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Abstract. The evolutionary origin of the Krebs citric
acid cycle has been for a long time a model case in the
understanding of the origin and evolution of metabolic
pathways: How can the emergence of such a complex
pathway be explained? A number of speculative studies
have been carried out that have reached the conclusion
that the Krebs cycle evolved from pathways for amino
acid biosynthesis, but many important questions remain
open: Why and how did the full pathway emerge from
there? Are other alternative routes for the same purpose
possible? Are they better or worse? Have they had any
opportunity to be developed in cellular metabolism evo-
lution? We have analyzed the Krebs cycle as a problem
of chemical design to oxidize acetate yielding reduction
equivalents to the respiratory chain to make ATP. Our
analysis demonstrates that although there are several dif-
ferent chemical solutions to this problem, the design of
this metabolic pathway as it occurs in living cells is the
best chemical solution: It has the least possible number
of steps and it also has the greatest ATP yielding. Study
of the evolutionary possibilities of each one—taking the
available material to build new pathways—demonstrates
that the emergence of the Krebs cycle has been a typical
case of opportunism in molecular evolution. Our analysis
proves, therefore, that the role of opportunism in evolu-
tion has converted a problem of several possible chemi-

cal solutions into asingle-solution problem,with the ac-
tual Krebs cycle demonstrated to be the best possible
chemical design. Our results also allow us to derive the
rules under which metabolic pathways emerged during
the origin of life.
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Introduction

During the origin and evolution of metabolism, in the
first cells, when a need arises for a new pathway, there
are two different possible strategies available to achieve
this purpose: (1) create new pathways utilizing new com-
pounds not previously available or (2) adapt and make
good use of the enzymes catalyzing reactions already
existing in the cell. Clearly, theopportunismof the sec-
ond strategy, when it is possible, has a number of selec-
tive advantages, because it allows a quick and economic
solution of new problems. Thus, in the evolution of a
new metabolic pathway, new mechanisms must be cre-
atedonly if ‘‘pieces’’ to the completepuzzleare missing.
Creation of the full pathway by a de novo method is
expensive in material, time-consuming, and cannot com-
pete with the opportunistic strategy, if it can achieve the
new specific purpose. We demonstrate here the oppor-
tunistic evolution of the Krebs cycle reorganizing and
assembling preexisting organic chemical reactions. This
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idea has been proposed by several groups, but our ap-
proach to study these problems—mathematical, logical
reasoning based on bio-organic chemistry mecha-
nisms—has given us many more details of the process
and has allowed us to derive some new general proper-
ties of metabolic evolution.

Once the design of a new metabolic sequence is
achieved, a refinement of the pathway may be necessary,
and then, a furtheroptimizationprocess will move the
design toward maximum efficiency by reaching optimal
values of rate and affinity constants of enzymes. Such an
optimization process as a result of natural selection is
also a well-documented feature of biological evolution.
Previous results from our group on evolutionary optimi-
zation of metabolic design (Mele´ndez-Hevia 1990; Me-
léndez-Hevia and Isidoro 1985; Mele´ndez-Hevia and
Torres 1988; Mele´ndez-Hevia et al. 1994) demonstrated
that the design of the pentose phosphate and Calvin
cycles can be mathematically derived by applying opti-
mization principles under a well-established physiologi-
cal function. The same was also demonstrated for the
structure of the glycogen molecule by Mele´ndez-Hevia
et al. (1993). In the present paper we report our results
concerning the Krebs citric acid cycle, defining the rea-
sons for its particular structure. These results allow us to
understand the chemical rules which were followed dur-
ing the evolution of metabolic pathways.

Results

The Problem of the Krebs Citric Acid Cycle

By considering the first stages in the history of life, we
may attempt to determine logically under what condi-
tions the Krebs cycle was organized and what itsfirst
purpose was: (1) In afirst stage, the minimal metabolism
that had to work in the first protocells was glycolysis, the
anaerobic source of ATP; the pentose cycle, to connect
the two kinds of sugars (hexose and pentoses); the path-
ways for synthesis of all amino acids, nitrogen bases, and
some coenzymes; and fatty acid synthesis, necessary to
make membranes. No pathway for amino acid and nitro-
gen-base degradation may have existed, because the se-
lective value of a mechanism to eliminate organic mate-
rial hardly built was not obvious at all. Oxidative and
reductive reactions within this primitive set of metabolic
pathways make a balanced anaerobiosis possible, as has
been shown by Hochachka and Mustafa (1972). (2) At a
secondstage, the respiratory chain is organized—
although not necessarily with oxygen as electron accep-
tor—involving the pathway for the heme-group synthe-
sis; then, such a new source of ATP could allow the
development of gluconeogenesis. (3) In athird stage, the
whole pathway of the Krebs cycle was organized. There
is a general agreement on this view (see Hochachka and

Mustafa 1972; Kay and Weitzman 1987; Mason 1992;
Mortlock 1992; Thauer 1988).

The aim of this work is to investigate the mechanism
used to organize the structure of the Krebs cycle, ana-
lyzing all chemical solutions theoretically possible and
checking whether each of them is biologically feasible.
Our results give a clear and illuminating view of cellular
organization; it is the result of an evolutionary history
whereopportunismhas played a very important role.

A general consideration of the chemical problem pre-
sented by the Krebs cycle leads us to see, in principle,
three basic ways to solve it: (1) direct oxidation of ac-
etate through a sequential pathway; (2) oxidation of ac-
etate by means of a cyclic pathway; and (3) any combi-
nation of these, i.e., acetate is converted into another
compound by means of a sequential or cyclic pathway,
and such a compound is then oxidized to CO2 by means
of another cyclic or sequential pathway.

Linear Pathway
Baldwin and Krebs (1981) discarded this first mecha-

nism, arguing that a direct oxidation of acetate—without
any cyclic pathway design—would involve the oxidation
of the methyl group, which could not be done by a
NAD(P)+ or FAD-dependent dehydrogenase. We know
now that this is indeed possible as the methyl group can
be transferred to tetrahydrofolate or an equivalent pteri-
dine coenzyme and then be oxidized by NAD(P)+ to
CO2; such a pathway, shown in Scheme 1, has been
found in the anaerobic bacteriumDesulfotomaculumby
Schauder et al. (1986); see also Sporman and Thauer
(1988).

Cyclic Pathway
This involves the condensation of acetyl with a

feeder; therefore, we must analyze the possibilities for
the feeder structure and the sequence of possible reac-
tions that could recover it. Although there are some im-
portant chemical constraints for this, a number of possi-
bilities exist, since either the methyl group or the car-
bonyl of the acetyl could intervene, and several different
compounds could be involved in the reactions in each
case. For example, if condensation is made through the
methyl group of the acetyl, then either addition to a car-
bonyl group of the feeder or Michael addition to an

Scheme 1
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enone could take place. A substitution reaction on the
feeder could also occur. Consider, for example, the first
possibility mentioned; then many different keto com-
pounds could participate in this addition reaction. This
problem arises again in searching the next sequence of
reactions, since the conversion of the first product back
into the feeder will not always be chemically possibly
under a reasonable set of chemical constraints.

We have carried out an analytical study of all the
possible cases for a cyclic solution to this problem. The
approach described by Serratosa (1990) with theChaos
computer program (Serratosa and Xicart 1990) was used
to analyze some possible pathways. This program was
designed as a heuristic tool to search for the most accu-
rate reaction sequences in organic synthesis; it gives a
retrosynthetic analysis generating the possible interme-
diate precursors of a given product. In the present work
we have found it very useful for the purpose of this work,
and we have used it to analyze some possible pathways.
Table 1 shows all the possibilities of reaction between
acetyl and any possible feeder. The acetyl could inter-
vene with its methyl or with its carbonyl. If it is the
methyl which is involved (casea), then this could be an
addition reaction (a1) or substitution reaction (a2); in
casea1 the addition to a double bond could in turn be on
C4C (enone) or C4O. There is always a nucleophilic
attack by one carbon, and the nucleophile which attacks
must be activated by a group which stabilizes its negative
charge. If the carbonyl is the group involved (caseb),
then this is an addition reaction by nucleophilic attack of
the feeder through a –CH3 or –CH2– group. Let us now
analyze in detail the most interesting cases.

Case a. Acetyl Intervenes Through Its Methyl Group
This reaction requires activation of the methyl group

as a–CH2– carbanion, such as by –CO∼SCoA. Acetic
acid is in fact already CoA-activated as it comes from
fatty acidb-oxidation or from pyruvate dehydrogenase.
There are two alternative possibilities for a condensation
reaction with this methyl group: (a1) double bond addi-
tion and (a2) substitution. In the first case we should
consider two possibilities: (a11) C4O addition and
(a12) enone C4C addition; cases of C4N (iminoacids)

occur in some metabolic reactions, but imines are very
unstable to hydrolysis, and, thus, inappropriate as a
feeder. For the case (a2) the carbon which accepts the
methyl attack must be bonded to a leaving group, such as
a phosphate, or a thio-derivative.

Case a11 (Addition to a Double Bond C=O).Here the
carbonyl group of the feeder could be a ketone, aldehyde
or carboxyl group, and the feeder can also have a vari-
able number of carbons. In each case, a different se-
quence of reactions is produced, but the problem we are
considering is whether some of these chains can lead to
the feeder again making the cyclic pathway possible. The
results of the analysis of all possible cases are summa-
rized in Table 2. In addition to the familiar pathway with
oxaloacetate (OAA) as the feeder (Fig. 1), there are two
cases which could produce a cyclic pathway, by using
pyruvate (pyr) as the feeder (see Figs. 2 and 3). The
pathway shown in Fig. 3 has been suggested by Professor
Stanley Miller (personal communication).

Case a12 (Addition to a Double Bond C=C).Exami-
nation of the possible cases, in the manner of the previ-
ous section, reduces all the possibilities to the case pre-
sented in scheme 2

in which a further sequence of steps for the recovery of
the feeder is chemically possible. R can be a number of
different residues. Thus, there is a great number of pos-
sible solutions involving different intermediates and
number of steps; the simplest case is that where R is
hydrogen; then the feeder is fumarate and it generates the
sequence shown in Fig. 4 (see also Table 3). In this case
the first step of the cycle is a Michael addition of a
carbon nucleophile to an enone structure. We note with
interest that this class of organic reaction isnot used in
metabolism of modern cells. The reason for this is not
clear but may lie in the difficulty a primitive cell would
have in developing a new enzyme for a new kind of
reaction when a variety of enzymes catalyzing other use-
ful and successful bond formations was already available
via gene duplication processes. Cases where the R group
is larger than H need not be considered since recovery of
the feeder would be more complex or not at all possible.
Moreover, the more complicated the feeder the more

Table 1. All possible cases for reaction between the acetyl and the
feeder to give a cyclic pathway for acetyl oxidation

a. Attack of the methyl of acetyl on the feeder
(acetyl needs a carbanion activator)
a.1. Addition to a double bond

a11. to C4O
a12. to C4C (enone)

a2.Substitution (a leaving group is necessary)
b. Attack of the feeder on the carbonyl of acetyl
(feeder needs a carbanion activator)
b.1 Feeder attacks with a methyl
b.2 Feeder attacks with a methylene

Scheme 2
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difficult it would be to find it as available material in the
design of this new pathway.

Case a2 (Substitution).The carbon which accepts the

methyl attack must be bound to a leaving group (usually
phosphate or sulfur). There is a possible cycle based in
this mechanism, with phosphomalate as the feeder. The
whole pathway is drawn in Fig. 5, and some of its fea-
tures are summarized in Table 3.

Case b. Attack of the Feeder on the Carbonyl
of Acetyl

The analysis of these cases (not shown) demonstrates
that no solution can be achieved by means of this mecha-
nism to the problem of acetate degradation. Attack by a
methyl (caseb1) leads to CH3–CO–CH2–CO–R, equiva-
lent to acetoacetyl-CoA, an intermediate in fatty acid
b-oxidation which can only yield acetyl-CoA. Attack by
a methylene (caseb2) leads to a methyl—which could be
hardly oxidized—or to a sequence which would involve
a mutase (free radical transfer). None of these reactions
leads to any solution.

Two Stages Pathway
There are, in principle, two possibilities for this: two

cyclic pathways, or one cycle followed by a sequential
path. Considering all cases examined in Table 2 we see
that the only possible cycle is the OAA + acetyl-CoA→
glyoxylate + OAA; this path cannot account for acetyl-
CoA depletion, but it converts acetyl-CoA into glyox-
ylate; then this cycle could be coupled with a pathway
for the whole oxidation of glyoxylate. A cyclic/linear
pathway is chemically possible by means of, first, ace-
tyl–(cycle) → glyoxylate, and then glyoxylate–(linear)
→ CO2.

A solution with a cyclic/cyclic pathway has been sug-
gested by Dr. James Liao (personal communication); see

Table 2. Hypothetical alternative designs of the Krebs cycle: all the possibilities of casea11 involving the condensation of acetyl-CoA with a
ketocompound as a feeder of the cycle (only pyruvate or oxalacetate as feeders can promote a feasible metabolic cycle to account for acetyl
oxidation, by means of this mechanism)

Feeder
Group
attacked Problem

Acetaldehyde –CHO It yields acetoacetate, which is spontaneously decarboxylated (asb-keto acid) to acetone, and the
feeder cannot be recovered; the condensation product has its hydroxyl group inb-position and
therefore it cannot be isomerizeda

Glyoxylate –CHO Only gives the sequence malate→ oxalacetate
Any carboxylic acid –COOH The product is always ab-keto acid which is spontaneously decarboxylated, giving an undesirable

methyl groupb

Pyruvate –CO– There are two possible solutions, shown in Figs. 2 and 3
a-k-butyrate –CO– Yieldsg-ketovalerate. No feeder recoveryc

Oxalacetate –CO– No problem; this is the cellular Krebs cycle, shown in Fig. 1d

Any C5, C6 . . . a-k-acid –CO– This feeder cannot be regenerated sinceb-oxidation in the second part produces ab-keto acide

a It is concluded that the feeder must be ana-k-acid, in order to make
the isomerization of the condensation product possible. If not, the fur-
ther chain of possible reactions is more restricted leading to a terminal
methyl group
b Therefore the product has to be a keto-compound
c It is concluded that the feeder has to be a dicarboxylic acid
d If the feeder has more than 3 carbons, then only oxalacetate can
accomplish every derived condition, since it is the only ‘mono’ keto-

dicarboxylic acid which is at time botha- andb-keto
e It is interesting to see that a cycle like that has already been ‘tried’
with a-ketoglutarate as the ‘feeder’; the first part of such a pathway
leading toa-ketoadipate, occurs in bacterial lysine biosynthesis; the
second part also occurs in lysine degradation, with no possibility at all
for a-ketoglutarate recovery. The occurrence of these lysine pathways
is a good ‘empirical’ support of our reasoning

Fig. 1. The regular Krebs cycle design, with oxaloacetate as the
feeder. This is the best (optimal) solution to the problem of acetate
oxidation, as chemical analysis shows, and the unique solution under
biological evolution principles.Intermediates:(a) acetyl-CoA, (b) ci-
trate, (c) isocitrate, (d) a-k-glutarate, (e) succinyl-CoA, (f) succinate,
(g) fumarate, (h) malate, (i) oxaloacetate.Enzymes:(1) citrate synthase,
(2, 3) aconitase, (4) isocitrate dehydrogenase, (5) a-ketoglutarate de-
hydrogenase, (6) succinyl-CoA synthetase, (7) succinate dehydroge-
nase, (8) fumarase, (9) malate dehydrogenase, (10) pyruvate carboxyl-
ase.
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Fig. 6. A first cycle carries out the conversion of acetyl-
CoA into glyoxylate through the enzymes of the glyox-
ylate-cycle bypass; glyoxylate is then depleted in a sec-
ond cycle where acetyl-CoA plays the feeder role.

Rules for Designing Metabolic Pathways

Our analysis demonstrates that there are a number of
possible ways to oxidize acetyl and to couple it with
electron transport to the respiratory chain. However, one
must consider thatchemicalconstraints are not the only
ones which play a role in this problem, since, as Brenner
(1994) wrote, ‘‘Biology is Chemistry coupled with Natu-
ral Selection.’’ This means that abiological solution is
not just any chemically possible way, but a chemically
feasible procedure whose material was available, whose
fitness value can be demonstrated, and whose existence
does not disturb any other critical process that previously
worked. This concerns particularly the feeder of the

cycle. A metabolic cycle is highly unlikely if the feeder
does not previously exist, because natural selection can-
not preview further utilities of any chemical product. The
analysis of the Krebs cycle origin allows us to see the
following basic rules which are of general application for
any case of metabolic evolution.

Bioorganic Chemistry
1. Any enzymatic reaction is also chemically possible

without the enzyme, although it would occur much
more slowly and without a well-defined specificity.

2. All the intermediates of a chain of reactions to be used
ultimately in a metabolic sequence must be stable
toward rapid decomposition. The strongest reason for
this assumption is evolutionary; at the beginning of
the pathway design every rudimentary enzymatic re-
action occurred very slowly, so unstable intermedi-
ates could not have been used.

Material Availability
3. Any material to be used by the new pathway has to

exist in another metabolic process which was previ-

Fig. 2. A different design for the Krebs cycle, with pyruvate as the
feeder. This scheme is chemically possible in principle, but its occur-
rence is uncertain. Compoundl is much more favoured than c because
the C4C in l is in a more stable conjugated position, and moreover the
carbanion intermediate in the formation ofl is stabilized by the neigh-
boring C4O. The carbanion leading toc would not be stabilized.
Compoundl could, however, lead to another cyclic pathway, as shown
in Fig. 3. Intermediates:(a) acetyl-CoA, (b) citraconate, (c) itaconate,
(d) 2-hydroxy-methyl-succinate, (e) succinate semialdehyde, (f) phos-
phosuccinate, (g) succinate, (h) fumarate, (i) malate, (j) oxaloacetate,
(k) pyruvate, (l) mesaconate.Enzymes:(1) synthase, (2, 3) isomerase,
(4) dehydrogenase,(5) aldehyde dehydrogenase,(6) kinase,(7) succi-
nate dehydrogenase, (8) fumarase, (9) malate dehydrogenase, (10) oxa-
loacetate decarboxylase. Enzymes initalics are hypothetical, but there
are some reaction like this in metabolism.

Fig. 3. Another different design for the Krebs cycle with pyruvate as
the feeder suggested by Prof. S. Miller (personal communication). This
is chemically feasible, but has a number of problems concerning the
principle of opportunism (see the text).Intermediates:(a) acetyl-CoA,
(b) citraconate, (c) mesaconate, (d) b-methyl-malate, (e) a-hydroxy-
glutarate, (f) a-ketoglutarate, (g) succinyl-CoA, (h) succinate, (i) fu-
marate, (j) malate, (k) oxaloacetate, (l) pyruvate.Enzymes:(1) syn-
thase,(2, 3) isomerase,(4) B12-mutase,(5) a-hydroxyglutarate dehy-
drogenase, (6), a-ketoglutarate dehydrogenase, (7) succinyl-CoA
synthetase, (8) succinate dehydrogenase, (9) fumarase, (10) malate de-
hydrogenase, (11) oxaloacetate decarboxylase. Enzymes initalics are
hypothetical, but there are some reaction like that in metabolism.
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ously built for a different purpose. Design of this new
pathway must involve continuity in the function of the
previous one whose material has been used. A suc-
cessive backward-in-time application of this rule
would lead eventually to the origin of metabolism; on
the primordial Earth the first available compounds
had to be made through spontaneous chemical pro-
cesses.

Kinetics and Thermodynamics
4. The new pathway cannot involve a reaction with any

thermodynamic or kinetic incompatibility with a pre-
vious one that has to operate simultaneously in the
same space.

Opportunism and Chance in Searching for a Solution

At the first stages of metabolism, the necessity of path-
ways for amino acid biosynthesis in the first protocells

had to involve the conversion of pyruvate into oxaloac-
etate toward the aspartate synthesis. Then it made also
possible the chain of reactions from acetyl-CoA and oxa-
loacetate toa-ketoglutarate on the way toward gluta-
mate. The synthesis of the heme group required a path-
way to make succinyl-CoA, and this leads us again to the
development of reactions of the present Krebs cycle. The
cycle works mainly in the present cells as the central
pathway of energy metabolism, with just a small fraction
of its carbon flux driven toward biosynthesis purposes,
but its origin had to be biosynthetic. Let us now analyze
each chemically possible solution derived above, in ac-
cordance with the stated rules.

The phosphomalate pathway (Fig. 5) must be dis-
carded because there is no obvious way to explain the
existence of the feeder P-malate before this cycle was
designed, and this would contradict rule 3. The two py-
ruvate pathways (Figs. 2 and 3), the fumarate pathway
(Fig. 4), and the two-cycles pathway (Fig. 6) could have
been possible, in principle, since their feeders were avail-
able, being involved in amino acid metabolism, but there
are other reasons that make these pathways unsatisfac-
tory. In effect, the pathway of Fig. 2 has some problems
concerning rules 1 and 2: The dehydration of 2-hydroxy-
2-methyl-succinate (citraconate) to give 2-methyl-
fumarate (mesaconate) (reaction 2) would be heavily
favored over dehydration to itaconate. The C4C in me-
saconate is in a more stable, conjugated position, and
moreover the carbanion intermediate in the formation of
mesaconate is stabilized by the neighboring C4O. The
carbanion leading to itaconate would not be stabilized.
Therefore, the cycle of Fig. 2 must be discarded since
mesaconate would preferentially form and deviate the
carbon flux away from that path. The pyruvate pathway
of Fig. 3 has a chemical problem in the reaction of oxa-
lacetate decarboxylation to give pyruvate. In general, the
decarboxylation of ab-keto acid is a good chemical re-
action, since the resulting carbanion is stabilized by the
ketogroup (see scheme 3), and it occurs several times

in metabolism spontaneously, without a specific enzyme
(e.g., on oxalsuccinate, acetoacetate, and 3-keto-6-P-
gluconate); it does not occur in fatty acidb-oxidation,
since the carboxyl group is present as the CoA ester.
However, oxalacetate is an interesting exception to this
rule. It is stable because it exists predominately in the
enol form as reported by Flint et al. (1992), and its de-
carboxylation is not possible with such a structure; oxa-
loacetateketo-enoltautomerase (EC 5.3.2.2), reported by
Annet and Kosicki (1969), catalyzes its conversion into

Fig. 4. A different design for the Krebs cycle, with fumarate as the
feeder. It is chemically possible but its occurrence would be hard to
explain, since it does not account for any biosynthetic pathway for
glutamate; so more new enzymes would have to be invented to build it,
while the regular Krebs cycle had most of the material already present
(see Table 3).Intermediates:(a) acetyl-CoA, (b) tricarballilate, (c)
aconitate, (d) isocitrate, (e) a-ketoglutarate, (f) succinyl-CoA, (g) suc-
cinate, (h) fumarate, (pyr) pyruvate, (OAA) oxaloacetate.Enzymes:(1)
synthase,(2) dehydrogenase,(3) aconitase,(4) isocitrate dehydroge-
nase, (5) a-ketoglutarate dehydrogenase, (6) succinyl-CoA synthetase,
(7) succinate dehydrogenase, (8) pyruvate carboxylase, (9) malate de-
hydrogenase, (10) fumarase. Enzymes initalics are hypothetical, but
there are some reaction like that in metabolism, with the exception of
(1) a Michael addition of a carbon nucleophile to a C4C; there appear
to be no examples of this type of reaction in cellular metabolism.

Scheme 3
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the keto-form to make the reaction of citrate synthase,
and others, possible. The problem of the decarboxylation
reaction is that it could not have been developed when
the opposite reaction was already working (in the same
compartment) in the pathway toward amino acids, such
as aspartate and glutamate, since it would violate rule 4.
Furthermore, this pathway would have required sixnew
enzymes (rather than one, in the present cycle; see also
Table 3). Therefore, in addition to its chemical problems,
which make its origin uncertain, that pathway had very

little chance of occurring, according to the evolutionary
principle of opportunism.

The same reasoning concerning rule 4 leads us to
discard the pathway shown in Fig. 6. There, the conver-
sion of malate to pyruvate (reaction 12, or the sequence
of reactions 7-9-10) isantianaplerotic(opposite to the
reaction which supplies the feeder), and also the entire
path involves pyruvate carboxylase and PEP-carboxy-
kinase (gluconeogenic) mixed with pyruvate kinase and
pyruvate dehydrogenase (glycolytic); all these features
contradict rule 4. It is possible that once these reactions
had originated, they could be rearranged to get this path-
way, involving different compartments, and so we can-
not discard the possibility of its occurrence in some par-
ticular present species. However, if this pathway existed
in nature, it would represent another case of opportun-
ism, making use of existing enzymes, with no relation to
the evolutionary origin of the modern Krebs cycle. In
that case the familiar reactions of the Krebs cycle to
a-keto-glutarate could also exist.

The fumarate pathway (Fig. 4) does not have prob-
lems of chemical design; moreover, the feeder fumarate
was presumably available, as involved in aspartate me-
tabolism, so there is no reaction violating rules 3 and 4,
and also, that pathway accounts for the same biosynthetic
purposes of the regular Krebs cycle, as it yieldsa-keto-
glutarate and succinyl-CoA. However, its occurrence in
cellular metabolism is unlikely since it is again a clear
nonopportunistic pathway. In effect, the first reaction, a
nucleophilic addition on a double bond C4C, has no
precedent in cellular metabolism, so this design would
require the creation of an enzyme with a new reaction
mechanism, and moreover, reactions 2 and 3, although
based on preexistent mechanisms, are also new. Thus,
that pathway must be discarded according to the prin-
ciple of opportunism, since no selective reason exists that
can justify the development of such a new pathway,
when many of the preexisting enzymes could solve the
same problem with the same or better efficiency.

The linear (noncyclic) pathway from acetyl to CO2

Table 3. The chemically possible cases for acetyl-CoA oxidation by means of a cyclic pathwaya

Mechanism Feeder
ATP
produced

Steps
New
enzymesbPath Anaplr Total

C4O addition Pyruvate 12 8–9 0 8–9 6
C4O addition Pyruvate 12 9–10 0 9–10 5
C4O addition Oxaloacetate 12 8–9 0–1 8–10 1
C4C b-addition Fumarate 11 7 4 11 2
Substitution P-malate 10 8 2 10 3

a They involve a different number of steps, both for the carbon pathway
and for the anaplerosis. Nevertheless, although all of these cases are
chemically possible, there is in fact only one feasible under logical
constraints according to the rules of metabolic evolution, which mainly
concern availability of material (see the text). This is, obviously, the
mechanism using oxaloacetate. Other possible pathways have the same

ATP yielding or less, and the same number of steps or more. The
oxaloacetate pathway is the most opportunistic, since it is the solution
which requires less new enzymes
b Number of enzymes necessary to complete the cyclede novo,since
no equivalent reaction existed in cell metabolism before the Krebs
cycle was developed

Fig. 5. A different design for the Krebs cycle, with phosphomalate as
the feeder. This cycle must be discarded, because it contradicts the
opportunism principle: there is no obvious way to explain the existence
of the feeder P-malate before this cycle (see more details in the text).
Intermediates:(a) acetyl-CoA, (b) tricarballylate, (c) aconitate, (d)
isocitrate, (e) a-ketoglutarate, (f) succinyl-CoA, (g) succinate, (h) fu-
marate, (i) malate, (j) phosphomalate.Enzymes:(1) synthase,(2) de-
hydrogenase,(3) aconitase, (4) isocitrate dehydrogenase, (5) a-keto-
glutarate dehydrogenase, (6) succinyl-CoA synthetase, (7) succinate
dehydrogenase, (8) fumarase, (9) malate kinase.Enzymes initalics are
hypothetical, but there are some reaction like that in metabolism.
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(scheme 1) and the combination cyclic/linear path (not
shown) lack functionality for biosynthesis purposes, and,
again, if any cell had such a pathway, the chain of reac-
tions towarda-ketoglutarate and oxalacetate should also
be kept for glutamate and aspartate synthesis—as, in
fact, occurs inDesulfotomaculum(see Schauder et al.
1986). However, the existence of this pathway in this
bacterium demonstrates that some alternative solution
has been tried, and it is a good example of what we have
called paleometabolism(Meléndez-Hevia et al. 1994),
but its universal utility ought be very small.

In studying the occurrence of many reactions of the
cycle before it takes on its role as a source of reduction
equivalents for the respiratory chain, several authors ad-
mit that the first part of the cycle (from acetyl-CoA to
a-ketoglutarate) proceeded in the same direction in
primitive cells as in the modern cells, and the second part
(from oxaloacetate to succinyl-CoA) worked in the op-
posite direction (see Weitzman 1985; Beatty and Gest
1981; Gest 1981, 1987; Thauer 1988). Our deductive
approach based on organic chemistry mechanisms allows
us to derive more details: Fumarase was initially de-
signed to convert malate into fumarate, i.e., the direction
opposite that in the modern Krebs cycle, but we propose
that succinyl-CoA synthetase worked initially in the
same direction as it does now, and that this was the last
enzyme added to the pathway to complete the cyclic
design. In effect, the sequence of reactions in the modern
cycle from succinate to oxalacetate is ab-oxidation
mechanism which consists of a methylene oxidation to
give a double bond C4C, a water addition on that
double bond, and a hydroxyl oxidation; this sequence is
strongly favored if the intermediates occur as coenzyme
A derivatives, because the C–S bond with CoA helps in
the stabilization of a carbanion intermediate from the
addition of water (see scheme 4 andb-oxidation of fatty
acids). Then, that sequence could not have originated
from succinyl-CoA (as occurs in the present Krebs
cycle), since it would have involved a nonsensical loss of
CoA before these three steps. However, there is nothing
odd in this mechanism if its first function was the con-
version of malate into fumarate, as coenzyme A is not
necessary for the loss of water in the same way as occurs
in the aconitase reaction, and in that case none of its

precursors from oxaloacetate occurred as a CoA deriva-
tive; this result is in agreement with a widely extended
view of several authors, see, e.g., Weitzman (1985). Sev-
eral authors have suggested that succinyl-CoA initially
originated from succinate (see Weitzman 1985; Beatty
and Gest 1981; Gest 1981, 1987; Thauer 1988). How-
ever, Beatty and Gest (1981) have reported that pyruvate
dehydrogenase has at present some activity asa-keto-
glutarate dehydrogenase. Taking into account that the
lack of strict specificity of this enzyme had to be clearly
greater early in life history, this result strongly suggests
that succinyl-CoA was first produced froma-ketogluta-
rate. This means that the production of succinate was not
a pathway to make succinyl-CoA, but an alternative re-

Fig. 6. A different solution to the problem of acetate oxidation, sug-
gested by Dr. J. Liao (personal communication). The whole pathway
would be composed of two cycles. In the first, acetate would be con-
verted into glyoxylate; in the second, glyoxylate would be oxidized.
Oxaloacetate is the feeder of the first cycle, and acetyl-CoA is the
feeder of the second one. This pathway is highly uncertain because it
has several contradictions with Rule 4, on kinetic and thermodynamic
compatibility (see the text). Intermediates: (a) acetyl-CoA, (b) citrate,
(c) isocitrate, (d) succinate, (e) fumarate, (f) malate, (g) oxaloacetate,
(pyr) pyruvate, (h) glyoxylate, (i) phospho-enol-pyruvate, (j) pyruvate.
Enzymes: (1) citrate synthase, (2-3) aconitase, (4) isocitrate lyase, (5)
succinate dehydrogenase, (6) fumarase, (7) malate dehydrogenase, (8)
malate synthase, (9) PEP carboxykinase, (10) pyruvate kinase, (11)
pyruvate dehydrogenase, (12) malic enzyme.

Scheme 4

300



ductive branch necessary for the redox coupling with the
synthesis of glutamate (see Fig. 7). It is interesting to see
that this function still remains in some species of sea
molluscs, and parasitic helmints, as Hochachka and Mus-
tafa (1972) have demonstrated (see also Hochachka
1991), as well as in some anaerobic bacteria (see Gest
1987).

In the evolution of metabolism, the achievement of
the fundamental steps of the Krebs cycle was not diffi-
cult at all. Almost all of its structure previously existed
for very different purposes(anabolic), and cells had to
add just one enzyme(succinyl-CoA synthetase for the
transformation of succinyl-CoA into succinate) to con-
vert a collection of different pathways into the central
cyclic pathway of the metabolism. This is one of the
most clear cases of opportunism we can find in evolu-
tion. Our analysis demonstrates that the problem of the
Krebs cycle design has achieved the best solution for its
function in metabolism. Moreover, when one considers
natural selection (which implies available material, pres-
ervation of former pathways, the opportunities that cells
had for searching, and the clear selective value of the

economy of metabolic design), the familiar structure of
the Krebs cycle is the inevitable solution.

Discussion

In the chemical analysis developed in this work the phos-
phomalate pathway shown in Fig. 5 has been discarded
according to rule 3 (material availability), since the pre-
vious existence of the feeder P-malate cannot be ex-
plained in regard to the present cell metabolism; it could
be argued, however, that this compound could have
played some role in an earlier metabolism, and thus it
could have been available. It is, in fact, highly unlikely
that some ancient metabolic pathway involving such a
compound has vanished without a trace (although the
original pathway was been lost, such an intermediate
could have been kept to other purposes); however, it
cannot be strictly discarded and thus, although unlikely,
phosphomalate and the Krebs cycle structure shown in
Fig. 5 might be found in some paleospecies as a case of
paleometabolism.

Fig. 7. ‘‘Horseshoe’’ structure of the Krebs cycle, in the early stages
of its evolution, as pathways for amino acid and heme synthesis. The
left branch to succinate is necessary for the redox balance. Only one
enzyme (succinyl-CoA synthetase drawn in dashed line) was necessary

to convert these biosynthetic pathways into the present Krebs cycle.
This primitive structure of the pathway still works in several anaerobic
bacteria and invertebrates, with NADH as electron donor in the succi-
nate dehydrogenase reaction.
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The biosynthetic capacity of each alternative pathway
discussed here (Figs. 2–6) is somewhat different regard-
ing the occurrence there of the biosynthetic intermediates
(oxalacetate,a-ketoglutarate, and succinyl-CoA). In our
reasoning, we have not discarded any of these pathways
due to its lack of biosynthetic capacity, but this is cer-
tainly one more reason which contributes to the rejection
of some of them and to the selection of the regular Krebs
cycle—not because it will be more useful than others a
posteriori (natural selection cannot of course anticipate
the future), but because a pathway with more biosyn-
thetic capacity has had more opportunities to be previ-
ously selected, and then to be used for other functions.

In the evolution of metabolism, the appearance of a
new pathway could be more or less difficult according to
the different allowable designs, the availability of a given
material, and the selective value of the pathway function.
We have proven that there are many different possible
solutions for the pentose phosphate cycle and the Calvin
cycle (Meléndez-Hevia 1990; Mele´ndez-Hevia and Isid-
oro 1985; Mele´ndez-Hevia and Torres 1988; Mele´ndez-
Hevia et al. 1994); many different chains of reactions, all
of them compatible with the rules stated above, can ac-
count for the purpose of these pathways, although with
important quality differences. The attainment of the pre-
sent optimized pentose cycle design had to solve the
most important problem in the second part of the design:
the optimization of the metabolic structure (Mele´ndez-
Hevia et al. 1994). However, another aspect, rather dif-
ferent in evolution, which this work emphasizes, is the
creative role. Analysis of the Krebs cycle design is an
interesting opportunity to see how this could be done,
and has given us a chance to see the role that opportun-
ism plays. Chemically allowable reactions mean a vari-
ety of newand different possibilities which can be ap-
plied over the substrates available.The set of reactions
(enzymes) which already existed is also a collection of
more available material. The accurate combination of
these elements for achieving the sequence which drives
the materialavailable to the necessarynewproduct is a
problem like the assembly of the pieces of a complicated
puzzle.

The reductive (reverse) tricarboxylic acid cycle found
by Arnon’s group (Evans et al. 1966; Buchanan and Ar-
non 1990) deserves some comment in light of our results.
The purpose of this pathway is clearly quite different, but
the chemical problem is similar, and their result abso-
lutely agrees with our results: There are different en-
zymes (e.g., ATP citrate lyase instead of synthase, and
a-ketoglutarate synthase instead of dehydrogenase; there
are also flavin coenzymes instead of pyridin ones at
some reactions), but the sequence of carbon compounds
is the same, which also agrees with our conclusions
about the unique solution to the problem.

The Krebs cycle has been frequently quoted as a key
problem in the evolution of living cells, hard to explain

by Darwin’s natural selection: How could natural selec-
tion explain the building of a complicated structure in
toto, when the intermediate stages have no obvious fit-
ness functionality? This looks, in principle, similar tothe
eye problem,as in ‘‘What is the use of half an eye?’’ (see
Dawkins 1986, 1994). However, our analysis demon-
strates that this case is quite different. The eye evolved
because the intermediary stages were also functionalas
eyes,and, thusthe same target of fitnesswas operating
during the complete evolution. In the Krebs cycle prob-
lem the intermediary stages were also useful, but for
different purposes, and, therefore, its complete design
was a very clear case of opportunism. The building of the
eye was really a creative process in order to make a new
thing specifically, but the Krebs cycle was built through
the process that Jacob (1977) called ‘‘evolution by mo-
lecular tinkering,’’ stating that evolution does not pro-
duce novelties from scratch: It works on what already
exists. The most novel result of our analysis is seeing
how, with minimal new material, evolution created the
most important pathway of metabolism, achieving the
best chemically possible design. In this case, a chemical
engineer who was looking for the best design of the
process could not have found a better design than the
cycle which works in living cells.

Experimental studies on sunlight and ultraviolet pho-
tolysis of some intermediates of the Krebs cycle have
been carried out by Waddell and co-workers (Waddell et
al. 1987, 1989; Waddell and Miller 1992) in enzyme-free
systems. These results demonstrate that a number of
Krebs cycle reactions spontaneously occur, giving good
experimental support to rule 1, as well as its particular
application to this problem. Lawless et al. (1974) re-
ported dicarboxylic acids found in the Murchison mete-
orite; among them are oxalic, succinic, maleic, adipic,
and glutaric acids, and the same group (Zeitman et al.
1974) obtained similar results by creating electric dis-
charges in a simulated primitive atmosphere; all these
results are in good agreement with those obtained in
Waddell’s system, and they provide a different sort of
support for our theory, as they represent sets of reactions
spontaneously linked under no evolutionary constraints
other than chemical rules, and we see that again they
reproduce pieces of the sequence of the cellular Krebs
cycle. We conclude that the modern design of the Krebs
cycle is in fact aunique solution,arrived at not by a
process of optimization, but by assembling ‘‘pieces’’ of
chemical steps previously functioning for amino acid
biosynthesis. Therefore, this conclusion is strongly de-
pendent on the universality of biosynthesis of amino ac-
ids—glutamate and asparate particularly.

Acknowledgments. This work was supported by grants from
DGICYT, Ministerio de Educacio´n y Ciencia (Spain) PB90-0846,
PB92-0852, and PB94-0852, and Consejerı´a de Educacio´n del Gobi-
erno de Canarias (Spain) 91/10. We thank Generalitat de Catalunya
(Spain) for special funds of the Fine Chemistry Programm, CIRIT

302



QF94-4683-E, which allowed a meeting at the Universidad de Barce-
lona to work in this project. E.M.H. is grateful to Consejerı´a de Edu-
cación del Gobierno de Canarias for additional funds for a 1-month stay
at the University of Tennessee at Chattanooga, where part of this work
was done. T.G.W. gratefully acknowledges the University of Chatta-
nooga Foundation for partial funding of travel to Universidad de Bar-
celona, and M.C. acknowledges the Universidad de La Laguna for the
funds for the trip for a short stay there to work on this project. We are
indebted to Prof. Felix Serratosa (who died just as this paper was being
written), Prof. Stanley Miller, Dr. James C. Liao, and Joaquim Puig-
janer for helpful discussions. We thank Prof. Felix Serratosa and Dr.
Josep Xicart for help in the use of theChaossoftware package and for
adapting it to the study of some pathways analyzed in this work. We
thank Joaquim Puignajer for drawing the figures.

References

Annet RG, Kosicki GW (1969) Oxalacetate keto-enol tautomerase.
Purification and characterization. J Biol Chem 244:2059–2067

Baldwin JE, Krebs H (1981) The evolution of metabolic cycles. Nature
291:381–382

Beatty JT, Gest H (1981) Biosynthetic and bioenergetic functions of
citric acid cycle reactions inRhodopseudomonas capsulata. J Bac-
teriol 148:584–593

Brenner S (1994) Afterword. Chem Biol Introd 28:xxviii
Buchanan BB, Arnon DI (1990) A reverse Krebs cycle in photosyn-

thesis: consensus at last. Photosynth Res 24:47–53
Dawkins R (1986) The blind watchmaker. Longman Scientific, London
Dawkins R (1994) The eye in a twinkling. Nature 368:690–691
Evans MCW, Buchanan BB, Arnon DI (1966) A new ferredoxin-

dependent carbon reduction cycle in a photosynthetic bacterium.
Proc Natl Acad Sci USA 55:928–934

Flint DH, Nudelman A, Calabrese JC, Gottlieb HE (1992) Enol oxal-
acetic acid exists in the Z form in the crystalline state and in
solution. J Org Chem 57:7270–7274

Gest H (1981) Evolution of the citric acid cycle and respiratory energy
conversion in prokaryotes. FEMS Microbiol Lett 12:209–215

Gest H (1987) Evolutionary roots of the citric acid cycle in prokaryotes.
Biochem Soc Symp 54:3–16

Hochachka PW (1991) Design of energy metabolism. In: Prosser CL
(ed) Comparative animal physiology, 4th ed, vol 1, Wiley-Liss,
New York, pp 325–351

Hochachka PW, Mustafa T (1972) Invertebrate facultative anaerobio-
sis. Science 178:1056–1060

Jacob F (1977) Evolution and tinkering. Science 196:1161–1166
Kay J, Weitzman DJ (eds) (1987) Krebs’ citric acid cycle—half a

century and still turning. (Biochem Soc Symp vol 54). The Bio-
chemical Society, London

Lawless JG, Zeitman B, Pereira WE, Summons RE, Duffield AM

(1974) Dicarboxylic acids in the Murchison meteorite. Nature 251:
40–42

Mason SF (1992) Chemical evolution. Clarendon Press, Oxford, pp
122–128

Meléndez-Hevia E (1990) The game of the pentose phosphate cycle: a
mathematical approach to study the optimization in deisgn of meta-
bolic pathways during evolution. Biomed Biochim Acta 49:903–
916

Meléndez-Hevia E, Isidoro A (1985) The game of the pentose phos-
phate cycle. J Theor Biol 117:251–263

Meléndez-Hevia E, Torres NV (1988) Economy of design in metabolic
pathways: further remarks on the pentose phosphate cycle. J Theor
Biol 132:97–111

Meléndez-Hevia E, Waddell TG, Shelton ED (1993) Optimization of
molecular design in the evolution of metabolism: the glycogen
molecule. Biochem J 295:477–483

Meléndez-Hevia E, Waddell TG, Montero F (1994) Optimization of
metabolism: the evolution of metabolic pathways toward simplicity
through the game of the pentose phosphate cycle. J Theor Biol
166:201–220

Mortlock RP (ed) (1992) Evolution of metabolic function. CRC Press,
Boca Raton, FL

Schauder R, Eikmanns B, Thauer RK, Widdel F, Fuchs G (1986)
Acetate oxidation to CO2 in anaerobic bacteria via a novel pathway
not involving reactions of the citric acid cycle. Arch Microbiol
145:162–172

Serratosa F (1990) Organic Chemistry in action. Elsevier, Amsterdam
Serratosa F, Xicart J (1990) Chaos (Computerisation and heuristic ap-

plied to organic synthesis). Computer program. Elsevier, Amster-
dam

Sporman AM, Thauer RK (1988) Anaerobic acetate oxidation to CO2

by Desulfotomaculum acetoxidans.Demonstration of enzymes re-
quired for the operation of an oxidative acetyl-CoA/carbon mon-
oxide dehydrogenase pathway. Arch Microbiol 150:374–380

Thauer RK (1988) Citric acid cycle, 50 years on. Modifications and an
alternative pathway in bacteria. Eur J Biochem 176:497–508

Waddell TG, Geevarghese SK, Henderson BS, Pagni RM, Newton JS
(1989) Chemical evolution of the citric acid cycle: sunlight and
ultraviolet photolysis of cycle intermediates. Orig Life 19:603–607

Waddell TG, Henderson BS, Morris RT, Lewis CM, Zimmermann AG
(1987) Chemical evolution of the citric acid cycle: sunlight pho-
tolysis ofa-ketoglutaric acid. Orig Life 17:149–153

Waddell TG, Miller TJ (1992) Chemical evolution of the citric acid
cycle: sunlight photolysis of the aminoacids glutamate and aspar-
tate. Orig Life 21:219–223

Weitzman PDJ (1985) Evolution of the citric acid cycle. In: Schleifer
KH, Stackebrandt E (eds) Evolution of prokaryotes, Academic
Press, London, pp 253–273

Zeitman B, Chang S, Lawless JG (1974) Dicarboxylic acids from elec-
tric discharge. Nature 251:42–43

303


