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Glycolysis is a fundamental metabolic pathway that converts glucose into pyruvate, generating
energy in the process. It is the primary means by which cells produce ATP, the energy currency vital
for numerous biological functions. Central to glycolysis are two high-energy intermediates—namely,
1,3-bisphosphoglycerate (1,3-BPG) and phosphoenolpyruvate (PEP)—which play crucial roles in the
efficient synthesis of ATP. Understanding these intermediates provides insight into the intricate
mechanism of energy transfer during cellular respiration.

Overview of Glycolysis and Its Significance

Glycolysis is a ten-step enzymatic pathway that occurs in the cytoplasm of cells. Its primary purpose
is to break down a single glucose molecule (CeH1206) into two molecules of pyruvate, producing a
net gain of ATP and NADH. The pathway is conserved across almost all organisms, highlighting its
evolutionary importance.

Key points about glycolysis:

- Energy yield: Produces 2 ATP molecules directly per glucose molecule.

- Redox balance: Generates 2 NADH molecules, which can be used in subsequent energy-generating
processes.

- Precursor molecules: Produces intermediates used in other biosynthetic pathways.

While glycolysis is often viewed as a simple breakdown process, it involves complex regulation and
highly energy-rich intermediates that facilitate efficient ATP generation.

The Role of High-energy Intermediates in Glycolysis

High-energy intermediates are molecules with high phosphoryl transfer potential, meaning they can
readily donate their phosphate groups to ADP to form ATP. In glycolysis, two such intermediates are
pivotal:

1. 1,3-bisphosphoglycerate (1,3-BPG)
2. Phosphoenolpyruvate (PEP)



These intermediates are characterized by their high phosphoryl transfer potential, making them
ideal for substrate-level phosphorylation—a direct method of ATP synthesis.

Detailed Examination of the Two High-energy
Intermediates

1. 1,3-Bisphosphoglycerate (1,3-BPG)

Structure and Formation

- 1,3-BPG is formed in the sixth step of glycolysis.

- It results from the oxidation and phosphorylation of glyceraldehyde-3-phosphate (G3P) catalyzed by
the enzyme glyceraldehyde-3-phosphate dehydrogenase.

- During this process, an inorganic phosphate (Pi) is attached to G3P, producing 1,3-BPG.
High-energy Nature

- The molecule contains two high-energy phosphate bonds.
- Its phosphoryl transfer potential is higher than that of ATP, making it a potent phosphoryl donor.

Role in ATP Generation

- 1,3-BPG donates its phosphate group to ADP via substrate-level phosphorylation catalyzed by
phosphoglycerate kinase.

- This reaction produces ATP and 3-phosphoglycerate.

Reaction Summary:

\[ \text{1,3-BPG} + \text{ADP} \rightarrow \text{3-phosphoglycerate} + \text{ATP} \]

Importance

- It is the first high-energy intermediate to directly generate ATP in glycolysis.
- Its high phosphoryl transfer potential is critical for the energy yield of glycolysis.

2. Phosphoenolpyruvate (PEP)

Structure and Formation

- PEP is produced in the ninth step of glycolysis.



- It results from the dehydration of 2-phosphoglycerate (2-PG) catalyzed by enolase.
- PEP has a very high phosphoryl transfer potential, even higher than that of 1,3-BPG.

High-energy Nature

- PEP's high energy is due to the enol form and the resonance stabilization after phosphate transfer.
- It is considered one of the highest-energy compounds in the cell.

Role in ATP Generation

- PEP donates its phosphate group to ADP through substrate-level phosphorylation catalyzed by
pyruvate kinase.
- This reaction produces ATP and pyruvate.

Reaction Summary:
\[ \text{PEP} + \text{ADP} \rightarrow \text{Pyruvate} + \text{ATP} \]
Importance

- The conversion of PEP to pyruvate is the final step in glycolysis.
- Its high energy content ensures efficient ATP production at this terminal stage.

Comparison of the Two High-energy Intermediates

| Feature | 1,3-Bisphosphoglycerate (1,3-BPG) | Phosphoenolpyruvate (PEP) |

| | I |

| Location in Glycolysis | Step 6 (G3P to 3-phosphoglycerate) | Step 10 (2-PG to pyruvate) |

| Enzyme involved | Glyceraldehyde-3-phosphate dehydrogenase | Pyruvate kinase |

| Phosphoryl transfer potential | High (more than ATP) | Highest among glycolytic intermediates |
| ATP generated | 1 molecule per molecule of 1,3-BPG | 1 molecule per molecule of PEP |

| Energy significance | Initiates substrate-level phosphorylation | Final step, maximizes ATP yield |

Mechanism of ATP Generation via These Intermediates

The process of ATP synthesis during glycolysis via these intermediates is called substrate-level
phosphorylation. Unlike oxidative phosphorylation, which depends on electron transport chains,
substrate-level phosphorylation involves direct transfer of a phosphate group from a high-energy
intermediate to ADP.

Step-by-step process:



1. The enzyme catalyzes the transfer of the high-energy phosphate group from 1,3-BPG or PEP.
2. The phosphate group is transferred to ADP, forming ATP.
3. The remaining molecule (3-phosphoglycerate or pyruvate) is left as a lower-energy compound.

Significance of this process:

- It allows rapid ATP generation without the need for oxygen.
- It provides immediate energy for cellular activities, especially under anaerobic conditions.

Regulation and Importance of High-energy
Intermediates

The formation and utilization of 1,3-BPG and PEP are tightly regulated, as they are central to energy
production.

Regulatory aspects include:

- Enzyme activity: The enzymes (glyceraldehyde-3-phosphate dehydrogenase and pyruvate kinase)
are subject to allosteric regulation and covalent modifications.

- Substrate availability: The levels of glyceraldehyde-3-phosphate and 2-phosphoglycerate influence
the formation of high-energy intermediates.

- Cellular energy status: High levels of ATP inhibit key enzymes, reducing the formation of high-
energy intermediates and slowing glycolysis.

Physiological importance:

- Ensuring efficient ATP production during high energy demand.
- Facilitating rapid response to changes in cellular energy needs.
- Supporting anaerobic glycolysis in tissues deprived of oxygen.

Conclusion

The two high-energy intermediates in glycolysis, 1,3-bisphosphoglycerate (1,3-BPG) and
phosphoenolpyruvate (PEP), are critical for maximizing ATP yield through substrate-level
phosphorylation. Their high phosphoryl transfer potential allows cells to efficiently convert chemical
energy from glucose into usable cellular energy. Understanding their roles provides insight into
fundamental bioenergetic principles and the regulation of cellular metabolism. These intermediates
exemplify nature's ingenious mechanisms to harness and transfer energy, ensuring cellular survival
and function across diverse biological contexts.
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Note: This article provides a comprehensive overview of the high-energy intermediates in glycolysis,
emphasizing their structural features, roles in ATP synthesis, and regulatory mechanisms. For
further understanding, exploring enzymatic mechanisms and metabolic regulation in detail is
recommended.

Frequently Asked Questions

What are the two high-energy intermediates in glycolysis used
to generate ATP?

The two high-energy intermediates are 1,3-bisphosphoglycerate (1,3-BPG) and phosphoenolpyruvate
(PEP).

How do 1,3-bisphosphoglycerate and phosphoenolpyruvate
contribute to ATP production in glycolysis?

They donate their high-energy phosphate groups to ADP, producing ATP through substrate-level
phosphorylation.

Why are 1,3-bisphosphoglycerate and phosphoenolpyruvate
considered high-energy intermediates?

Because they contain high-energy phosphate bonds that, when broken, release sufficient energy to
synthesize ATP directly.

At which steps in glycolysis are 1,3-bisphosphoglycerate and
PEP involved?

1,3-bisphosphoglycerate is produced during the conversion of 3-phosphoglycerate, and PEP is
formed from 2-phosphoglycerate; both are substrates for ATP-generating steps.

What enzymes utilize 1,3-bisphosphoglycerate and PEP to



generate ATP in glycolysis?

Phosphoglycerate kinase uses 1,3-bisphosphoglycerate, and pyruvate kinase uses
phosphoenolpyruvate to produce ATP.

How does the energy content of 1,3-bisphosphoglycerate and
PEP compare to ATP?

They have higher phosphate transfer potential than ATP, making their hydrolysis highly exergonic
and suitable for ATP synthesis.

Can you explain the significance of 1,3-bisphosphoglycerate
and PEP in the overall glycolytic pathway?

They serve as key high-energy intermediates that enable efficient ATP generation during glycolysis
through substrate-level phosphorylation.

Are 1,3-bisphosphoglycerate and PEP unique to glycolysis, or
do they have roles elsewhere?

While primarily important in glycolysis for ATP production, they also participate in other metabolic
pathways, such as amino acid synthesis and gluconeogenesis.

Additional Resources
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Glycolysis, a fundamental metabolic pathway, serves as the primary mechanism by which glucose is
catabolized to produce energy in the form of adenosine triphosphate (ATP). This process, ancient in
evolutionary terms, is conserved across virtually all domains of life, underscoring its essential role in
cellular physiology. Central to glycolysis are two high-energy intermediates—1,3-
bisphosphoglycerate (1,3-BPG) and phosphoenolpyruvate (PEP)—which serve as key substrates for
substrate-level phosphorylation, directly generating ATP. Understanding these intermediates
illuminates the intricate biochemical choreography that sustains cellular energy demands and offers
insights into metabolic regulation and potential therapeutic targets.

Introduction to Glycolysis and Its Significance

Glycolysis is a ten-step enzymatic process that converts a single molecule of glucose (a six-carbon
sugar) into two molecules of pyruvate (a three-carbon compound), simultaneously producing a net
gain of two ATP molecules and two NADH molecules. It occurs in the cytoplasm of cells and
functions as a critical energy-yielding pathway, especially under anaerobic conditions or in tissues
with high glycolytic flux such as muscle during intense activity.



The pathway is divided into two phases:

- Preparatory Phase: Investment of ATP to modify glucose and generate intermediates.
- Payoff Phase: Production of ATP and NADH via substrate-level phosphorylation.

Within this framework, two high-energy intermediates—1,3-bisphosphoglycerate (1,3-BPG) and
phosphoenolpyruvate (PEP)—stand out because they contain high-energy phosphate bonds capable
of directly donating phosphate groups to ADP, forming ATP.

The High-energy Intermediates: 1,3-
Bisphosphoglycerate and Phosphoenolpyruvate

1,3-Bisphosphoglycerate (1,3-BPG)

Structure and Formation:

- 1,3-BPG is formed in the sixth step of glycolysis.

- It results from the oxidation and phosphorylation of glyceraldehyde-3-phosphate (G3P) catalyzed by
glyceraldehyde-3-phosphate dehydrogenase.

- This reaction involves the addition of inorganic phosphate (Pi) to G3P, producing 1,3-BPG, a
molecule containing two high-energy phosphoanhydride bonds.

Energetic Significance:

- 1,3-BPG is considered the most energy-rich intermediate in glycolysis, with a standard free energy
change (AG®') around -49.3 k]/mol.

- Its high-energy phosphate bond is utilized for substrate-level phosphorylation, directly generating
ATP.

Role in ATP Generation:

- In the next step, 1,3-BPG transfers its phosphate group to ADP via the enzyme phosphoglycerate
kinase, producing ATP and 3-phosphoglycerate.

- This reaction exemplifies substrate-level phosphorylation, one of the two mechanisms for ATP
synthesis in glycolysis.

Phosphoenolpyruvate (PEP)

Structure and Formation:

- PEP is formed in the ninth step of glycolysis.

- It is generated by the dehydration of 2-phosphoglycerate via enolase.
- PEP contains an enol phosphate bond, which is a high-energy linkage.

Energetic Significance:
- Its AG®' is approximately -61.9 kJ/mol, making it one of the most energy-rich intermediates in



glycolysis.
- The high-energy enol phosphate bond makes PEP an excellent substrate for ATP formation.

Role in ATP Generation:

- PEP donates its phosphate to ADP through the enzyme pyruvate kinase, yielding a second molecule
of ATP.

- This step is the final substrate-level phosphorylation in glycolysis, crucial for maximizing ATP yield.

Mechanistic Insights into Substrate-Level
Phosphorylation

Substrate-level phosphorylation (SLP) involves the direct synthesis of ATP from ADP by transfer of a
high-energy phosphate group from an intermediate metabolite. In glycolysis, 1,3-BPG and PEP are
uniquely positioned as high-energy donors for this process.

Key Features of SLP in Glycolysis:

- Direct Transfer: The phosphate group is transferred directly from the high-energy intermediate to
ADP.

- Enzymes Involved:

- Phosphoglycerate kinase catalyzes the transfer from 1,3-BPG.

- Pyruvate kinase catalyzes the transfer from PEP.

- Energy Conservation: This process efficiently captures energy without the need for electron
transport chains or oxidative phosphorylation.

Implications:

- The utilization of 1,3-BPG and PEP for ATP generation exemplifies how metabolic intermediates
with high-energy bonds are harnessed to meet cellular energy demands efficiently.
- These steps are tightly regulated and linked to overall glycolytic flux.

Regulation and Physiological Relevance of the High-
energy Intermediates

Regulatory Aspects:

- The reactions involving 1,3-BPG and PEP are subject to allosteric regulation and feedback
inhibition.

- For example, high levels of ATP inhibit phosphofructokinase-1 (not directly related to these
intermediates but important for pathway control), indirectly affecting their formation.

- The availability of substrate (glucose) and the energetic state of the cell influence the



concentrations of 1,3-BPG and PEP.
Physiological Significance:

- In muscle tissues during vigorous activity, rapid ATP generation via substrate-level phosphorylation
is essential.

- The high-energy intermediates serve as energy reservoirs, allowing quick ATP synthesis when
needed.

- Alterations in their levels are associated with metabolic disorders, such as glycolytic deficiencies
and certain types of anemia.

Pathological Considerations:

- Mutations affecting enzymes that produce or utilize 1,3-BPG and PEP can impair glycolysis, leading
to energy deficits.

- For example, pyruvate kinase deficiency results in hemolytic anemia, underscoring the importance
of PEP in red blood cell metabolism.

Conclusion and Future Perspectives

The two high-energy intermediates in glycolysis, 1,3-bisphosphoglycerate and phosphoenolpyruvate,
are not merely transient metabolites but pivotal molecules that facilitate efficient ATP production
through substrate-level phosphorylation. Their high-energy phosphate bonds serve as direct sources
of cellular energy, especially critical under anaerobic conditions or in tissues with rapid energy
demands.

Advances in biochemical research continue to shed light on the nuanced regulation of these
intermediates, their roles in metabolic diseases, and their potential as targets for therapeutic
intervention. Understanding these molecules in greater depth may unlock new strategies to
modulate glycolytic flux in pathological states, including cancer, metabolic syndromes, and
infectious diseases.

In summary, the exploration of 1,3-BPG and PEP exemplifies the elegance of cellular energy
management and underscores the importance of high-energy intermediates in fundamental
biological processes. As research progresses, these molecules remain central to our comprehension
of cellular metabolism and energy homeostasis.
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