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Phosphoenolpyruvate

AN END TO HAND-WAVING
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The conversion of phosphoenolpyruvate (PEP) in glycolysis is coupled with the formation of ATP. This
note discusses the origin of the energy required for ATP formation as arising from redistribution of
energy in PEP when compared with its precursor, 2-phosphoglycerate.
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The transformation in glycolysis of phosphoenolpyru-
vate (PEP)1 to pyruvate is coupled with the synthesis of
ATP. Where does the energy for this process come from?
2-Phosphoglycerate (2-PG) is the precursor from which
PEP is made by a dehydration that is catalyzed by eno-
lase.

The standard textbooks cite the free energy of hydroly-
sis of PEP as about 262 kJ/mol whereas that for 2-PG is
only about 216 kJ/mol. The student is left puzzled as to
the origin of the ‘‘missing’’ 46 kJ/mol, and more specifi-
cally how a simple dehydration creates a product with
dramatically different energy content than the substrate.
In fact, it does not. The nearly identical-free energies of
formation for 2-PG and PEP are consistent with an equi-
librium constant that is near unity for their interconversion
(Tables I and II). These data support the fact that the
dehydration catalyzed by enolase does not convert 2-PG
into the high-energy PEP. Rather, the dehydration trans-
forms the phosphoryl group transfer potential from low
(in 2-PG) to high (in PEP) due to the large value of the
equilibrium constant for the formation of the ketopyruvate
as opposed to the enol form (Table II, see footnote c).
Although this distinction might appear semantic, it is
essential for the student to appreciate how a mere dehy-
dration sets the stage for the second substrate-level
phosphorylation in glycolysis.

Although a number of current texts properly identify
the ketonization of enolpyruvate as the dominant driving
force for ATP synthesis, only Garrett and Grisham [1]
point out explicitly the important point that the total
energy content of 2-PG and PEP are about the same
and that the energy has been merely redistributed. This
was explained long ago by Fruton and Simmonds [2] and
particularly well-phrased by Green and Goldberger [3]:
‘‘In the transition from 3-phosphoglycerate to phosphoe-
nolpyruvate the total energy content of the molecule is
not changed appreciably, but the energy cake is cut dif-
ferently in the two molecules; the phosphoryl group in
the phosphoenolpyruvate is given a larger slice than it

TABLE I
Equilibrium constants under standard and physiological conditionsa

Reaction Keq
o0

Keq

2-PG � PEP 3.6 2.3
ADP þ PEP � ATP þ pyruvate 9,300 250

a Calculated from data in D. Voet, J. G. Voet (1995) Biochemistry,
2nd ed., Wiley, New York, p. 472.

TABLE II

Free energies of formation and of hydrolysis

Compound DGf (kJ/mol)a DGhyd (kJ/mol)

3-Phosphoglycerate 21500 213b

2-Phosphoglycerate 21500 213 (est.)
Phosphoenolpyruvate 21300 262c

Pyruvate 2500 –

a D. E. Metzler (2001) Biochemistry, 2nd ed., Harcourt/Academic,
San Diego, CA, Vol. 1, pp. 290–291.

b R. Barker (1971) Organic Chemistry of Biological Molecules,
Prentice-Hall, Englewood Cliffs, NJ, p. 207.

c D. Voet, J. G. Voet (1995) Biochemistry, 2nd ed., Wiley, New
York, pp. 428–432.
These authors estimate that the overall free energy of hydrolysis

is made up of 16 kJ for the hydrolysis and 46 kJ for the tautomer-
ism.

1 The abbreviations used are: PEP, phosphoenolpyruvate; 2-
PG, 2-phosphoglycerate.
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had in the parent molecule.’’ By the phosphoryl group,
Green and Goldberger [3] refer to the enolphosphate with
the three key atoms (¼¼C��O��P) in which the energy is
localized and whose hydrolysis releases also the energy
of ketonization.

We list a few rounded data in Tables I and II.
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