglycerate.

Biological Relevance:
This reversibility is critical during gluconeogenesis, especially in liver
tissues, which need to produce glucose from non-carbohydrate precursors.

4. 1,3-bisphosphoglycerate to 3-Phosphoglycerate
(Phosphoglycerate Kinase)

Reaction Overview:
This substrate-level phosphorylation produces ATP and 3-phosphoglycerate from
1,3-bisphosphoglycerate.

Reversibility:

As an energy-generating step with AG near zero, it can operate in reverse
during gluconeogenesis to generate 1,3-bisphosphoglycerate from 3-
phosphoglycerate, although this process is less favored energetically in
vivo.

Additional Reversible Reactions and Their Roles

5. 3-Phosphoglycerate to 2-Phosphoglycerate
(Phosphoglycerate Mutase)

This enzyme catalyzes a shift of the phosphate group from the 3-position to
the 2-position on glycerate, a reaction near equilibrium that can operate in
either direction.



6. 2-Phosphoglycerate to Phosphoenolpyruvate
(Enolase)

Enolase catalyzes the dehydration of 2-phosphoglycerate to produce
phosphoenolpyruvate (PEP). Under physiological conditions, this reaction is
near equilibrium and reversible, facilitating gluconeogenic PEP synthesis.

7. Phosphoenolpyruvate to Pyruvate (Pyruvate Kinase)

This is a highly exergonic, essentially irreversible step during glycolysis,
but in gluconeogenesis, the reverse reaction is catalyzed by pyruvate
carboxylase and phosphoenolpyruvate carboxykinase, bypassing the
irreversibility.

Implications of Reversibility in Cellular
Metabolism

The reversibility of these seven reactions has profound implications for
metabolic regulation, energy flow, and biosynthesis.

Metabolic Flexibility:

The ability to run glycolytic reactions in reverse allows cells to synthesize
glucose from non-carbohydrate sources—a process vital during fasting or
starvation.

Integration with Other Pathways:

Reversible reactions facilitate the interconnectedness of pathways such as
gluconeogenesis, the pentose phosphate pathway, and lipid metabolism. For
instance, during gluconeogenesis, enzymes like fructose-1,6-bisphosphatase
and glucose-6-phosphatase reverse their respective glycolytic steps,
leveraging the thermodynamic properties of the reversible reactions.

Regulatory Considerations:

Reversible reactions are often subject to allosteric regulation, substrate
availability, and enzyme expression levels, enabling cells to switch between
glycolysis and gluconeogenesis efficiently.

Thermodynamic Constraints:
The reversibility hinges on
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