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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 evolution? 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 different 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 evolution has converted a problem of several possible chemi-
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cal solutions into a single-solution problem, with the actual 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.
Key words: Krebs cycle — Evolution — Metabolism
— Citric acid cycle — Chemical design

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 compounds not previously available or (2) adapt and make
good use of the enzymes catalyzing reactions already
existing in the cell. Clearly, the opportunism of the second strategy, when it is possible, has a number of selective 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 created only if ‘‘pieces’’ to the complete puzzle are missing.
Creation of the full pathway by a de novo method is
expensive in material, time-consuming, and cannot compete with the opportunistic strategy, if it can achieve the
new specific purpose. We demonstrate here the opportunistic 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 approach to study these problems—mathematical, logical
reasoning based on bio-organic chemistry mechanisms—has given us many more details of the process
and has allowed us to derive some new general properties of metabolic evolution.
Once the design of a new metabolic sequence is
achieved, a refinement of the pathway may be necessary,
and then, a further optimization process 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 optimization of metabolic design (Meléndez-Hevia 1990; Meléndez-Hevia and Isidoro 1985; Meléndez-Hevia and
Torres 1988; Meléndez-Hevia et al. 1994) demonstrated
that the design of the pentose phosphate and Calvin
cycles can be mathematically derived by applying optimization principles under a well-established physiological function. The same was also demonstrated for the
structure of the glycogen molecule by Meléndez-Hevia
et al. (1993). In the present paper we report our results
concerning the Krebs citric acid cycle, defining the reasons for its particular structure. These results allow us to
understand the chemical rules which were followed during the evolution of metabolic pathways.

Results

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, analyzing 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
where opportunism has played a very important role.
A general consideration of the chemical problem presented by the Krebs cycle leads us to see, in principle,
three basic ways to solve it: (1) direct oxidation of acetate through a sequential pathway; (2) oxidation of acetate by means of a cyclic pathway; and (3) any combination 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 mechanism, 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 pteridine coenzyme and then be oxidized by NAD(P)+ to
CO2; such a pathway, shown in Scheme 1, has been
found in the anaerobic bacterium Desulfotomaculum by
Schauder et al. (1986); see also Sporman and Thauer
(1988).

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 conditions the Krebs cycle was organized and what its first
purpose was: (1) In a first 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 pathways 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 nitrogen-base degradation may have existed, because the selective value of a mechanism to eliminate organic material 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
second stage, the respiratory chain is organized—
although not necessarily with oxygen as electron acceptor—involving the pathway for the heme-group synthesis; then, such a new source of ATP could allow the
development of gluconeogenesis. (3) In a third stage, the
whole pathway of the Krebs cycle was organized. There
is a general agreement on this view (see Hochachka and

Scheme 1

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 reactions that could recover it. Although there are some important chemical constraints for this, a number of possibilities exist, since either the methyl group or the carbonyl 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 carbonyl group of the feeder or Michael addition to an

295
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

enone could take place. A substitution reaction on the
feeder could also occur. Consider, for example, the first
possibility mentioned; then many different keto compounds 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 the Chaos
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 accurate reaction sequences in organic synthesis; it gives a
retrosynthetic analysis generating the possible intermediate 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 intervene with its methyl or with its carbonyl. If it is the
methyl which is involved (case a), then this could be an
addition reaction (a1) or substitution reaction (a2); in
case a1 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 (case b),
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 acid b-oxidation or from pyruvate dehydrogenase.
There are two alternative possibilities for a condensation
reaction with this methyl group: (a1) double bond addition 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 variable number of carbons. In each case, a different sequence 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 summarized 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). Examination of the possible cases, in the manner of the previous section, reduces all the possibilities to the case presented in scheme 2

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 possible 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 is not 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 useful 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
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Table 2. Hypothetical alternative designs of the Krebs cycle: all the possibilities of case a11 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

Acetaldehyde

–CHO

Glyoxylate
Any carboxylic acid

–CHO
–COOH

Pyruvate
a-k-butyrate
Oxalacetate
Any C5, C6 . . . a-k-acid

–CO–
–CO–
–CO–
–CO–

Problem
It yields acetoacetate, which is spontaneously decarboxylated (as b-keto acid) to acetone, and the
feeder cannot be recovered; the condensation product has its hydroxyl group in b-position and
therefore it cannot be isomerizeda
Only gives the sequence malate → oxalacetate
The product is always a b-keto acid which is spontaneously decarboxylated, giving an undesirable
methyl groupb
There are two possible solutions, shown in Figs. 2 and 3
Yields g-ketovalerate. No feeder recoveryc
No problem; this is the cellular Krebs cycle, shown in Fig. 1d
This feeder cannot be regenerated since b-oxidation in the second part produces a b-keto acide

It is concluded that the feeder must be an a-k-acid, in order to make
the isomerization of the condensation product possible. If not, the further 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-

a

dicarboxylic acid which is at time both a- and b-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 to a-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

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 features 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 mechanism to the problem of acetate degradation. Attack by a
methyl (case b1) leads to CH3–CO–CH2–CO–R, equivalent to acetoacetyl-CoA, an intermediate in fatty acid
b-oxidation which can only yield acetyl-CoA. Attack by
a methylene (case b2) 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.
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) citrate, (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 dehydrogenase, (6) succinyl-CoA synthetase, (7) succinate dehydrogenase, (8) fumarase, (9) malate dehydrogenase, (10) pyruvate carboxylase.

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

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 acetylCoA depletion, but it converts acetyl-CoA into glyoxylate; 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, acetyl–(cycle) → glyoxylate, and then glyoxylate–(linear)
→ CO2.
A solution with a cyclic/cyclic pathway has been suggested by Dr. James Liao (personal communication); see

297

Fig. 2. A different design for the Krebs cycle, with pyruvate as the
feeder. This scheme is chemically possible in principle, but its occurrence is uncertain. Compound l 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 of l is stabilized by the neighboring C4O. The carbanion leading to c would not be stabilized.
Compound l 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) phosphosuccinate, (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) succinate dehydrogenase, (8) fumarase, (9) malate dehydrogenase, (10) oxaloacetate decarboxylase. Enzymes in italics are hypothetical, but there
are some reaction like this in metabolism.

Fig. 6. A first cycle carries out the conversion of acetylCoA into glyoxylate through the enzymes of the glyoxylate-cycle bypass; glyoxylate is then depleted in a second 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 that chemical constraints are not the only
ones which play a role in this problem, since, as Brenner
(1994) wrote, ‘‘Biology is Chemistry coupled with Natural Selection.’’ This means that a biological 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

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-hydroxyglutarate, (f) a-ketoglutarate, (g) succinyl-CoA, (h) succinate, (i) fumarate, (j) malate, (k) oxaloacetate, (l) pyruvate. Enzymes: (1) synthase, (2, 3) isomerase, (4) B12-mutase, (5) a-hydroxyglutarate dehydrogenase, (6), a-ketoglutarate dehydrogenase, (7) succinyl-CoA
synthetase, (8) succinate dehydrogenase, (9) fumarase, (10) malate dehydrogenase, (11) oxaloacetate decarboxylase. Enzymes in italics are
hypothetical, but there are some reaction like that in metabolism.

cycle. A metabolic cycle is highly unlikely if the feeder
does not previously exist, because natural selection cannot 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 reaction occurred very slowly, so unstable intermediates 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-
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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) succinate, (h) fumarate, (pyr) pyruvate, (OAA) oxaloacetate. Enzymes: (1)
synthase, (2) dehydrogenase, (3) aconitase, (4) isocitrate dehydrogenase, (5) a-ketoglutarate dehydrogenase, (6) succinyl-CoA synthetase,
(7) succinate dehydrogenase, (8) pyruvate carboxylase, (9) malate dehydrogenase, (10) fumarase. Enzymes in italics 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.

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 successive 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 processes.
Kinetics and Thermodynamics
4. The new pathway cannot involve a reaction with any
thermodynamic or kinetic incompatibility with a previous 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 pathways for amino acid biosynthesis in the first protocells

had to involve the conversion of pyruvate into oxaloacetate toward the aspartate synthesis. Then it made also
possible the chain of reactions from acetyl-CoA and oxaloacetate to a-ketoglutarate on the way toward glutamate. The synthesis of the heme group required a pathway 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 accordance with the stated rules.
The phosphomalate pathway (Fig. 5) must be discarded 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 pyruvate 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 available, being involved in amino acid metabolism, but there
are other reasons that make these pathways unsatisfactory. In effect, the pathway of Fig. 2 has some problems
concerning rules 1 and 2: The dehydration of 2-hydroxy2-methyl-succinate (citraconate) to give 2-methylfumarate (mesaconate) (reaction 2) would be heavily
favored over dehydration to itaconate. The C4C in mesaconate 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 oxalacetate decarboxylation to give pyruvate. In general, the
decarboxylation of a b-keto acid is a good chemical reaction, since the resulting carbanion is stabilized by the
ketogroup (see scheme 3), and it occurs several times

Scheme 3

in metabolism spontaneously, without a specific enzyme
(e.g., on oxalsuccinate, acetoacetate, and 3-keto-6-Pgluconate); it does not occur in fatty acid b-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 decarboxylation is not possible with such a structure; oxaloacetate keto-enol tautomerase (EC 5.3.2.2), reported by
Annet and Kosicki (1969), catalyzes its conversion into
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Table 3.

The chemically possible cases for acetyl-CoA oxidation by means of a cyclic pathwaya
Steps

Mechanism

Feeder

ATP
produced

C4O addition
C4O addition
C4O addition
C4C b-addition
Substitution

Pyruvate
Pyruvate
Oxaloacetate
Fumarate
P-malate

12
12
12
11
10

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

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) fumarate, (i) malate, (j) phosphomalate. Enzymes: (1) synthase, (2) dehydrogenase, (3) aconitase, (4) isocitrate dehydrogenase, (5) a-ketoglutarate dehydrogenase, (6) succinyl-CoA synthetase, (7) succinate
dehydrogenase, (8) fumarase, (9) malate kinase. Enzymes in italics are
hypothetical, but there are some reaction like that in metabolism.

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 six new
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

Path

Anaplr

Total

New
enzymesb

8–9
9–10
8–9
7
8

0
0
0–1
4
2

8–9
9–10
8–10
11
10

6
5
1
2
3

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 cycle de novo, since
no equivalent reaction existed in cell metabolism before the Krebs
cycle was developed

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 conversion of malate to pyruvate (reaction 12, or the sequence
of reactions 7-9-10) is antianaplerotic (opposite to the
reaction which supplies the feeder), and also the entire
path involves pyruvate carboxylase and PEP-carboxykinase (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 pathway, involving different compartments, and so we cannot discard the possibility of its occurrence in some particular present species. However, if this pathway existed
in nature, it would represent another case of opportunism, 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 problems of chemical design; moreover, the feeder fumarate
was presumably available, as involved in aspartate metabolism, 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 yields a-ketoglutarate 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 principle 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
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Fig. 6. A different solution to the problem of acetate oxidation, suggested by Dr. J. Liao (personal communication). The whole pathway
would be composed of two cycles. In the first, acetate would be converted 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 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 reactions toward a-ketoglutarate and oxalacetate should also
be kept for glutamate and aspartate synthesis—as, in
fact, occurs in Desulfotomaculum (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 admit 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 opposite 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 designed 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 a b-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 and b-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 conversion 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

Scheme 4

precursors from oxaloacetate occurred as a CoA derivative; this result is in agreement with a widely extended
view of several authors, see, e.g., Weitzman (1985). Several authors have suggested that succinyl-CoA initially
originated from succinate (see Weitzman 1985; Beatty
and Gest 1981; Gest 1981, 1987; Thauer 1988). However, Beatty and Gest (1981) have reported that pyruvate
dehydrogenase has at present some activity as a-ketoglutarate 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 from a-ketoglutarate. This means that the production of succinate was not
a pathway to make succinyl-CoA, but an alternative re-
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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 succinate dehydrogenase reaction.

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 Mustafa (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 difficult 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 convert 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 evolution. 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, preservation 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 phosphomalate pathway shown in Fig. 5 has been discarded
according to rule 3 (material availability), since the previous existence of the feeder P-malate cannot be explained 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.
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The biosynthetic capacity of each alternative pathway
discussed here (Figs. 2–6) is somewhat different regarding 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 certainly 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 biosynthetic capacity has had more opportunities to be previously 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; Meléndez-Hevia and Isidoro 1985; Meléndez-Hevia and Torres 1988; MeléndezHevia et al. 1994); many different chains of reactions, all
of them compatible with the rules stated above, can account for the purpose of these pathways, although with
important quality differences. The attainment of the present optimized pentose cycle design had to solve the
most important problem in the second part of the design:
the optimization of the metabolic structure (MeléndezHevia et al. 1994). However, another aspect, rather different 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 opportunism plays. Chemically allowable reactions mean a variety of new and different possibilities which can be applied 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 material available to the necessary new product 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 Arnon 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 absolutely agrees with our results: There are different enzymes (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 selection explain the building of a complicated structure in
toto, when the intermediate stages have no obvious fitness functionality? This looks, in principle, similar to the
eye problem, as in ‘‘What is the use of half an eye?’’ (see
Dawkins 1986, 1994). However, our analysis demonstrates that this case is quite different. The eye evolved
because the intermediary stages were also functional as
eyes, and, thus the same target of fitness was operating
during the complete evolution. In the Krebs cycle problem 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 molecular tinkering,’’ stating that evolution does not produce 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 photolysis 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) reported dicarboxylic acids found in the Murchison meteorite; among them are oxalic, succinic, maleic, adipic,
and glutaric acids, and the same group (Zeitman et al.
1974) obtained similar results by creating electric discharges 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 a unique 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 dependent on the universality of biosynthesis of amino acids—glutamate and asparate particularly.
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