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Abstract

The concept of energy-rich molecules is central to metabolic activity and the coupling of
catabolic and anabolic processes. Here, we use the term “energy-rich” only in the
(bio)chemical sense, i.e., for molecules containing particularly weak bonds that when ex-
changed for stronger bonds results in a release of energy (generally > 20 k] mol™). The
typical energy-rich molecules are nucleoside triphosphates (NTPs), thioesters, and dioxy-
gen. It must be emphasized that the number of bonds is conserved in biochemical reac-
tions, so that the difference in free energy between substrates and products only depends
on the difference in bond energies. It is evident that using the term “energy-rich” for mol-
ecules with weak bonds is subject to misinterpretation. Therefore, some authors suggested
to replace this term by molecule of high group transfer potential. This is justified for NTPs
and thioesters, which have a high transfer potential for, respectively, phosphoryl or acyl
groups, but not for dioxygen. Therefore, the concepts of energy-richness and group trans-
fer potential should be treated as different and only be used within specific contexts. We
discuss how these two notions can be used to understand the coupling mechanisms in
biochemical processes as well as the interplay between thioesters, redox coupling, and
phosphate transfer reactions.

Keywords: energy coupling; energy metabolism; bond energies; energy rich molecules;
ATP; transfer potential; phosphoryl transfer

1. Introduction

A conspicuous feature of living cells is their extraordinary efficiency as energy trans-
ducers. Indeed, biological systems have evolved highly efficacious mechanisms for using
the energy obtained from sunlight or the oxidation of organic fuels to create and maintain
their highly ordered structures and to render possible all the energy-consuming processes
necessary for cell survival, growth, and replication.

Such mechanisms, referred to as energetic coupling, are essential for maintaining liv-
ing cells in a steady state far from thermodynamic equilibrium with minimal entropy pro-
duction. They are found only in biological systems and are the basis for the high energetic
efficiency of biochemical processes (compared to the lower efficiency of, e.g., heat en-
gines).

Metabolism is the set of interconnected life-sustaining reactions that take place in all
biological systems. More specifically, energy metabolism is a sequence of reactions that
result in the production of intermediate molecules such as ATP and NAD(P)H, that we
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call coupling agents, as they are required to couple catabolic (energy-yielding) pathways
to anabolic (energy-consuming) processes (Figure 1). Metabolism could not exist in the
absence of coupled reactions.

RC Photosynthesis
light reactions

Catabolism
AG<0; AE>0

Small oxidized
NADP* NADPH molecules + CO,

Reduced organic
fuel molecules
(hexoses, fatty acids)

ADP ATP
CoA Ac-CoA

Anabolism

AG>0; AE<0
Figure 1. Basic energy coupling events in living systems: photosynthesis (green), catabolism (red),
anabolism (blue), and coupling agents (magenta). Catabolic pathways are globally exergonic (AG <
0) and oxidative (with respect to carbon) in nature (AE > 0), while anabolic pathways are endergonic
(AG > 0) and reducing (AE < 0). While ATP, acetyl-CoA (Ac-CoA), and NADPH couple catabolism
with anabolism, NADH operates only within the catabolic block to supply the respiratory chain

with reducing power. (RC, respiratory chain; E, redox potential).

Most living cells obtain the energy they need by oxidizing organic fuel molecules
(ultimately produced by photosynthesis) to form water, CO, and other products which
are recycled in the environment [1].

Fuel molecules such as glucose are degraded through a sequence of energy-releasing
processes, i.e., the glycolytic, pentose phosphates, and tricarboxylic acid (TCA) pathways
(Figure 2). The main molecules coupling catabolism and anabolism are NADPH and ATP.
NADPH is produced through the reaction catalyzed by the oxidative portion of the pen-
tose phosphate shunt (glucose 6-phosphate and 6-phosphogluconate dehydrogenases).
An anabolic process such as the synthesis of fatty acid will use the reducing power of
NADPH and the chemical energy of ATP (Figure 2).

For glycolysis, the global reaction is [2]:

glucose + 2 ADP +2 Pi+ 2 NAD* — 2 pyruvate + 2 ATP + 2 H.O + 2 NADH + 4 H* AG'"® =-73.7 k] mol!

Two molecules of ATP are produced by reactions catalyzed by phosphoglycerate ki-
nase and pyruvate kinase (Figure 2).
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In further catabolic reactions catalyzed by pyruvate dehydrogenase and enzymes of

the TCA cycle, pyruvate is decarboxylated and oxidized by NAD*and FAD, yielding
NADH, FADH:, and CO: [2,3]:

Pyruvate + NAD* + CoA — Acetyl-CoA +NADH + H* + CO2 AG’® =-33 k] mol™!

Acetyl-CoA + 3 NAD* + FAD + GDP + Pi +2 HO

— CoA-SH + 3 NADH + 3 H* + FADH:2 + GTP + 2 CO2
Note that we use, whenever possible, the biochemical recommendations with trans-

formed variables defined at pH 7 [4] (Section 3.1).

Carbon flow

AG'® =-50.3 k] mol~!

Electron flow

Glucose
NADP+ NADPH
\ ADP
"—> CO,
Ribulose 5P H+ H*
‘ A
Fructose 6P
ATP
\ NADH a i |
ATP
H,0
Pyruvate - +
NAD* - +
H* . —)_'_ H*
NADH —— _ +
Acetyl-CoA NAD*
NAD* — RC
o G
NADH ————3 NADH
App,

Energy flow

Figure 2. Catabolic fluxes of matter (carbon), energy, and electrons through the central energy met-

abolic pathways (glycolysis, tricarboxylic acid (TCA) cycle, and pentose phosphate pathway). For

simplification, no subcellular compartmentations are indicated, and the scheme may concern any

prokaryotic or eukaryotic organism. The driving forces (AG’) depend on differences in concentra-

tions (Q) and the structural rearrangement between initial and final reactants (AG'®) and redox po-
tential (AE’). (modified from [1]).

In turn, NADH and FADH: are oxidized by O: in the respiratory chain, the latter

being coupled to ATP synthesis by a chemiosmotic mechanism. Hence, in contrast to

NADPH which is involved in the transfer of reducing equivalents from catabolism to

power anabolism, NADH is involved in the transfer of reducing equivalents within the
catabolic block (Figures 1 and 2).
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If we consider the global reaction of glucose oxidation through glycolysis, TCA cycle,
and oxidative phosphorylation (CsHi1206 + 6 Oz + 32 ADP + 32 Pi — 6 CO2 + 38 H20 + 32
ATP), a maximum of 32 molecules of ATP are generated, close to an energetic yield of 40%
[2,5]. The carbon from reduced organic molecules ends up in CO, its most oxidized form.

ATP is often called the “energy currency” of the cell: it is central to most biochemical
energy-transferring processes as an intermediate between energy-yielding and energy-
requiring reactions, just as NADH and NADPH are intermediates in redox coupling.

As discussed previously [1], the transformation of carbonated molecules (the carbon
molecules of the partially reduced molecule glucose ending up in the oxidized CO2 mole-
cule) can be equated to a flow of matter (actually carbon) resulting from differences in
concentrations (Q) and the structural arrangements between initial and final reactants
(AG™®) with AG"=AG" + RT In Q, as well as a flow of electrons arising from differences in
redox potentials (AE"=AE" + % In Q) with AG’ = —zFAE’. Hence, the differences in nature

and concentrations of the reactants and products of the metabolic activity of living cells
are responsible for a flow of free energy (AG”).

In this review, we will discuss the concept of chemical energy and the question of
how it is transferred and conserved during energetic coupling processes and how the no-
tions of high-energy molecule and high group transfer potential can be reconciled.

2. Energy Changes in Chemical Reactions
2.1. Chemical Energy and Molecular Bonding

In the first place, it is important to define the term energy in the chemical context.
Energy by itself is a quantity difficult to grasp because it is invisible. Generally, the only
manifestation of energy we see is the change in energy when a system proceeds from one
state to another. Chemists tend to define chemical energy as the energy released or ab-
sorbed when a substance undergoes a chemical reaction, i.e., a process where some bonds
are broken and new bonds are formed, creating a new substance [6].

The question that immediately arises is why do atoms come together? What deter-
mines the possibility (or impossibility) of the assembly of two atoms?

We will address the problem by considering the simple example of two hydrogen
atoms that, at the beginning, are far from each other. Such a system has a certain potential
energy due to the attraction between the nucleus of one and the electron cloud of the other.
This potential energy decreases as the two atoms become closer. But when the distance
between the two atoms becomes very small (of the order of magnitude of the atomic di-
ameter), the situation is reversed: the force of attraction gives way to a repulsion between
the two atoms which increases very quickly if they continue to move closer.

In between the distances at which atoms attract each other and those at which they
repel each other, there is a position of equilibrium at which the two effects compensate
and cancel each other out. The potential energy of the system is minimal and atoms can
oscillate around their equilibrium distance, but they are always brought back to it [7].

Since the two atoms cannot separate spontaneously and it takes work to separate
them, they are said to be bonded. The H2 molecule exists because its potential energy is
lower than that of the separated atoms.

The difference in potential energy between the “separate atoms state” and the
“bonded atoms state” is called the bond dissociation energy. It represents both the energy
released when the bond forms spontaneously (for instance A + B — A-B) and the energy
that must be provided to break it (Figure 3a).

https://doi.org/10.3390/molecules31020242
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(a) (b)

Molecular bond formation Chemical reaction
(Bond exchange)

H |
(kJ/mol) [ A+B

A—B + C—D (Weak bonds)

——> ENERGY RELEASE {——1 t

AH <0

A—C + B—D (Strong bonds)

C—D

A—B
Figure 3. Molecular bond formation and chemical reaction (bond exchange). (a) Molecular bond
formation is always an exothermic process (AH < 0). (b) Bond exchange in the exothermic chemical
reaction A-B + C-D 2 A-C + B-D. The replacement of weak bonds by strong bonds leads to a re-
lease of energy. Note that the relatively small AH involved in many biochemical bond exchange

reactions (often 1015 k] mol™) can be overcome by coupling to exergonic reactions.

Chemical bond energies are estimated by the enthalpy of formation AsH° from the
elements in the standard state. As shown in Table 1, most bonds involving only one elec-
tron doublet (single bonds) have AtH° values that are rather close to each other (300-450
kJ mol™). In contrast, double bonds such a C=O are generally stronger (A:H° is about twice
times more negative), with the notable exception of the dioxygen molecule which has a
low AtH® (see below).

Table 1. Average bond dissociation enthalpies (AtH®) for some molecular bonds in common organic

molecules [8-10]. AiH° depends on the molecule and exact values may differ between sources.

A¢H°
Bond (kJ mol-1)

Cc-C -346
C=C -615
C—H -413
c-0O -351
C=0 (in CO) -804
C—N -305
C-S -259

PO—-P ~3341
0=0 -498
O—H -463
0O—0 (H20) -139

1 See reference [11].

2.2. Energetics of Chemical Reactions

In a second step, let us now consider, not the reaction between two atoms, but be-
tween two molecules that exchange groups (Figure 3b):

A—B+C—D 2 A—C+B-D

https://doi.org/10.3390/molecules31020242
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It is the connectivity of the bonds that changes, and this difference is the driving force
of the reaction. Moreover, while bond formation is always exothermic, bond exchange
reactions can be either exothermic (weak bonds are exchanged for stronger bonds) or en-
dothermic (strong bonds are exchanged for weaker bonds).

The difference in energy between reagents and products is only the result of different
bonding energies (i.e., different molecular rearrangement) and this difference is, in most
cases, an order of magnitude smaller than a bond energy. Hence, the replacement of a C—
Cbond by a C—O bond would result in the release of only 5 k] mol~ (Table 1). This value
is, of course, only an approximation as the real bond energy depends on the molecule and
the molecular environment of the bond to be broken.

The so-called “energy-rich” molecules have at least one covalent bond that is rela-
tively weak (low energy) and can be replaced by a stronger bond (more energetic). Thus,
the AG’° of reaction becomes negative [8,12].

Let us now consider a fundamental reaction of catabolism, i.e., glucose oxidation:

CeH1206 +6 02 = 6 CO2+ 6 H:O  AG’® =-2870 k] mol!

Once again, the simple inspection of the structural formulas of reactants and prod-
ucts shows that the number of molecular bonds does not change (which is the norm in
biochemical reactions). Glucose combustion is strongly exergonic but, in vivo, the oxida-
tion of glucose is a sequence of many individual reactions with much lower AG™ values.

It is because of the relatively weaker energies involved in biochemical reactions, com-
pared to bond energies, that energetic coupling is possible under mild conditions (tem-
perature, pH), compatible with life.

3. The Concept of Energy-Rich Molecules and Their Role in
Energy Metabolism

A fundamental question in bioenergetics is how living cells store the free energy re-
quired for their survival and various activities. It has traditionally been assumed that the
energy is stored primarily in fuel molecules such as sugars and fatty acids. However, as
will be discussed below, neither hexoses nor fatty acids can be considered as “rich in en-
ergy”. Indeed, energy is released only when these molecules react with oxygen [8,13,14].

The so-called energy-rich molecules in living systems are limited to only three main
groups: several phosphorylated compounds (nucleoside triphosphates, acyl phos-
phates...), thioesters (acetyl-CoA...), and, more unexpectedly, Oz [15].

3.1. ATP and Other Energy-Rich Phosphorylated Compounds

Before proceeding, let us consider the chemical equation for ATP hydrolysis written
as recommended by the [IUBMB/IUPAC [4]:

ATP+ (aq) + 2 H:O (I) 2 ADP* (ag) + HPO# (ag) + H:O* (aqg)

This equation is written, as any chemical reaction, in order for H* and charges to be
balanced. However, it is essential to realize that phosphate and phosphorylated com-
pounds in general are a mixture of different species differing by their state of ionization
and depending on pH (Figure 4a). As biochemists most often work at fixed pH (pH =7,
[H*] =107 M), and H* and charge do not balance, it is recommended to not explicitly show
charges in the biochemical equation [4]:

ATP + H2O = ADP + Pi AG'® =-30.5 k] mol!

This leads to the use of transformed standard free Gibbs energies of reaction (AG ")
defined at pH =7 and where ATP refers to an equilibrium mixture of ATP+, HATP*, and
H:ATP?, and Pi refers to the equilibrium mixture of H:POs and HPO+* at pH 7.

https://doi.org/10.3390/molecules31020242



Molecules 2026, 31, 242

7 of 23

Hence, biochemists commonly use the term inorganic phosphate (Pi) to designate the
phosphate anion in biological fluids. On the other hand, a phosphoryl group (Figure 4b)
is the functional group transferred in biological reactions (kinase reactions for instance).
When the phosphoryl group is transferred to water (a reaction catalyzed by phospha-
tases), it becomes a phosphate anion (P:).

(a) Inorganic phosphate (P;)
OH ok, =21 O PKo=72 OH = pr,=125 Q@
HO-P-OH HO-P-OH 0-P-0 === '0-P-O
o [¢] o o
Phosphoric acid Dihydrogen Hydrogen Phosphate or
phosphate phosphate orthophosphate
]
pH
(b) Phosphoryl group
_ OH  Condensation sTOH™
R—OH + H" + "0-P-0 =———= R-0—P-0;+ H0
o Hydrolysis O
I Phosphoester
||5- 3_
HETpr
%:Tzo e
Os-

Resonance structure

(C) Energy
(o]
1} Il ]
Ade—Rib——O—F"—O—FI’—O' -FI’—OH (1)

OH OH OH

Balance : homolytic cleavage of 1 covalent bond

Bond dissociation energy AE = AH = 350 kJ.mol™"
Phosphoester  Phosphoanhydride

bond bonds
\ 9 /‘u’ \ ?
Ade—Rib-O—ﬁ’—O~ IT—O~ﬁ’—O_ 0
(0] (@) HO ? ? (I?
+ O Ade—Rib—O—Fl’—O- l?—OH HO—ﬁ’—O_ (2)
H o o o
Balance : Cleavage of a O—P anda O—Hbond  AH =~ _20 kJ.mol!

Formation of a O—H and a O—P bond

Reorganization of solvent interactions AS > 0 kJ.mol"!

Figure 4. Relations between bond dissociation enthalpies and energy of hydrolysis. (a) Ionization of
the phosphate anion as a function of pH. At physiological pH, the ratio H:POs+/HPO4*" is close to 1.
(b) During hydrolysis, a phosphoryl group is transferred to water to form inorganic phosphate. The
reverse condensation reaction invariably involves the abduction of a hydrogen (H*) and hydroxyl
(OH) group to form water (H20). Note that the usual way of drawing the phosphate ion or the
phosphoryl group with one double bond is misleading, as all P-O bonds share some double bond
character, and the negative charge(s) is (are) equally distributed among all non-esterified oxygen
atoms, as shown by the resonance structure for HPO4?>. (c) The first reaction (1) is a homolytic cleav-
age of the y-phosphoryl group and requires a strong input of energy. Strictly speaking the bond
dissociation energy (AE) is defined at 0 K, while the enthalpy change is measured under normal
standard conditions. The small difference can, however, be neglected here. The second reaction (2)
corresponds to the hydrolytic cleavage with transfer of the y-phosphoryl to water. This reaction
releases energy AH®° = AH =-20 k] mol™ (measured at pH 8 in Tris buffer with 0.6 M KCI [16]). As in
the previous example, the number of molecular bonds does not change, two bonds are broken, and

two bonds are formed.

https://doi.org/10.3390/molecules31020242
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ATP is the canonical “high-energy molecule” of the biological world. It has tradition-
ally been assumed that this is because it contains two so-called “high-energy” phospho-
anhydride bonds (Figure 4c). This old misconception arose from the well-known observa-
tion that reactions where those bonds are broken (e.g., ATP hydrolysis) are indeed rather
strongly exergonic.

Actually, phosphoanhydride bonds are by no means rich in energy. They are weak
bonds that are easily broken in the presence of a nucleophilic phosphate acceptor such as
H2O. In the absence of water, those anhydride bonds remain quite stable, even if they are
weak. Only a hydrolytic cleavage (which is a group transfer displacement reaction) re-
leases a relatively high amount of free energy. Even if molecules such as ATP and acyl
phosphates are referred to as energy-rich, it must be understood that they have a high
potential of energy transfer, not that they have a higher content of chemical energy than
other molecules.

The high potential of energy transfer of ATP and other compounds with phospho-
anhydride or acyl phosphate bonds has led Lipmann (1941) [12] to propose the symbol
“~” (squiggle) for the bonds that are broken when those compounds are hydrolyzed or
when they transfer phosphoryl groups to other compounds. However, as pointed out by
Atkinson [17], the squiggle formulation has been misunderstood and perverted in many
ways. In fact, hardly has an important notion in biochemistry been so mistreated.

Generations of students in all fields of biology have been taught that the energy
needed for vital processes is provided by the breaking of “high energy” bonds ([6,18,19]
to name only a few). This is, of course, not consistent with what these same students have
been learning about chemical bonds in first year chemistry courses, i.e., that energy is re-
quired, not released when bonds are broken. Thus, it must be understood that free energy
is released only when the phosphoryl group is transferred to a suitable acceptor such as
water, not when the phosphoanhydride bond is broken (Figure 4c).

Although modern biochemistry texts no longer refer to high-energy bonds, the squig-
gle bond concept survived because it was—or seemed to be—very useful: it led biochem-
ists to think stoichiometrically about metabolism and to recognize the quantization of met-
abolic energy [17].

Thus, using the expression “cleavage of ATP” (or ATP splitting) remains tricky and
should be used only if it refers to a precise catalytic step, or when referring to the splitting
of a precise bond, for instance the P—O bond, rather than the complete reaction of hydrol-
ysis of ATP.

3.2. What Makes the Hydrolysis of Phosphoanhydride Bonds in Atp and Other Nucleotides
So Particular?

This question is still debated, though it is generally recognized that at least three fac-
tors are important: electrostatic repulsion of oxygen atoms in ATP, and resonance stabili-
zation and better solvation of hydrolysis products versus reactants [6,20]. In addition, ano-
meric effects may participate [21].

First, at physiological pH, the linear polyphosphate portion of ATP has four negative
charges that are very close and repel each other. When the terminal phosphate is released,
part of this electrostatic stress is relieved.

Second, the enhanced solvation of products relative to the reactants is another im-
portant factor.

The third major factor contributing to the negative value of AG’ for ATP hydrolysis
is the fact that the two products ADP and Pi undergo stabilization as resonance hybrids:
Such resonance stabilization of the hydrolysis products is a major reason for the large
negative value for the standard free energy of hydrolysis of ATP. This is also the case for
the hydrolysis of other energy-rich molecules such as acetyl phosphate. As can be seen

https://doi.org/10.3390/molecules31020242
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from Table 2, those molecules that have a lower energy of hydrolysis than ATP yield Pi
and a non-resonance stabilized product (glucose or adenosine). Molecules with a higher
energy of hydrolysis than ATP yield Pi and a resonance-stabilized product. In contrast,
the coupling of phosphates to the 5'-OH end of adenosine forms a relatively stable phos-
phoester bond. Here, the repulsive forces between oxygen atoms do not exist and the hy-
drolysis of this bond releases much less energy (Table 2).

The intermediate position of ATP on the thermodynamic scale (Table 2) allows it to
be an ideal coupling agent between energy supplying and energy utilizing reactions. The
ATP/ADP couple forms a “shuttle” for phosphoryl groups and it is therefore not surpris-
ing that the terminal phosphoryl group of ATP undergoes very rapid turnover in cells
with a half-life <1 s7. Obviously, “energy-rich” compounds such as ATP play an essential
role in maintaining the non-equilibrium state of living systems and in driving thermody-
namically unfavorable processes.

The above arguments are true for all NTPs (GTP, UTP, TTP, and CTP), which are all
energy-rich molecules with similar properties than ATP. They are remnants from an RNA-
world, and in addition to being the building blocks for nucleic acids, all serve as energy
currency in some reactions, but only ATP was selected as the universal currency [22]. We
can only guess that the reason is that adenosine is relatively easily formed from prebiotic
precursors such as HCN [23]. Ribose and deoxyribose probably have the right size to form
stable nucleic acids and a stable double helix, a prerequisite for the depositary of the ge-
netic information [24].

Table 2. Standard free energies of hydrolysis (AnG'°) and phosphoryl group transfer potentials
(-AnG'®) of some phosphorylated molecules of major importance in biochemistry at pH 7 (298 K).

Donor AnG™1 Phosphoryl Group Transfer
(kJ mol?) Potential (-AnG ")
Phosphoenolpyruvate —-61.9 61.9
1,3-Bisphosphoglycerate -49.4 49.4
ATP (to AMP) —45.62 3

Acetyl phosphate —43.1 43.1
Creatine phosphate —-43.1 43.1
Pyrophosphate (PP -33.0 4 33.0
ATP (to ADP) -30.5 30.5
ADP (to AMP) -30.5 30.5
Glucose 1-phosphate -20.9 20.9
5-AMP -14.2 14.2
Glucose 6-phosphate -13.8 13.8
Glycerol 3-phosphate -9.2 9.2

!From [25]; 2 from [26]; ® diphosphoryl group transfer; + some data suggest a AnG"® of -15 to -33 kJ

mol™ under physiological conditions [27].

Phosphates may also condense into di-, tri-, and polyphosphates. Such compounds
are still present in all organisms and may have played a role as an energy source in prebi-
otic chemistry and even in early living organisms [28]. In contrast to carbonic acid, for
instance, phosphate is stable with no strong tendency to lose H20. Only the condensation
of two phosphate ions proceeds through the elimination of an intramolecular water mol-
ecule. But NTPs present the advantage over inorganic polyphosphates that the base moi-
ety adds a handle to the phosphate part, allowing specific recognition by enzymes. Inci-
dentally, the blocking of one end of the phosphate part also stops further addition of the
phosphate group at this terminal, preventing its extension to insoluble polyphosphates
[29].

https://doi.org/10.3390/molecules31020242
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3.3. Thioesters Are Common Intermediates Between Catabolism and Anabolism

Thioesters, in which a sulfur atom replaces the usual oxygen in the ester bond, have
a much larger negative energy of hydrolysis than O-esters [30]. This is related to the fact
that thioesters undergo much less resonance stabilization than the O-esters: the overlap-
ping between 2p and the larger 3p (sulfur) orbitals is less than between two 2p orbitals
[31]. Those factors result in the large negative AG’® for the hydrolysis of a thioester:

R—C(=0)—S—R’ + H20 =+ R—C(=0)—OH + R'—SH

The AG'® for the hydrolysis for acetyl-CoA (=31 kJ mol™) is close to the AG’® for ATP
hydrolysis, and thioesters may thus be considered as “energy-rich” compounds. They
play a key role as shuttles between electron or hydrogen transfer reactions (such as the
oxidation of an aldehyde by NAD*) and a group transfer reaction (such as the phosphor-
ylation of ADP). Thus, thioesters have the remarkable property to allow the direct for-
mation of a chemical bond using the energy released by an electron transfer [32].

3.4. Dioxygen Is an Energy-Rich Molecule

It is well known that the ultimate energy source for living systems is solar energy.
However, most living cells are devoid of photosystems and even a photosynthetic bacte-
rium has to store chemical energy to survive during dark hours.

It has been traditionally assumed (and stated in most biology and biochemistry text-
books, see for instance Nelson and Cox 2000, page 8 [30] or Stryer page 463 [33]) that in
most cell types, energy is stored in fuel molecules such as sugars and lipids (for a more
exhaustive discussion see [15]). This view is no longer tenable [8,15]. Indeed, already over
a century ago, W.M. Thornton noted that the heat released in combustion reactions de-
pends directly on the number of oxygen molecules involved, regardless of the nature of
the organic compound [13]. Much later, Hilton M Weiss [14] correctly noted that organic
fuels are among the most stable organic molecules found in nature. Indeed, fossil fuels,
such as alkanes, stay in the Earth’s crust for hundreds of millions of years. These com-
pounds, made up of solid bonds, have little tendency to combine with other molecules.

In order to illustrate this concept, let us consider the apparent energy content of a
biological relevant fuel molecule such as glucose. It is well known that much energy is
released by the combustion of glucose:

CsH1206 + 6 O2 = 6 CO2 + 6 H20 AG’® =-2870 k] mol!

In contrast, glucose decomposition to carbon and water in the absence of O: releases
much less energy [15]:

CeH1206 = 6 C+6 HXO  AG° =-511 k] mol!

Note that we use the standard value at pH 0 (AG®), when the transformed value at
pH 7 (AG"®) is not available. The difference is generally small, provided H* does not appear
in the reaction.

Likewise, alcoholic fermentation is only weakly exergonic even though two strongly
bonded molecules (COz) are formed:

CsH1206 = 2 CoH50H + 2 CO2. AG'® =-236 k] mol~!

As emphasized by Schmidt-Rohr [8,15], the important factor for energy release is the
reaction with Oz rather than mere decomposition of the glucose molecule. Indeed, when
organic molecules react with Oz, invariably, a lot of energy is released. This is also the case
for ethanol combustion, which is nearly as exergonic as glucose oxidation:

2CHOH+60:2=24CO2+6 H:O  AG°=-2638 k] mol!

https://doi.org/10.3390/molecules31020242
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Hence, more O: in the reaction results in the release of more energy, almost regard-
less of the nature of the fuel molecules or reaction products. The obvious interpretation of
these observations is that a lot of chemical energy is stored in the O2 molecule rather than
in glucose [15].

In view of the above considerations, we can now explain why the combustion of glu-
cose releases 2870 kJ mol, nearly ten times the energy of an electron doublet bond, while
the reaction is just a rearrangement of molecular bonds (Section 2.2). In fact, this is mainly
due to the properties of the dioxygen molecule with a particularly weak bonding energy
[8,34].

Indeed, although double bonds are generally significantly stronger than single
bonds, the O=0 double bond in the oxygen molecule is only slightly stronger than the H-
H bond in the hydrogen molecule, whereas the C=O bonds, for instance, are much
stronger (Table 1). These special properties of the oxygen molecule make it a particularly
powerful oxidant, able to react with most of the reducing molecules present in living cells.
It is therefore not surprising that Oz is the most used substrate for respiration, which is the
main way of energy production in living systems.

The triplet diradical state of Oz (two unpaired electrons with parallel aligned spins,
Figure 5a) results in spin restrictions making reactions with molecules in the singlet state
(all electrons are paired with opposite spins) very slowly, even when they are thermody-
namically favorable. Put differently, though highly abundant in our atmosphere, O: is
unreactive against other molecules in reactions that are thermodynamically exothermic
(hydrogen abstraction, for instance). Reactions of O2 with organic molecules require
strongly lowering the activation energy by transforming triplet to singlet O2—its first elec-
tronically excited state [35]. Under conditions compatible with life, this can only be per-
formed by means of enzymes, such as oxidases [36].

In the triplet state, Oz is a diradical held together with a binding energy of only 498
kJ mol, but the oxygen atom forms two strong bonds in each of its combustion products:
C=0 double bond in CO:2 (2 x 804 k] mol?) and H20 (927 k] mol?). As a result, each mole
of Oz releases, on average, 460 k] mol~ (Figure 5b). It is the particularly weak bond in the
oxygen molecule that makes combustion one of the most exothermic reactions in chemis-
try. In contrast, the bonding strengths of organic molecules are very similar to those of
combustion products [1,3].

How can these particular properties of the O2 molecule be explained? The o bond of
Oz is relatively weak (78 k] mol™ or 19 kcal/mol, footnote 57 in [34]), allowing for the for-
mation of two molecules of H20 and the release of a large amount of energy [34]. This
contrasts with most organic molecules, where the 1 bond is weaker than the o bond. On
the other hand, resonance stabilization of the 7 bond (418 k] mol™) is responsible for the
low reactivity of Oz [34]. In other words, the weak o bond is responsible for the thermo-
dynamic instability of Oz, while the strong © bond increases the activation energy for the
reaction with other molecules.

Therefore, we can conclude that the energy released by combustion comes from the
substitution of the weak Oz double bond by a stronger one and not from the particular
“energy richness” of the reduced substrates (sugars, lipids, etc.) [8]. This led Schmidt-Rohr
to consider Oz as an “energy-rich molecule” [8], in agreement with the chemical definition
of this concept (Section 2.1). It thus appears that Oz is the molecule that stores most of the
biochemical energy in large organisms. It is the major high-energy molecule in the bio-
sphere.
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Figure 5. Structure of the O2 molecule. (a) Molecular orbitals in the ground state triplet O2 molecule
formed from 2s and 2p atomic orbitals. The two electrons in the 2t* molecular orbital have opposite
spin values. In the excited singlet Oz molecule, these two electrons have opposite spin values (b)
Bond formation enthalpies of two moles of electron-pair bonds in O2 and CO2. The bond formation
enthalpies are lower (more negative) for stronger bonds [8]. Oz is represented in the ground state of
the diradical dioxygen molecule with the two unpaired electrons participating in the @ bonding
(strong bond due to resonance stabilization: —418 k] mol™') and one weak O—O o bond (79 k] mol!
vs. =204 k] mol? in HO—OH). m electrons are shown in blue, while o electrons are in black (From

[1]). (*, non-bonding molecular orbitals)

4. The Concept of Transfer Potential
4.1. Group Transfer

A difficulty related to the concept of the “energy-rich” molecule is that limiting one-
self to the difference in energy does not explain the coupling mechanism by which the
energy released by ATP hydrolysis is used to drive an unfavorable (endergonic) process.
It does not explain how this energy is transferred in biochemical processes [16]. Therefore,
some authors introduced the concept of group transfer potential [12,37], referring to a
compound that is kinetically stable, but once activated, has a high potential of transferring
a group to a suitable acceptor. In addition to these chemical groups, the concept of transfer
potential can be extended to acids, which are molecules with a high H* transfer potential,
and reductants, which have a high electron transfer potential (Table 3) [37]. Note that, in
chemistry, the term group is used to designate a set of atoms that exhibits similar chemical
properties regardless of the compound in which it appears.

As shown above, some phosphoanhydrides, thioesters, and dioxygen are high-en-
ergy molecules, but, in contrast to ATP, dioxygen does not transfer any group. Hence, we
think that the notions of high-energy molecule and high group transfer potential are not
equivalent, and the second cannot replace the first. This difference has also recently been
illustrated by Schmidt-Rohr concerning the NAD(P)H molecule [3]. Indeed, if NAD(P)H
is the reducing agent par excellence in biochemistry, the reduced form has a high electron
transfer potential but is not “energy-rich” [15].
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Table 3. Comparison between different kinds of transfer potentials.

Group Transfer Potential (NTPs Electron Transfer Poten- Proton Transfer Potential

or Thioesters) tial (Redox Potential) (Acidity)
Equation A-O-P—= A+Ps A—-A+e AH - A-+H*
Equation with acceptor A-O-P + H:O = A-OH + Pi + H* A+H - A+ H AH + H.0 A~ + H:O*
Measure of transfer .potential ARG = AGO o = —AG° DK, = AG°
(by hydrolysis) nF ¢ 2303RT
Nature of the transfer poten- o AG° permolof e= o AG® per mol of H*trans-

tial

AG° l of Pi t ferred
o AG® per mol of P: transferre transferred ferred

From [1] and modified according to Klotz 1986 [37].

Therefore, we suggest treating the concepts of “energy-richness” and high group
transfer potential as distinct; one comes from thermodynamics, the other from chemical
kinetics based on the notion of a leaving group. In chemistry, a good leaving group is an
electron-withdrawing group generating a stabilized ion (often the anion of a strong acid
or its conjugate base) after breaking a covalent bond (heterolytic cleavage). Good electron-
withdrawing groups increase the O—P bond length, increasing the energy of the reactant
(AG® becomes more negative) and decreasing the energy of the transition state (decreasing
the energy of activation) [37-39]. Generally, the detached group is stabilized by the solvent
and by resonance, adding a thermodynamic dimension. This is exactly the case of mole-
cules with high phosphate group transfer potential, in contrast to those with low transfer
potential (Table 2).

4.2. Proton Transfer

The high phosphoryl group transfer potential of ATP (with water as acceptor) is il-
lustrated by the highly negative AG’°, meaning that at equilibrium, Keq >> 1. As far as H*
donors are concerned, a high H* transfer potential is observed only with very strong min-
eral acids. Organic acids encountered in a biochemical environment are relatively weak
acids with a pKa between 3 and 5. Hence, for acetic acid with a pKa of 4.8, we can easily
calculate a AG® of +27 k] mol™ (AG® = -RT In Ka and Ka = 107k = 1048 = 1.58 x 10-%) under
standard conditions ([H*]=1 M) [40]. As expected, acetic acid does not have a high transfer
potential for protons. On the other hand, for HCl which completely dissociates in aqueous
medium, the AG® would be very negative.

4.3. Electron Transfer: Are Reduced Molecules Rich in Energy?

The standard presentation of energy-yielding reactions in most biochemistry texts
suggests that the bulk of the required energy to produce ATP comes from NADH. It is
also implied that NADPH is the energy-carrying molecule produced in the first stage of
photosynthesis, and that it provides the energy to fuel the carbon assimilation in the sec-
ond stage. There are several reasons why reducing agents have been considered as sources
of energy in metabolic as well as non-biological reactions. There are well-known observa-
tions, for instance, that highly reduced compounds such as n-alkanes are excellent fuels
for thermal engines. This concept includes the notion that strong reducing agents have a
high electron transfer potential.

A well-known example of an energy-yielding redox reaction is the sequence of reac-
tions catalyzed by complex I in the respiratory chain:

NADH + H* + Q = NAD* + QH:z AG’® =-82 k] mol™

The reaction is exergonic and is coupled to transmembrane proton transport, yielding
a proton-motive force. More generally, oxidative phosphorylation —which is the most im-
portant energy-yielding process in living organisms—is fueled by the oxidation (through
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the respiratory chain) of the reducing substrates NADH and FADH (succinate). It is thus
believed that the latter are the energy-rich molecules that fuel the reaction sequence.

More generally, there is the idea that a compound having a high group transfer po-
tential must be “energy-rich”. The following consideration, however, should convincingly
show that neither hydrocarbons nor NADH are energy-rich molecules. For a more de-
tailed discussion, see [15].

First, it must be emphasized that even methane (which is the most reduced hydro-
carbon) does not release energy when it breaks up; the reaction is endothermic [15]:

CH:— C+2Ho. AG® = 50 k] mol-t

This is consistent with the stability of the CHs molecule containing only relatively
strong C—H bonds. Only the combustion of methane is strongly exergonic. As previously
discussed, this is linked to the fact that the Oz molecules, not CHy, are energy-rich [8,15].

In addition, the analysis of the energetics of the reactions of NADH with various
molecules (other than Oz), shows that these reactions never yield high amounts of energy
(some of them are actually endergonic). For instance, the last reaction of lactic acid fer-
mentation has a AG" of only -25 k] mol™:

NADH + H* + pyruvate = NAD* + lactate AG’® =-25 k] mol™!

This and many other examples show that NAD(P)H does not qualify as a high-energy
molecule. How can this view be reconciled with the fact that NADH has a high electron
transfer potential? In fact, changes in redox state are accompanied by an instant reorgan-
ization of molecular orbitals in such a way that the oxidized form is associated with a free
orbital of particularly low energy, while the reduced form is associated with an occupied
orbital of particularly high energy. Therefore, these molecules have a natural tendency for
the oxidized form to accept electrons and for the reduced form to donate electrons [1,41].

The highly exergonic character of the reaction sequence in the respiratory chain is
linked to the energy-rich character of Oz [15]. With respect to this, it is interesting to note
that the energy-rich Oz is the most oxidized form of oxygen, while H20 is the most reduced
one, again refuting the idea that reduced molecules are the energy-rich forms.

5. Chemical Coupling Through Phosphoryl Group Transfer

As pointed out by Klotz [37], in order to compare group transfer potentials of the
donor molecules, it is convenient to select a standard acceptor molecule, which is usually
H20: the more the free energy of hydrolysis of a phosphate bond is negative, the higher is
its phosphoryl group transfer potential. Quantitatively, this notion was defined as numer-
ically equal to —~AG"® (Table 2).

However, simple hydrolysis of ATP hardly ever happens in living cells. Like Oz, ATP,
while thermodynamically unstable, is relatively stable from a kinetic point of view. If ATP
hydrolysis occurred in isolation, it would simply increase the temperature of the system,
an inefficient way to speed up favorable reactions and to drive unfavorable processes. The
reverse reaction invariably involves the abduction of a hydrogen (H) and hydroxyl (OH)
group to form water (H20) and is therefore called “dehydrating” condensations (Figure
4b). These reactions cannot occur in aqueous solutions as the abundance of water would
favor the reverse hydrolytic reaction (Figure 6).

However, in most cases, the phosphoryl group is not transferred to water, but to an
organic molecule. Each phosphorylated compound is able to transfer a phosphoryl group
to an acceptor lower down the scale, provided that a coupling mechanism is available.
(Note that a simple reversal of the reaction changes the donor and acceptor molecules.)

The most obvious coupling reaction would be the transfer of a phosphoryl group
from ATP to an acceptor molecule to form a phosphoester as catalyzed by
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phosphotransferases (kinases): ATP + X-OH 2 ADP + X-O-P. An example of such a reac-
tion is given by the hexokinase-catalyzed synthesis of glucose 6-phosphate:

Glucose + ATP — glucose 6-phosphate + ADP

The AG'® for this reaction is =16.7 k] mol-!, much less from the -30.5 k] mol! for ATP
hydrolysis (transfer to water). Phosphorylation of glucose by ATP, though thermodynam-
ically favorable, never occurs at a measurable rate in the absence of a catalyst. Upon bind-
ing of glucose, hexokinase undergoes an induced-fit conformational change excluding
water from the active site, preventing ATP hydrolysis [2]. Subsequently, a phosphoryl
group is then transferred from ATP to glucose at the active site of the enzyme. Thus, hexo-
kinase, like many other enzymes involved in energetic coupling, is an energy transducer
(or molecular machine) rather than a mere catalyst.

The concepts of coupling and hydrolysis are illustrated in Figure 6. The change in the
standard free enthalpy AG’® when the terminal phosphoryl group is transferred from ATP
to H20 is about —30.5 k] mol. On the other hand, when glucose 6-phosphate transfers its
phosphoryl group to H2O, AG’ is about -13.8 k] mol-'. Thus, ATP has a substantially
greater phosphoryl transfer potential than glucose 6-phosphate. Now if we write the two
simultaneous reactions (ATP hydrolysis and glucose phosphorylation) and we know the
AG’° values for the two reactions, we can readily estimate AG' for the global reaction with
good approximation [42]:

ATP + H0 - ADP + Pi AG’® =-30.5 k] mol~!
glucose + P - glucose 6-phosphate + H:O  AG’® =13.8 k] mol™
ATP + glucose — glucose 6-phosphate + ADP AG'® =-16.7 k] mol~

| ENZYMATIC COUPLING \

Glucose Glucose 6-phosphate

Hexokinase
ATP ADP
HYDROLYSIS H0 HO |70
(ENZYMATIC OR
NON-ENZYMATIC)
ADP +P; AMP + P; Glucose + P;

Figure 6. Enzymatic coupling versus hydrolysis. Though thermodynamically favorable, in the ab-
sence of enzyme, the formation of glucose 6-phosphate from glucose and ATP will never occur,
because it requires the recognition of two substrates and their correct adjustment for the transfer of

the phosphoryl group from the donor to the acceptor.

Such thermodynamic calculations using Gibbs free energy yield correct values for
the AG'™ of the global reaction. However, it is quite misleading when we consider the
mechanism of energy coupling, as the latter does not involve the hydrolysis of ATP. Nei-
ther H20 nor Pi appear in the global reaction or in the enzyme mechanism (Figure 7).

De Duve used the formulation of a “cryptic journey of “water” from X-O-H to the
phosphate through the intermediate X-O-P” [43]. Nevertheless, it is highly questionable
to use the free energy of the hydrolysis of ATP in such reactions [20].
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Figure 7. Hydrolysis and nucleophile (X—O—H)-dependent phosphoryl group transfer. In hydro-
lase (EC 3...) catalyzed reactions and in the absence of coupling, the free energy is dissipated as heat
(see also Figure 6). In transfer reactions, the terminal phosphoryl group of ATP is transferred on X —
OH, forming X-yl phosphate and ADP. In a simple transfer mechanism catalyzed by transferases
(EC2...), the reaction stops here. In synthetase catalyzed reactions (ligases, EC 6...), the X-yl group
is, in a second step, transferred on Y —H releasing Pi. Note that the oxygen of the nucleophile is
transferred to the phosphoryl group and ends up in inorganic phosphate, and as expressed by de
Duve [44], “mimics the cryptic path of water in a hydrolytic reaction” (modified from [44]).

Indeed, in many classical biochemistry textbooks, it is stated that the hydrolysis of
ATP is coupled to various endergonic reactions (for discussion see [6,18,20]). Most text-
books correctly highlight the role of enzymes as coupling agents in biochemical reactions
that otherwise would not occur. Indeed, without considering an enzymatic reaction mech-
anism, the statement “ATP hydrolysis drives unfavorable processes” is an explanatory
black box and should be avoided [18]. The confusion stems from the fact that the free
energy of hydrolysis is presented as a measure to compare different energy-rich com-
pounds (as we did in Table 2) but is useless from a mechanistic point of view.

In conclusion, if we focus solely on ATP hydrolysis, we miss out the mechanisms by
which ATP drives thermodynamically unfavorable processes such as the phosphorylation
of various substrates. It should also be pointed out that even in some ATP hydrolyzing
molecular machines such as ion transport ATPases (Na-K- and Ca-ATPases), ATP also
acts as a phosphorylating agent: phosphorylation of an aspartate residue induces a con-
formational change that plays a key role in ion translocation [44].

6. Coupling of Two Reactions with ATP Hydrolysis
(Ligase-Catalyzed Reactions)
In a different kind of reaction, the energy of the O-P bond of ATP is used to couple

two molecules X and Y: ATP + X-OH + Y-H 2 ADP + Pi + X-Y (Figure 7). This would be
the typical reaction catalyzed by a synthetase (ligase) such a glutamine synthetase:

L-glutamate + ATP + NHs 2 y-glutamyl phosphate + ADP + NHs 2 L-glutamine + P

Such reactions are sometimes written using two coupled half-reactions:

L-glutamate + H* + NHs = L-glutamine + H20

ATP + H20 — ADP + Pi

Once again, this would suggest that ATP is actually hydrolyzed, which is not the case
and no H20 molecule is involved in the reaction mechanism [45], but instead the oxygen
atom of the carboxyl group of glutamate (X-O-H) plays the role of the oxygen atom of
water in a hydrolysis reaction (Figure 7).

Note that most biosynthetic reactions rely on the scission of the a — 3 phosphoanhy-
dride bond in ATP (and other nucleoside triphosphates), leading to the cleavage (for
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instance, the condensation of two amino acids during protein synthesis or the formation
of a phosphodiester bond during nucleic acid synthesis) or the transfer of a diphosphoryl
group (for instance, protein pyrophosphorylation [46]) (Figure 8). This is justified by the
higher group transfer potential of the a —f compared to the 3—7y phosphoanhydride
bond (Table 2). In some cases, a nucleotidyl group (transnucleotidylation) is transferred,
but the principle remains the same.

In the latter case, the transfer of a nucleotidyl group leads to the release of pyrophos-
phate which is rapidly hydrolyzed by omnipresent pyrophophatases. This highly exer-
gonic reaction (=33 kJ mol-, Table 2) renders many biosynthetic reactions irreversible.

v
o}
Lo
=
° &m
/
R
I
R—O—P—0—P—0" R—o—||3—o’
&
+ADP
+PPi
Adenylyl transfer Diphosphoryl transfer Phosphoryl transfer
Aminoacyl tRNAses Protein pyrophosphorylation Phosphotransferases
Acetyl-CoA synthetase Glutamine synthetase

RNA polymerase (NTPs)

Figure 8. Group transfer reactions from ATP. The nucleophile can attack either the «, {3, or y phos-
phorus. In the first case, an adenylyl or, more generally, a nucleotidyl group is transferred, for in-
stance, during synthesis of nucleic acids, the reactions catalyzed by aminoacyl tRNAses or acetyl-
CoA synthetase. In the second case, a pyrophosphoryl group is transferred and in the third case, a
phosphoryl group.

7. Substrate-Level Phosphorylation and Thioesters

ATP can be generated by two processes: phosphorylation at the substrate level and
chemiosmotic coupling (Figure 9). These two mechanisms probably have already coex-
isted in the Last Universal Common Ancestor (LUCA). Indeed, phylogenetic analyses sug-
gest the existence of a rotating ATP synthase in LUCA. It also seems that phosphorylation
at the substrate level was present in LUCA and would have preceded chemiosmotic cou-
pling [7].

Substrate-level phosphorylation consists of the synthesis of a high-potential interme-
diate (acyl phosphate, enol phosphate or thioester) that, when hydrolyzed, provides free
energy for the synthesis of ATP via a coupling mechanism (Figure 9a step 2):

R~P+ADP - R+ ATP

Acyl phosphates and enol phosphates have a higher phosphoryl group transfer po-
tential than ATP, which allows the reaction to proceed toward the synthesis of the latter
(Table 2).
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(a ) Step 1
Redox dependent phosphorylation
NAD* NADH

Step 2
Substrate level

ADP phosphorylation ADP~P

R~P R
(b) Proton circuit
++++++
Auy+
0;1/\ Oxo
(acceptor)
Red, Red, ADP + P; ADP~P
(donor) H” H*

Figure 9. The two mechanisms of ATP synthesis. (a) Substrate-level phosphorylation. Redox-de-
pendent substrate-level phosphorylation requires two steps. The first step consists of the redox-de-
pendent synthesis of an intermediate with a high phosphoryl group transfer potential (Xox~P). The
energy comes from the oxidation of Xred to Xox. In a second step, the phosphoryl group is transferred
to ADP by a phosphotransferase (for instance phosphoglycerate kinase, EC 2.7.2.3). Alternatively,
substrate-level phosphorylation can occur without the prior redox-dependent step from a high
phosphoryl group donor (R~P, for instance, phosphoenolpyruvate, creatine phosphate...). In the
latter case, the phosphorylation most often consists of Pi recycling as donor will be regenerated
through another molecule of ATP (see Figure 10b) (b) ATP synthesis by chemiosmotic coupling. In
this process, the energy also comes from the oxidation of a reductant, but there is no phosphorylated

intermediate.

Thioesters play a particularly important role in substrate-level phosphorylation.
Hence, in the TCA cycle, the reaction catalyzed by succcinyl-CoA synthetase uses the en-
ergy from the hydrolysis of the thioester succinyl-CoA, for the synthesis of GTP or ATP:

Succinyl-CoA + GDP (ADP) +Pi  ——  succinate + GTP (ATP)  AG"®=-3.3 k] mol!
(Succinyl-CoA synthetase, EC 6.2.1.4)
Other reactions involving thioester-dependent ATP synthesis are found in certain
bacteria [47]:
Acetyl-CoA + P — acetyl phosphate + CoA  AG'° =11 k] mol!
(Phosphate acetyltransferase, EC 2.3.1.8)
Acetyl phosphate can then be used for the synthesis of ATP through the reaction:
Acetyl phosphate + ADP  ——  acetate + ATP AG'" =-12 k] mol!
(Acetate kinase, EC 2.7.2.1)

In another type of reaction, the thioester is a catalytic intermediate. Among these re-
actions, probably the most important is the sequence catalyzed by glyceraldehyde-3P de-
hydrogenase and phosphoglycerate kinase in glycolysis:

Glyceraldehyde 3-phosphate + NAD*+ ADP +Pi ——
3-phosphoglycerate + NADH + H* + ATP  AG’° =-12.3 k] mol~!
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In this reaction sequence, the key step is the synthesis of 1,3-bisphosphoglycerate
from glyceraldehyde 3-phosphate. This reaction is driven by the exergonic oxidation of
the aldehyde to a carboxyl by NAD*, coupled to the formation of the energy-rich thioester
in the active site (Figure 10a). The next step is the binding of inorganic phosphate to the
thioester, forming an acyl phosphate intermediate, 1,3-bisphosphoglycerate. The high
phosphoryl group transfer potential of the latter is then used to generate ATP.

This reaction is of paramount importance because it allows direct entry of phosphate
into the cellular metabolism, in contrast to the reaction catalyzed for instance by pyruvate
kinase during the last step of glycolysis (Figure 10b), where the phosphoryl group of phos-
phoenolpyruvate is transferred from ADP to ATP. It is evident from the latter reaction
that the phosphate transferred to fructose 1,6-bisphosphate from ATP in the early stages
of glycolysis is just recycled.

Remarkably, in most substrate-level phosphorylation reactions, the energy comes
from the breakdown of a thioester (either acetyl-CoA or succinyl-CoA) or a protein-bound
intermediate formed in the reaction catalyzed by glyceraldehyde 3-phosphate dehydro-
genase. This point has been widely discussed by Christian de Duve, who gave thioesters
a fundamental role in the appearance of life [48]. This is possible because the free energy
of hydrolysis of a thioester is very negative compared to that of an O-ester (Section 3.3
and Table 2).

(a)

Carbon oxidation

o NAD'  NADH P, o ADP  ADP~P o
b e — —~ R-&-oPOg + Hs— —>——"~ R-C-OH
0 +2

Acyl phosphate Substrate level

Thioester (Carbonic-phosphoric phosphorylation
anhydride)
1/2 Glucose -------<-- —> 1/2 Fructose 1,6-bis-P ———> Glyceraldehyde 3-P
ADP~P ADP NAD* )/Pi
. NADH S _o-p
Phosphate G[yco[ys, S _ H2C|>2
recycling Glycerate 1,3-Bisphosphate HC=OH
<ADP doo~p
ADP~P ADP ADP~P
Pyruvate «—  2-P-enolpyruvate <«—------------------- Glycerate 3-P
NAD*
NADH
Citrate
Oxaloacetate
P; Acetyl~P W Acetate TCA
ADP~P 2-Oxoglutarate
CoA ADP cycle D
Succipate
GDP~P ‘\\

GDP +P, NADH

Figure 10. Importance of thioesters in ATP synthesis. (a) General mechanism of coupling the for-
mation of a thioester to ATP synthesis as occurring in glyceraldehyde-3-phosphate dehydrogenase
(EC 1.2.1.12). The first step corresponds to the redox-dependent formation of a thioester intermedi-
ate on the enzyme and the second to the formation of 1,3-bisphosphoglycerate. The oxidation num-
bers of the carbon are indicated in magenta. The high potential phosphoryl group product (Table 2)
can then serve as substrate for the phosphorylation of ADP to ATP. (b) Substrate-level
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phosphorylation in glycolysis and TCA cycle. The phosphates (Pi) incorporated by thioester-de-
pendent mechanisms are indicated in red. Thioesters (in yellow) are formed by redox-dependent
mechanisms catalyzed either by glyceraldehyde-3-phosphate, pyruvate, or oxoglutarate dehydro-
genases. Phosphates recycled via ATP (ADP~P) are represented in green.

8. Conclusions

From the above considerations, it follows that we can distinguish between three
chemically distinct groups of energy-rich molecules, phosphorylated molecules (phos-
phoanhydrides, enol phosphates, acyl phosphates, and guanidine phosphates), and acyl-
thioesters (mainly acetyl-CoA and succinyl-CoA) as well as Oz. They have in common that
they are thermodynamically unstable, while being kinetically stable. Thermodynamic in-
stability, because of low bonding energy, is a prerequisite. The molecule must possess a
relative kinetic stability (high activation energy) in order to not react with neighboring
alien molecules. This entails that their reactivity is dependent on the presence of catalysts
(enzymes) that allow the reactions to occur under physiological conditions and simulta-
neously allow a circumstantial allosteric control.

As we have amply discussed, the term “energy-rich” molecule is an ambiguous ex-
pression in the sense that these molecules contain at least one low energy molecular bond
that, in exchange for a high-energy molecular bond, leads a release in energy. To lift this
apparent contradiction, it was proposed to replace the term “energy-rich” molecule by
“high group transfer potential”. While these two notions are more or less equivalent for
organic molecules such as ATP or acetyl-CoA, the Oz molecule is an intruder in the sense
that, while “energy-rich”, it has no transfer potential (Table 4). Moreover, as has been con-
vincingly shown by Schmidt-Rohr [15] that reduced molecules are not necessarily energy-
rich, though they may have a high electron transferring potential.

If hexoses and fatty acids are neither energy-rich nor have a high electron transfer
potential, then one can wonder the following: what do they actually store? An answer to
that question could be that fuel molecules store potential reducing power. During catab-
olism, molecular bond rearrangements in the fuel molecules lead to the oxidation of their
carbon atoms, powering an electron flow towards NAD(P)H that can then drive (Oz-de-
pendent) ATP synthesis and biosynthetic processes. Such a view clearly justifies the sep-
aration of electron flow from energy flow as shown in Figure 2.

Table 4. High-energy molecules vs. molecules with high transfer potential (group, electrons, H).
Here, the term “group” refers only to functional groups, i.e., groups of atoms with distinctive prop-

erties linked to the rest of the molecule by a covalent bond (phosphoryl, acetyl...).

Molecule High-Energy =~ High Group Electron Transfer H* Transfer

Molecule Transfer Potential Potential Potential
NTP Yes Yes (phosphoryl) No No
Acetyl-CoA Yes Yes (acetyl) No No
Oz Yes No No No
Hexoses, fatty acids No No No'! No
NAD(P)H No No Yes No
AH (strong acids) No No No Yes

! While the glucose molecule is readily oxidized to glucuronic acid, most of the reducing power of
hexoses and fatty acids must be unlocked by metabolic transformations under biochemical condi-

tions.

Another important point concerns the mechanisms of coupling. The free energy of
hydrolysis is most often used as a measure of the maximum energy that can be transferred
during coupling events. Here, the term hydrolysis forcibly implies that the acceptor is
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H:0. However, in most coupling reactions, H2O is totally absent as its presence even
might prevent coupling (Figure 6). Hence, the free energy of hydrolysis is a useful indica-
tor of the group transfer potential of a molecule, but it is not relevant from a mechanistic
point of view.

While ATP is the main donor for phosphoryl group donor, acetyl-CoA is the donor
for acetyl groups and also plays an important role as coupling agent between catabolism
and anabolism (Figure 1).

Hence, the reducing power is the main driving force for ATP synthesis both in sub-
strate-level and oxidative phosphorylation. Other transphosphorylation reactions, such as
those catalyzed for instance by creatine or pyruvate kinase, only recycle ATP and P;, the
synthesis of creatine phosphate, and phosphoenolpyruvate depending, directly or indi-
rectly, on ATP (Figure 10b).

Itis true that the energy released from glucose degradation (glycolysis) in the absence
of Oz is sufficient to sustain the life of some anaerobic organisms. But evidently, Oz is the
required energy source for complex multicellular life, especially animals [15]. The pres-
ence of sufficient amounts of O: in the atmosphere allowed the emergence of large com-
plex organisms with higher energy needs.

The emergence of eukaryotic cells goes hand in hand with an internalization of spe-
cific structures such as mitochondria and chloroplasts, specialized in the synthesis of ATP
by a chemiosmotic mechanism and the genesis of a proton gradient. This is a revolution
that frees up the cell membrane for other types of ion gradients. Thus, the generation of
electrical signals (action potential) essential to multicellular life is decoupled from the en-
ergy function, though the latter still feeds the establishment and maintenance of ion gra-
dients across the plasma membrane.
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