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2INRA, Unité MaIAGE, 78352 Jouy en Josas, France; email: wolfram.liebermeister@inra.com
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Abstract

How individual enzymes evolved is relatively well understood. However, in-
dividual enzymes rarely confer a physiological advantage on their own. Judg-
ing by its current state, the emergence of metabolism seemingly demanded
the simultaneous emergence of many enzymes. Indeed, how multicompo-
nent interlocked systems, like metabolic pathways, evolved is largely an open
question. This complexity can be unlocked if we assume that survival of the
fittest applies not only to genes and enzymes but also to the metabolites they
produce. This review develops our current knowledge of enzyme evolution
into a wider hypothesis of pathway and network evolution. We describe the
current models for pathway evolution and offer an integrative metabolite–
enzyme coevolution hypothesis. Our hypothesis addresses the origins of new
metabolites and of new enzymes and the order of their recruitment. We aim
to not only survey established knowledge but also present open questions
and potential ways of addressing them.
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1. INTRODUCTION

As beautifully illustrated by Hochachka & Somero’s book (1, 2), evolutionary biochemistry ad-
dresses the origins of biochemical adaptations, that is, how various biochemical traits, from single
enzymes to entire metabolic networks, evolved to meet specific physiological and environmental
challenges. Evolutionary biochemistry is an integrated approach that combines different spe-
cialized disciplines, including biochemistry, biophysics, molecular biology, molecular evolution,
population genetics, and comparative genomics (3–6). This integration also yields a deeper under-
standing of biochemical processes and the biomolecules that mediate them. The term evolutionary
biochemistry was originally used in the context of origins of life, emphasizing that the chemistry
of life evolved alongside its biological elements (7, 8). Along this vein, we argue that biochemical
adaptations should not be seen as enzymes evolving to fit a given preexisting set of metabolites
and reactions. Rather, the enzymes and the metabolites coevolved, incrementally, to yield the
biochemistry we see today.
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Core metabolism:
the main carbon and
energy flow (e.g.,
tricarboxylic acid,
pentose-phosphate,
glycolysis)

Central metabolism:
biosynthesis and
catabolism of major
amino acids, fatty
acids, and nucleotides

Intermediate
metabolism:
biosynthesis and
degradation of
common cellular
components, such
as cofactors and
coenzymes

Founder enzyme:
a primordial enzyme
that emerged
individually, that is,
prior to the appearance
of other enzymes that
presently support the
same pathway(s)

Reaction module:
a sequence of two or
more chemical
transformations
performed on a variety
of chemically similar
substrates

The evolution of single proteins, including enzymes, is the most well studied aspect of evo-
lutionary biochemistry. However, proteins rarely confer a physiological advantage on their own.
Individual enzymes are typically part of a pathway or even a larger network that operates in con-
cert to yield advantageous phenotypes. Biosynthetic pathways, for example, comprise a series of
interlocked enzymes—the loss of any individual enzyme abolishes pathway productivity. Thus,
judging by their current state, the emergence of metabolic pathways demanded a simultaneous
recruitment of multiple enzymes. How such complex, interlocked systems emerged is largely un-
known. Although a gradual emergence of pathways of specialized metabolism could be envisaged,
also given that these pathways evolved at advanced stages with many different enzymes already
present, the emergence of the pathways that now comprise core and central metabolism, or even
intermediate metabolism, is particularly enigmatic (7).

Foremostly, this review describes the currently known models for pathway evolution (Section 4)
and integrates them into a unifying metabolite–enzyme coevolution hypothesis (Section 5). To
lay the background for this hypothesis, we summarize the current knowledge with respect to
the evolutionary divergence of individual enzymes (Section 2) while focusing on aspects relevant
to the evolution of the higher levels of biochemical complexity, namely, metabolic pathways and
networks. Although, as described in Section 3, contemporary metabolism is best described as a net-
work of thousands of interconnected metabolites and enzymes. These networks, however, evolved
from a much simpler beginning: individual founder enzymes and reaction modules or pathways.
We thus outline the four currently known models for pathway evolution and the evidence in sup-
port of each model, starting from Horowitz’s retrograde model and ending with the patchwork
model (Section 4). We then propose a metabolite–enzyme coevolution model that integrates the
current models into a unifying hypothesis (Section 5). The last part, Section 6, describes more
far-fetched implications of evolutionary biochemistry and some standing questions and potential
ways of addressing them.

2. THE DIVERGENCE OF INDIVIDUAL ENZYMES

This topic has many facets. We apologize for providing a brief extract addressing the biochemical
aspect only: how enzymes with new reaction or/and substrate specificities diverge from existing
ones. At this stage, we focus on the principles; specific examples follow, where the models of
pathway evolution are described (Section 4).

2.1. Generalist–Specialist Transitions

New enzymes originate from promiscuous activities of existing enzymes (4, 9–11). Enzymes, even
the most specific ones, exhibit coincidental, latent enzymatic activities that have no physiological
relevance. Promiscuity involves the same chemistry performed on alternative substrates, but also
alternative reactions, as elaborated in Section 2.3. Once a promiscuous activity provides some
physiological advantage, it comes under selection and may further evolve. Typically, at the early
stages of divergence, a bifunctional enzyme arises that catalyzes both the original and the new
reaction (12–14). Bifunctional or multifunctional enzymes are dubbed generalists, and many en-
zymes stay generalist (15). Generalists tend to exhibit a wider range of promiscuous activities,
including novel activities that were not present in the original enzyme prior to divergence (16,
17). These novel activities open the door to yet other new enzymes (16, 17). At later stages, via gene
duplication, specialization can occur whereby the ancestral function splits between the original
gene and its duplicated copy (subfunctionalization) (14). Duplication and divergence to specialists
is a dominant trend, also apparent in an increasing number of paralog genes along evolutionary
time. However, generalists can prevail for long periods, and specialist enzymes also diverge to
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Shared chemistry:
divergence of new
enzymes by coopting a
key chemical step and
the key active-site
residues that catalyze
this step

Shared substrate:
divergence of new
enzymes by virtue of
the existing and new
enzyme sharing a
common substrate
motif

become generalists (18). Many of today’s enzymes are generalists (19–21), and as discussed below,
the ancestral, founder enzymes are likely to have been generalists as well (Section 4.3).

2.2. Enzyme Families, Superfamilies, and Classes

The enzyme repertoire expanded via specialist-to-generalist transitions (promiscuous functions
coming under selection) and via the reverse process, that is, generalist-to-specialist transitions
(duplications and subfunctionalization). This trend is also visible in the hierarchical classification
of the current enzyme repertoire into families, superfamilies, and classes (22). Families encompass
enzymes that catalyze the same reaction using identical or very similar substrates. Sequences of
enzyme family members show relatively high identity across the entire protein length (typically
≥30%), and structures are nearly identical. Superfamilies combine several, or sometimes many,
families that share the same overall structure (fold) and a key chemical step that corresponds to
a common active-site architecture. The latter is manifested in conserved sequence motifs that
are observed within superfamilies despite a low overall sequence similarity. Given these common
features, superfamilies represent a gradual expansion from a common generalist ancestor that
diverged to give a range of different families with different functions (23).

Enzyme classes comprise the top of this evolutionary hierarchy. A class typically encompasses
several superfamilies that share a fold and a functional motif that typically involves few residues
(e.g., a catalytic dyad, or cofactor binding residues). Common ancestry is evident in several en-
zyme classes, such as the Rossmann-fold enzyme class that includes >300 different families (24).
However, divergence of enzyme classes from a single common ancestor is harder to prove be-
cause folds and functional motifs can also arise independently through convergent evolution.
For example, many enzyme superfamilies share the triosephosphate isomerase (TIM)-barrel fold.
However, while some of these superfamilies likely share common ancestry, others seem to have
independently converged onto this fold (25, 26).

2.3. Shared Chemistry and the Divergence of Substrate Binding

Shared active-site architecture (i.e., a set of key residues arranged in a given geometry), and hence
shared catalytic chemistry (hereafter, shared chemistry), is the hallmark of enzyme superfami-
lies (23, 27–29). Accordingly, promiscuous acceptance of substrates other than the original one
(substrate ambiguity) is far more frequent than catalysis of a different reaction type (catalytic
promiscuity) (9, 30). However, a given catalytic chemistry can mediate many different types of
reactions (e.g., 31). For example, the enolase superfamily shares the abstraction of a proton from a
carbon next to a carboxylate group. Yet the enzymatic functions are diverse, including isomerases,
racemases, dehydratases, and lactone-forming enzymes (28).

Although shared chemistry is considered the hallmark of enzyme superfamilies, substrate bind-
ing is a prerequisite for the emergence of a new reaction. Thus, a substrate motif that is frequently
recognized (e.g., a phosphate moiety) greatly increases the likelihood that a substrate will promis-
cuously bind preexisting enzymes (30). Shared substrate binding motifs often mediate the use of
cofactors or cosubstrates. For example, the Rossmann-fold enzyme class utilizes various cosub-
strates, such as NAD(P), FAD, S-adenosylmethionine (SAM), and NTPs, and accordingly includes
enzymes that catalyze completely different chemical reactions, such as oxidation–reduction, meth-
ylation, and phosphoryl transfer. These cosubstrates are all ribonucleosides. The shared Rossmann
motif is, accordingly, a ribose binding motif (an Asp/Glu that binds the ribose 2′ and 3′ hydroxyls
via a bidentate interaction) (24). Promiscuous binding of cofactors or cosubstrates may therefore
enable the divergence of an enzyme with a new chemistry (24, 32, 33). That shared substrate
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binding can drive enzyme evolution is also manifested in the abundance of self-inhibition, i.e., of
metabolites often inhibiting the enzymes that produce them (34).

Overall, divergence of substrate specificity while maintaining the reaction’s chemistry is the
common scenario in enzyme evolution (e.g., 23, 28, 35). As elaborated in Section 4, this mode
of divergence prevails in the evolution of some pathways (Section 4.3). However, in others, one
pathway enzyme may have diverged into another one by virtue of a shared substrate binding motif
(Sections 4.1 and 4.2).

3. METABOLISM: FROM NETWORKS TO MODULES

Metabolism is often viewed as a collection of individual enzymes assembled in linear pathways or
cycles, but metabolism is actually a broad network of thousands of enzymes and metabolites that
are extensively interconnected. This network architecture complicates the understanding of how
metabolism evolved, since pathways cannot be considered in isolation. Still, certain characteristics
of metabolic networks today indicate their gradual evolutionary expansion from a much simpler
beginning.

3.1. The Connectivity of Metabolic Networks Is Highly Skewed

Metabolic networks consist of metabolites and the biochemical reactions that connect them. To
study their topology, we can depict metabolites as nodes and link them via the reactions they
participate in (36, 37). The connectivity of each metabolite describes the number of metabolic
reactions in which it takes part, and hub metabolites are those utilized by many enzymes. The aver-
age connectivity of metabolic networks is high (38, 39). For example, in a reconstructed metabolic
model of Escherichia coli, the average connectivity is 5.8. However, the median connectivity is 2,
indicating a highly skewed distribution. The three most connected metabolites (ATP, ADP, and
phosphate) participate in >1,000 reactions. On the lower end, >500 different metabolites each
participate in only a few reactions (Figure 1). Alternatively, enzymes can be depicted as nodes
and linked if they share a reactant. Accordingly, the most connected enzyme in E. coli’s metabolic
network is ATP synthase (37).

Overall, like many other biological traits (36), the connectivity distributions for reactions,
enzymes, and metabolites seem to obey a power law, as illustrated in Figure 1. The connectivity
values span over three orders of magnitude only, and hence they may fit alternative models (41).
Nonetheless, in the evolutionary context, the distribution of connectivity supports a rich-get-
richer mode of evolutionary expansion of metabolic networks.

3.2. Increased Complexity and Connectivity with Evolutionary Time

The power law distribution of metabolic networks has been associated with design principles such
as robustness to physiological and genetic perturbations (36). However, this distribution, and
many other traits of metabolic networks, may result from the evolutionary mechanisms that led to
their emergence and expansion, mechanisms by which preferential attachment is the most acces-
sible route of divergence. New enzymes diverge from existing ones via promiscuous acceptance
of alternative substrates and catalysis of alternative reactions (Section 2.1). The most commonly
used metabolites are recognized by many preexisting enzymes, and therefore they are also likely to
be promiscuously accepted and generate new products of evolutionary potential. These promis-
cuous enzymes will then diverge to give rise to new enzymes that utilize the same, commonly
used metabolite—thus, the rich get richer. Further, divergence of new enzymes typically occurs
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Figure 1
The distribution of metabolite connectivities. Data were derived from a stoichiometric metabolic model of
Escherichia coli (6,007 different reactions and 1,037 different metabolites) (40). Metabolites were categorized
by the connectivity k, the number of enzymatic reactions in which they participate. The value k = 1 designates
end product metabolites, which are not utilized as substrates by any of the enzymes included in the model;
the maximal value, k = 359, is for ATP. The number of different metabolites with a given k value [P(k)]
is presented on the y axis. (Inset) A linear fit of the log values of k and P(k) (power-law; although other models
may fit equally well). Cosubstrates (FAD, NAD, ATP, CoA, etc.) were included; cofactors that are not part of
the reaction per se, for example, pyridoxal phosphate or metal ions, were excluded, as were protons and water.

via generalist intermediates. Multifunctional enzymes are therefore common (15, 42), further
increasing connectivity as metabolic networks expand.

The rich-get-richer mode of evolutionary expansion is also apparent in the fact that strictly lin-
ear metabolic pathways, that is, pathways whose intermediate metabolites do not participate in any
other pathway, are a rare exception. Approximately 93% of E. coli’s metabolic reactions involve
metabolites that participate in ≥10 reactions (Figure 1). Accordingly, trends of recent evolu-
tionary extensions to older enzymes have been observed (43). Thus, although we lack systematic
phylogeny-based analyses, it seems that over evolutionary time the vast majority of new pathways
evolved via recruitment of the most highly utilized metabolites on the one hand, combined with
newly emerging metabolites on the other.

3.3. Underground Metabolism

The above discussion of network architectures and their evolution relates to the known, official
metabolic networks. However, underneath the known enzymatic reactions that occur with mea-
surable fluxes, there exists a so-called underground network of latent side reactions (via enzyme
promiscuity, as discussed in Section 2.1, and nonenzymatic reactions, as discussed in Section 5.2).
Within underground metabolism, a set of preexisting enzymes may produce the same end product
via alternative ways (44–46), and may also produce a myriad of yet unidentified compounds that
may not have a physiological function. As discussed in Section 5, this molecular messiness can be
a basis for new pathways to emerge (47). As metabolic networks expand, the potential for cross-
wiring, cross-reactions, and mutual inhibition also increases. Thus, further expansion of metabolic
networks demands tighter enzyme regulation and subcompartmentalization (34).
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3.4. Evolutionary Hierarchy of Metabolism: Founder Enzymes
and Reaction Modules

The gradual expansion of metabolism can be schematically divided into three levels. The highest,
third level, is the metabolic network itself. Pathways and reaction modules comprise the second
hierarchical level. Pathways are somewhat artificially defined by the choice of starting and ending
metabolites. Thus, while it is operatively useful to refer to pathway evolution, metabolic pathways
as defined now (lysine biosynthesis, glycolysis, etc.) were not necessarily the earliest building blocks
of metabolism. The second level therefore includes reaction modules, that is, relatively short se-
quences of chemical transformations that can be performed on a variety of chemically similar
substrates. Accordingly, the same reaction module can be found in different parts of different con-
temporary pathways (48–50). As elaborated in the next section, we surmise that in evolution, reac-
tion modules comprise the earliest multienzyme building blocks. The first level comprises founder
enzymes, ancestral enzymes that emerged in a much simpler context whereby their presence per
se (i.e., in the absence of enzymes catalyzing the connected reactions) was hugely beneficial. The
most connected enzymes in contemporary metabolism, and their substrates/products, are likely
to have been founders.

3.5. Reaction Modules: Ancient Evolutionary Building Blocks

While the number of different enzymatic reactions is huge, the number of reaction types is much
smaller. For example, all sugar kinases catalyze the transfer of a phosphate group, typically from
ATP, to a sugar’s hydroxyl group. Further, in hundreds of different enzymatic reactions, a phos-
phate group is transferred from a donor (an activated phosphate group) to a hydroxyl acceptor,
which can be a sugar hydroxyl, a carboxylate, another phosphate group, or water. Additionally,
ATP, other NTPs, and other activated phosphoesters (e.g., acetyl phosphate) can serve as donors.
All these reactions not only share the same type of chemistry, but there exists a single class of
enzymes, P-loop NTPases, that can catalyze this entire range of phosphoryl transfer reactions
(51). Thus, we may assume a founder enzyme that catalyzed the transfer of a phosphate group
from a range of phosphorylated nucleoside donors to a variety of different acceptors.

In agreement with the notion of there being few types of founder reactions, there are also
relatively few types of reaction modules. Nature seems to reuse certain sequences of reactions on
a variety of different starting substrates to yield different products. Perhaps the simplest and most
common reaction module is the carboxyl reduction module (50) (Figure 2).

A systematic classification of reaction modules is beyond the scope of this review. Rather, we
focus on an insightful example, the so-called C1 elongation module (for brevity, C1 module)
(Figure 3). As elaborated below, there is ample evidence indicating that the enzymes that mediate

R OH

O

R X

O

R H

O

ATP ADP/AMP NAD(P)H NAD(P)+

Carboxylic acid Activated ester Aldehyde

X = –OPO3
–2; –SCoA

X–

Figure 2
Certain sequences of reactions appear in different metabolic pathways, for example, the carboxyl reduction
module (50). A carboxylic acid is activated via the formation of an ester (typically a phosphoro- or CoA ester)
that is subsequently reduced to aldehyde. This module appears in many different pathways, including
glycolysis/glycogenesis (50).
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Figure 3
(a) The C1 reaction module begins with an α-ketoacid and ends with a one-carbon-longer α-ketoacid. (�) Acetyl-coenzyme A (CoA)
donates two new carbons (blue), but the α-ketoacid substrate loses one carbon via decarboxylation, thus resulting in a net gain of one
methylene group. (�) The brackets indicate intermediates that may not exist in certain species; for example, in the tricarboxylic acid
(TCA) cycle and lysine biosynthesis, a single enzyme catalyzes both dehydration and rehydration. (�) Oxidation and (�)
decarboxylation are generally catalyzed by one enzyme, but the latter may also occur nonenzymatically and is thus shown separately.
(b) The C1 module is part of at least six pathways (left to right): one core pathway (the TCA cycle), three central pathways (leucine,
isoleucine, and lysine biosynthesis), and two specialized pathways (biosynthesis of coenzyme B, a redox cofactor in methanogens, and of
glucosinolate, a natural product of pungent plants) (48, 49, 52). In the latter two pathways, the C1 module is used recursively (dashed
line). The first enzyme catalyzes the acetyl-CoA ligation and belongs to the DRE-TIM superfamily (53, 54). The second step,
isomerization, is catalyzed by members of the aconitase superfamily (sometimes by two consecutive enzymes) (55). The third step,
oxidative decarboxylation, is catalyzed by members of the citrate/isocitrate dehydrogenase (DH) superfamily (56).

the C1 module in what are now unrelated pathways share common ancestry (Section 4.3) (48,
52). Overall, it appears that reaction modules comprise an elementary evolutionary building block
of metabolism. However, in principle, the constraints underlying the evolutionary emergence of
reaction modules and of pathways are the same, as both comprise interlocked building blocks.
Accordingly, in the text below, the term pathway is often used (for clarity or citation accuracy)
even though, in effect, we mean pathway or reaction module.
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Abiotic reaction:
a reaction that occurs
in the absence of
enzymes yet yields a
key natural metabolite

Nonenzymatic
reaction: a reaction
that is enzyme-
catalyzed in
contemporary
organisms yet can be
performed without
enzymes

3.6. What Makes a Reaction Module?

Modules comprise a cascade of two or more reactions that are energetically and chemically feasible
as a whole (57). Thermodynamic driving force is crucial, as it directs the reaction module to the
desired product and provides favorable kinetics at reasonable enzyme doses (58). For example,
activated ester formation drives the reduction of carboxylic acids to aldehydes (Figure 2), which
would in itself be highly unfavorable (50). Decarboxylation drives the oxidation step in the C1
module (Figure 3a, Step 3) because oxidation of α-hydroxyl to α-keto (alongside the accom-
panying reduction of NAD+ to NADH) is unfavorable. In fact, decarboxylation results in the
entire C1 module being thermodynamically favored, and hence capable of fast conversion rates
(58). Moreover, many metabolites are unstable, or may leak out of the cell. Coupling the forma-
tion of these intermediates to favorable reactions that utilize them is also crucial. A fast pathway
flux minimizes the impact of potential side reactions, as nearly every starting or intermediate
metabolite can react in multiple ways. The architecture of metabolic pathways, and even of entire
networks, can be rationalized in the light of physicochemical constraints (57). For example, that
thermodynamic driving force is crucial is manifested in ATP being the most connected metabolite
(Figure 1). ATP hydrolysis is also linked to both the carboxyl reduction (Figure 2) and the C1
modules (Figure 3; CoA ester synthesis is driven by ATP hydrolysis). Thus, flux considerations
also dictate pathway evolution, and our model, described in Section 5.3, addresses them.

4. PATHWAY EVOLUTION: THE CURRENT MODELS

That the interlocked nature of metabolic pathways presents a challenge with respect to their evolu-
tionary emergence seems to have been first raised by Norman Horowitz (1915−2005). Horowitz
defined metabolic pathways as a sequence of consecutive reactions, each catalyzed by an individ-
ual enzyme that in turn corresponds to an individual gene (59). Ever since, the question of how
pathways evolved has been repetitively addressed. The proposed models are presented below in
historical order (as far as we could track them down).

4.1. Retrograde Evolution (Horowitz)

In 1945, a year after delineating his groundbreaking pathway hypothesis with A.M. Srb (60),
Horowitz published his now more widely known paper describing the retrograde pathway evolu-
tion model (61). From his findings on the arginine biosynthesis pathway, Horowitz (61, pp. 153–54)
deduced that “intermediate substances cannot, in general, be assumed to have physiological signif-
icance, and the ability to produce them does not of itself confer a selective advantage.” However,
simultaneous recruitment of all pathway enzymes is extremely unlikely (a macroevolutionary event
in Horowitz’s terms). Horowitz (61, p. 155) suggested that a stepwise recruitment could occur in
“a special kind of chemical environment; namely, one in which end products and potential inter-
mediates are available.” In such an environment, the end product of the yet-to-become pathway (A
in Horowitz’s annotation) is initially imported from the environment to support growth. Growth
depletes A, rapidly making it a limiting resource. The emergence of an enzyme that catalyzes the
formation of A from any available precursor will give an immediate advantage. The subsequent
depletion of A’s precursors (B + C) will prompt the recruitment of the next pathway enzyme, and
so on. Consequently, the sequence of enzymes in the fully evolved pathway we observe today is
therefore a mirror image of their historical order of recruitment (the last pathway enzyme was
recruited first, etc.).

Retrograde recruitment depends on abiotic reactions and nonenzymatic reactions, as dis-
cussed in Section 5.2, and also on the fact that the earliest enzymes (i.e., the final steps in
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Specialized
metabolism:
biosynthesis or
degradation of
metabolites in specific
cells or tissues, and in
relatively limited
quantities (e.g., natural
products)

present-day pathways) could provide a starting point for the later-evolving steps (i.e., the enzyme
now catalyzing the earlier pathway step). Obviously, in 1946, this suggestion could not be related
to sequence homology. Twenty years later, however, Horowitz (62) suggested that evidence for
the retrograde model could be found in pathways whose enzymes exhibit sequence homology.
Analyses of metabolic networks indicated enzymes that catalyze consecutive metabolic steps and
appear to share a common evolutionary origin; however, this trend is rather weak, as it concerns
at most 5% of all possible enzyme pairs (63). Indeed, enzymes that belong to the same pathway
typically belong to different superfamilies or classes and thus do not share an evolutionary origin
(Section 2.2). However, extant organisms do not necessarily reflect the state of the primordial
metabolic pathways as hypothesized by Horowitz.

Few cases of consecutive pathway enzymes that share common ancestry are known, which thus
supports Horowitz’s model. One classical example is TrpF, TrpC, and TrpA in L-tryptophan
biosynthesis (39). The three reactions are fundamentally different: TrpF is an isomerase; TrpA
catalyzes the indole’s ring formation; and TrpC releases it (Figure 4a). Nonetheless, common
ancestry can be inferred. The three enzymes share the TIM-barrel fold (Figure 4b) as well as a
key functional motif: The ribose 5′-phosphate moieties of their substrate/product are bound in
the very same mode (Figure 4c–f ). Low yet statistically significant sequence homology can also be
inferred. Tryptophan biosynthesis therefore represents a case of three consecutive enzymes that
diverged from a common ancestor (64). Notably, substrate binding is the common denominator,
while the catalytic mechanism has diverged. Further, the substrates/products of these three
enzymes seem to take part in only this pathway (i.e., have connectivity k = 2; Section 2.2), at
least in central metabolism (see also core metabolism, intermediate metabolism, and specialized
metabolism). They thus fit Horowitz’s key assumption, namely, that pathway intermediates have
no use in themselves.

Few other such examples are known. Although these cases were described before as supporting
Horowitz’s model of retrograde evolution (37, 65), we surmise that, in fact, they support an
alternative model of forward stepwise recruitment, as described in the next section.

4.2. Forward Pathway Evolution (Granick)

As far as we know, the alternative model of forward stepwise recruitment was first proposed by
Sam Granick (1909–1977), a biochemist who studied the biosynthesis of heme and chlorophyll.
In 1965, Granick addressed the evolution of these two key molecules (66). He noted that the
biochemical functionalities of chlorophyll and heme are already present in the metal-bound pro-
toporphyrin precursors. Thus, although present-day pathways include multiple steps that convert
these precursors into functional end products, these precursors were probably the functional prod-
ucts at earlier stages of evolution. Granick thus proposed a model of forward stepwise recruitment:
“[E]ach step had to be an end product of the biosynthetic chain and serve a useful function. Later,
an additional step would be elaborated to produce a new end product that could carry out the
same function more efficiently, but the previous step would still be essential, for it would serve as
an intermediate” (66, p. 74).

What Granick proposed is profoundly important, namely, that the evolution of metabolism
involves not only the emergence of new enzymes but, most importantly, the emergence of new
metabolites. In heme and chlorophyll, this is evident: Starting from a common ancestral precur-
sor, these metabolites diverged to fit two different biochemical functions (oxygen binding versus
light absorbance and transfer) and cellular environments (protein complexes versus membranes).
Their specialization is likely to have occurred incrementally, whereby the end product of each
intermediate modification step was functional at some point in evolutionary history.
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Figure 4
Pathway enzymes may diverge from one another via shared substrate binding. TrpF is shown in blue, TrpC in red, and TrpA in green
throughout this figure. (a) In the L-tryptophan biosynthesis pathway, the three enzymes leading from 5′-phosphoribosyl anthranilate to
indole share a common evolutionary origin (64). (b) The three enzymes share the same fold [triosephosphate isomerase (TIM) barrel]
and low, yet statistically significant, sequence similarity. (c) Primarily, a common origin is indicated by the identical binding site for the
5′-phosphate moiety present in the substrates of these three enzymes. The phosphate binding motif resides at the tip of β-strands 7 and
8. (d–f ) Detailed schematics of the phosphate binding motifs. Protein Data Bank codes: TrpA, 1V7Y; TrpF, 1LBM; TrpC, 1A53.

Recursive chemistry:
consecutive steps of a
pathway that involve
the same or a very
similar reaction
performed iteratively

Granick noted two other key points: (a) Certain consecutive biosynthetic steps are chemically
similar, acting on incrementally modified substrates (recursive chemistry), and (b) new genes arise
by duplication. Indeed, two events of gene duplication were detected in the evolution of the
chlorophyll biosynthesis pathway (67). Further, in both heme and chlorophyll biosynthesis, a
single enzyme performs two, or three, recursive modification steps (two consecutive methylations
in heme, or three consecutive reductions of the geranylgeranyl side chain in chlorophyll). A
generalist ancestor that catalyzes recursive modifications, and that could later diverge to give
specialized enzymes, each catalyzing one reaction, is thus a feasible evolutionary intermediate.
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Although the forward evolution hypothesis is relatively unknown, there seems to be ample
evidence supporting it. In particular, cases of common ancestry of consecutive pathway enzymes
are traditionally cited in support of Horowitz’s retrograde model (63, 68). However, they in fact
indicate forward rather than retrograde evolution. Most supportive is the case of four consecutive
ATP-driven condensation steps in the biosynthesis of the peptidoglycan building block (37, 65)
(Figure 5). Most importantly, mature peptidoglycan is formed by conjugation of the glycan build-
ing blocks (with release of the UDP groups), while the peptide moiety, which is the end product of
this four-step pathway, remains largely unchanged. Thus, the evolutionary intermediates of this
pathway could comprise functional glycan chains with increasingly elaborate peptide moieties.
Overall, recursive chemistry is common in specialized metabolism (69) but is relatively rare in
core and central metabolism. MetB/C in methionine biosynthesis is one exception, an example of
two consecutive enzymes with nearly identical active sites and similar catalytic chemistry (70).

In general, Granick’s model differs from Horowitz’s in assuming physiologically functional
intermediates generated by enzymatic action rather than physiologically unusable intermediates
supplied by the environment. Granick’s model does not make the assumption that nonenzymatic
reactions preceded enzymatic ones. Nonetheless, coevolution of metabolites and enzymes is em-
bedded in both models. Thus, although forward evolution seems feasible mostly in the context
of intermediate and specialized metabolism, it may also apply to central and possibly to core
metabolism, as elaborated in Section 5.

4.3. Pathway Duplication–Divergence: Generalists-to-Specialists
(Ycas and Jensen)

Both Ycas (52) and Jensen (48) were inspired by the observation that the C1 reaction module
comprises a series of analogous reactions that occur in multiple pathways on similar substrates
(Figure 3). They suggested independently that these pathways diverged from ancestral enzymes
that exhibited broad specificity and thus yielded multiple end products (48, 52). However, an
identical set of consecutive reactions does not necessarily imply divergence from a common origin.
As discussed above, reaction modules are the outcome of physicochemical constraints (Section 3.6)
that in turn could drive convergence, that is, independent emergence of the very same reaction
module due to chemical necessity. Thus, phylogenetic evidence is required to support divergence,
as exemplified below for the C1 module.

More than 40 years later, there is ample evidence indicating that the C1 module that inspired
both Ycas and Jensen is indeed an example of the emergence of multiple pathways via divergence
of a single, ancestral reaction module. Further, multifunctional enzymes were proven to be a key
evolutionary factor (Section 2). However, the phylogenetic picture with respect to C1 is complex,
especially with regard to the divergence of the core pathways, an event that had presumably taken
place >3.7 bya (billion years ago) and was followed by multiple incidents of gene gain, loss, and
lateral transfer (Figure 6). The emergence of new alternative pathways that replaced the presumed
ancestral pathways is also observed. For example, few of today’s organisms synthesize lysine via
the C1 module; the vast majority use an alternative pathway (72). Indeed, if Ycas and Jensen were
to submit their papers today, they would have probably been rejected due to lack of systematic evi-
dence with respect to the core pathways they had originally indicated. However, more recent evo-
lutionary events, as in coenzyme B biosynthesis in Archaea (73, 74), provide clear-cut evidence for
duplication and divergence of the C1 module (Figure 7). Moreover, bifunctional C1 enzymes, sup-
porting in parallel two different C1 reaction modules, also exist in contemporary organisms (42).

Other recently evolved pathways in specialized metabolism lend support to the Ycas–Jensen
model. For example, the tomato cholesterol biosynthesis pathway (12 steps in total) emerged via
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Figure 5 (Figure appears on preceding page)

In forward evolution, pathway enzymes catalyzing recursive steps may diverge from one another. (a) Peptidoglycan biosynthesis
includes four consecutive ATP-mediated condensation steps, each adding one additional amino acid to the growing glyco-peptide
building block. (b) The corresponding enzymes share the same fold and catalytic mechanism, and they also exhibit sequence homology,
thus indicating common ancestry (Protein Data Bank codes: MurC, 1P3D; MurD, 2UAG; MurE, 1E8C; MurF, 1GG4) (71). The bars
denote the gradual opening of the active-site pocket to accommodate the increasingly growing substrates. Abbreviation: UDP, uridine
diphosphate.

gene duplication and divergence of six of the phytosterol biosynthetic enzymes. The remaining
six enzymes are generalists that take part in both the original context (phytosterol biosynthesis)
and the new one (78). Tomato cholesterol biosynthesis is therefore a vivid example of evolution
in action, indicating emergence via broad-specificity generalist ancestors followed by duplication
and divergence of specialists. Note, however, that while the first two models address stepwise
enzyme recruitment, the Ycas–Jensen model describes the simultaneous recruitment of multiple
enzymes, as does the patchwork model described below.

0.7

DRE-TIM superfamily

Leucine
(Bacteria)

Leucine
(Archaea)

Leucine
(Bacteria and Archaea)

Lysine
(Archaea)

Isoleucine
(Archaea)

Isoleucine
(Bacteria)

TCA
(Bacteria)

Figure 6
Multiple pathways emerged from an ancestral C1 module via duplication and divergence. The schematic tree
indicates the common origins of the first enzyme of the C1 module that catalyzes the acetyl-coenzyme A
ligation (Figure 3). Today, only leucine biosynthesis (red ) and the tricarboxylic acid (TCA) cycle (orange) are
ubiquitous pathways. Two different enzyme families can be found that catalyze the first step of the TCA
cycle, the Si- and Re-citrate synthases. However, Si-citrate synthase, which is the most abundant
contemporary enzyme, does not share a common origin with the other C1 enzymes. Re-citrate synthase
shares a common origin with other first enzymes in the C1 module yet can only be found in a few anaerobic
bacteria (49). Consequently, the orange clade (TCA cycle) is scarcely populated compared to the red one
(leucine biosynthesis). Similarly, lysine ( green) and isoleucine (blue) biosynthetic pathways containing the C1
module are found in few organisms (75, 76). It also seems that isoleucine biosynthesis, or at least its first C1
enzyme (blue), emerged at least twice in independent lineages. The phylogenetic mapping of the second and
third enzyme families (Figure 3) is even more complex (55, 56).
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4.4. Patchwork, or Patch Assembly (Lazcano & Miller)

The notion of multifunctional generalist enzymes gave rise to the patchwork, or the patch as-
sembly, model. According to this model, enzymes can be recruited from different pathways. The
patchwork model has earlier roots, yet it was formalized primarily by Lazcano & Miller (79).
There is no doubt that numerous extant enzymes are multifunctional, catalyzing more than one
transformation (typically the same reaction with related substrates) and thus taking part in multiple
pathways (15). Latent, promiscuous activities give birth to new enzymes, as discussed in Section 2.

0.5 0.5 0.3
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Figure 7 (Figure appears on preceding page)

Divergence by duplication of a new C1 module. A phylogenetic reconstruction shows the evolutionary history of pathways. The C1
module involved in coenzyme B biosynthesis in some methanogenic Archaea was analyzed (73, 74). (a) All complete methanogenic
archaeal genomes were retrieved from the Joint Genome Institute database. The organismal tree (tree of life) was constructed for a
fixed set of 45 organisms using RNA polymerase B as reference. Two nonmethanogenic Archaea (Pyrococcus furiosus and Thermococcus sp.
A501) were used as out-groups. (b) All putative C1 enzymes were identified by searching homologs of LeuA, LeuC, and LeuB, the first,
second, and third enzymes of the C1 module in leucine biosynthesis. Nearly all organisms contain a duplicated set of these three genes,
but the out-group does not. (c–e) An independent phylogenetic reconstruction for these three different enzyme families shows the same
topology. A large clade whose topology largely mirrors the organismal tree shown in panel a is observed; this clade likely corresponds
to the essential leucine biosynthesis genes ( purple). The second set of paralogs is distributed in two or three clades (red ). Experimentally
validated enzymes involved in coenzyme B biosynthesis are marked with an asterisk (74). Phylogenies were reconstructed using PhyML
software (77). The degree of sequence divergence is indicated by the scale bars at the bottom of the figure panels.

Thus, once a relatively large repertoire of enzymes is available to an evolving organism (in its own
genome or via lateral gene transfer), enzymes can be readily recruited from various pathways to
assemble a new pathway. Further, rather than applying the very same reaction sequence on differ-
ent substrates, as exemplified by the C1 module (Figure 3), mix and match of different reactions
can give rise to completely new reaction modules and pathways. This is beautifully exemplified in
pathways that evolved to catabolize contaminating man-made chemicals (80–82), and also in the
potential to engineer synthetic pathways (83).

The current picture of metabolism is mostly compatible with the patchwork model: The vast
majority of pathways comprise enzymes of independent evolutionary origins (65). This patchy
state also indicates convergence of some pathways and reaction modules due to chemical necessity.
However, a present-day patchy state of a pathway does not necessarily indicate that it originally
emerged via patchwork. Rather, pathways may have initially evolved via the above-described
mechanisms (Sections 4.1–4.3), and multiple events of gene gain, loss, and lateral transfer gave
rise to the patchy patterns seen today (Figure 6).

5. HOW DO PATHWAYS EVOLVE? AN INTEGRATED
METABOLITE–ENZYME COEVOLUTION MODEL

We propose an integrated metabolite–enzyme coevolution model that combines different elements
from the above-described models (Section 4) as well as some new elements, particularly with
respect to the order of enzyme recruitment. Our model addresses the origins of metabolites
(Sections 5.1 and 5.2) and the origins of enzymes and their order of recruitment (Section 5.3).

5.1. Enzyme Promiscuity Yields New Metabolites and Reactions

Metabolites are chemical compounds with a physiological role. Metabolites may originate via
different routes: (a) through changes in the environment that result in the appearance of new
extracellular compounds that may be recruited by organisms, (b) by enzyme promiscuity, or
(c) via nonenzymatic reactions (reactions that are not mediated by enzymes) that may gener-
ate new intracellular compounds from preexisting metabolites. Enzymes promiscuously accept
substrates that differ from their physiological substrates, thus generating side products (9). Al-
ternatively, a side reaction may promiscuously occur on the native substrate, also yielding side
products (84). Both phenomena are widely observed, as is evidenced by the common presence of
damage metabolites and of enzymes that evolved to eliminate side products whose accumulation
has deleterious effects (85). However, many side products do not accumulate to a degree that
affects the cell. Thus, mutations that have no or little effect on an enzyme’s native function can
induce dramatic changes in its promiscuous activities, yielding some new side metabolites (9).
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Thus, alongside the known metabolites, many unknown metabolites likely exist, as well as com-
pounds that are produced in cells, primarily via enzyme promiscuity, yet have no physiological role.
To name but one example, certain S-adenosylmethionine (SAM, or AdoMet) synthases readily ac-
cept NTPs and dNTPs other than their native substrate, ATP. Thus, alternative metabolites such
as S-guanosylmethionine or S-deoxyadenosylmethionine likely exist (86). The level of chemical
messiness [metabolic dark matter (87)] is hard to estimate but likely to be significant. Only a small
percentage of the molecular masses seen in untargeted high-throughput metabolomics has so far
been identified (87, 88). Overall, enzyme promiscuity leads to the generation of metabolic side
products and also provides an evolutionary starting point for a specialized enzyme that generates
this product.

5.2. The Role of Nonenzymatic Reactions

Aside from enzyme promiscuity, the emergence of new pathways may involve abiotic reactions or
nonenzymatic reactions. These two terms have slightly different meanings. Starting with the Urey–
Miller experiment, the majority of abiotic reactions described so far yield key natural metabolites
such as amino acids via reactions, which often fundamentally differ from the enzyme-catalyzed
reactions that produce the same metabolites in living organisms (89). In contrast, nonenzymatic
reaction is a term used here to describe reactions that are enzyme catalyzed yet can occur in the
presence of inorganic catalysts (water, bases, acids), including metal ions (transition metal ions
such as Fe2+, Mn2+, or Zn2+ can be highly potent catalysts), or simple organic catalysts such as
amino acids or short peptides. Abiotic reactions are central to understanding the origins of life,
a topic that is outside the scope of this review. Nonenzymatic reactions, on the other hand, are
directly relevant to the emergence of metabolic pathways, including recently evolved ones.

Contemporary life is utterly dependent on enzymes. Nonetheless, some reactions occur within
living cells without enzyme catalysis (90). Certain metabolites exhibit intrinsically high reactiv-
ity, and their nonenzymatic reactions can have important regulatory roles (91, 92). Accordingly,
nonenzymatic reactions are also an integral part of pathways in core metabolism and central
metabolism. For example, the decarboxylation in the C1 module (Figure 3, Step 4) occurs nonen-
zymatically in many cases [i.e., the keto-acid intermediate produced in Step 3 is released and
forms the end product outside the dehydrogenase’s active site (42)]. In fact, in quite a few enzyme-
catalyzed reactions, only one step is catalyzed in the enzyme’s active site [e.g., dehydration by
certain serine deaminases gives 2-aminoprop-3-enolate that breaks down outside the active site
to give ammonia and pyruvate (93)].

Although nonenzymatic reactions exist, they are rare in core and central metabolism. However,
specialized metabolism, the “panda’s thumb” of evolutionary biochemistry, indicates a crucial role
for nonenzymatic reactions. Specialized pathways evolved relatively recently and sporadically, and
they typically involve low fluxes. As such, the tinkering nature of evolution is vividly visible. The
enzymes show broad specificity (21) and are relatively slow [kcat values of secondary metabolic en-
zymes are, on average, ∼30-fold lower than the enzymes of core metabolism (94)]. Nonenzymatic
reactions are commonly observed in specialized metabolism (95–97). Betalain (plant pigments)
biosynthesis, for example, involves several reactions that occur with no enzymes, some at very
high rates (95). These specialized pathways evolved when an ample repertoire of preexisting en-
zymes was available (land plants emerged only ∼0.5 bya). Nonetheless, nonenzymatic reactions
played a key role in their emergence (96, 97).

That nonenzymatic reactions have an evolutionary role is also supported by a laboratory exper-
iment in which an alternative pyridoxal-5′-phosphate (PLP) biosynthesis pathway was unraveled
(98). Here also, the tinkering power of evolution is beautifully revealed. The newly emerging
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pathway drew an intermediate of serine biosynthesis to make the missing PLP precursor via four
steps (Figure 8). Three steps are enzyme catalyzed, by a generalist enzyme, by the promiscu-
ous activity of another enzyme, and by a protein of unknown function. However, one step, the
conversion of hydroxypyruvate to glycolaldehyde, occurs nonenzymatically. A nonenzymatic step
was recruited despite the fact that E. coli has a repertoire of ∼1,500 preexisting enzymes that offer
multiple opportunities for promiscuous enzyme-catalyzed reactions. The rate of conversion is
slow at ∼0.015 h−1 (half-life of ∼2 days) but nonetheless adequate for production of PLP at a
sufficient rate (∼5 μM/h).
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Figure 8
The emergence of a de novo pathway via recruitment of a nonenzymatic reaction. The figure shows one out of three latent or
underground pathways that restored the synthesis of pyridoxal-5′-phosphate (PLP) in a strain of Escherichia coli that lacked
4-phosphoerythronate dehydrogenase (�PdxB). The pathways were unraveled by identifying E. coli genes, YeaB and ThrB in the
pathway shown here, whose overexpression allowed growth. The pathway shown here (blue) converts 3-phosphohydroxypyruvate, an
intermediate in serine biosynthesis, to L-4-phosphohydroxythreonine, an intermediate in the PLP synthesis pathway. The second step
is a nonenzymatic conversion of 3-hydroxypyruvate to glycolaldehyde, which is a known alternative precursor of PLP (99). Figure
based on data from Reference 98.
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It is also becoming increasingly apparent that a surprisingly high number of enzyme-catalyzed
reactions can occur at measurable rates without an enzyme, either by general acid–base catalysis
(protons or hydroxyls) or via catalysis by simple inorganic (e.g., metal ions) or organic catalysts
(e.g., amino acids). For example, most of the reaction steps of glycolysis (and hence of gluco-
neogenesis) and of the pentose phosphate pathway have been shown to occur under anaerobic
conditions in the presence of ferrous iron (Fe2+), some with a surprisingly high yield and rate (up
to ∼10% conversion per hour) (100, 101). The gluconeogenic aldol condensation to yield fructose
1,6-bisphosphate is accelerated by individual amino acids in ice (102). Likewise, nonenzymatic tri-
carboxylic acid (TCA) cycle reactions (103) and nonenzymatic synthesis of the cosubstrate SAM
(104) have also been described. In fact, two nonenzymatic routes of SAM synthesis have been
discovered. One reaction involves methionine and ATP, as in the biosynthetic pathway, while
the alternative reaction occurs at low pH and uses adenosine instead of ATP. Thus, a compound
might arise via an abiotic reaction, be recruited as a metabolite, and later be biosynthesized via an
alternative reaction (104).

Altogether, the above examples lend support to the notion that pathways emerge from a myr-
iad of preexisting, latent, coincidental reaction sequences from an underground network. These
sequences may include promiscuous enzymatic reactions, native enzymatic reactions that occur
out of their original context (underground metabolism), and nonenzymatic and abiotic reactions.
Emergence via latent reaction sequences alleviates the need for simultaneous recruitment of mul-
tiple enzymes. Rather, a gradual optimization of the pathway’s flux may take place via a stepwise
recruitment of one enzyme at a time.

5.3. The Order of Enzyme Recruitment: Rate-Determining Steps Come First

Stepwise recruitment is the key element in only two of the existing models for pathway evolution
(Sections 4.1 and 4.2). We surmise, however, that it is a critical element regardless of the model of
emergence. Enzyme recruitment is an inherently incremental process. It involves duplication or
horizontal gene transfer, and these events typically occur one gene at a time. Even if whole operon
or genome duplications occur, a new pathway that emerges from a set of preexisting enzymes [via
duplication-divergence (Ycas–Jensen) or via the patchwork model; Section 4.3 or 4.4, respectively]
still demands the divergence of gene expression, and the latter occurs via mutations, one gene at
a time. Thus, a unifying model of stepwise recruitment is needed.

We surmise that the recruitment of enzymes crucially depends on their potential contribution
to the overall flux of the evolving pathway. The degree to which an increase in an enzyme’s activity
changes a pathway’s flux is quantified by the so-called flux control coefficient. Depending on their
kinetic constants and metabolite concentrations, enzymes share the control over the pathway’s
flux. However, sometimes, one enzyme stands out, and thus catalyzes a rate-limiting reaction step.
This would certainly be the case when a latent, underground pathway that proceeds with very low
flux comes to be under selection.

Hence, by our unifying model, stepwise recruitment may occur either by a forward order or
by a flux-determining order. Forward order applies to those cases where each of the pathway
intermediates served at some stage as a selectable end product (Granick’s model; Section 4.2). In
all other cases, when only the end product provides a selectable advantage, the order of recruitment
is dictated by the rates and equilibrium constants of the various reaction steps that provide the
intermediates for the emerging pathway. Flux-determining order prevails in all scenarios, whether
we assume a latent, preexisting sequence of nonenzymatic reactions (Horowitz’s model basically)
or a recruitment of enzyme-catalyzed reactions, either of a pathway or module en bloc (the Ycas–
Jensen model; Section 4.3) or of enzymes from different pathways (patchwork model; Section 4.4).
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Figure 9
The flux-determining order of enzyme recruitment. In an evolutionary scenario in which enzyme levels are fixed, the order of enzyme
recruitment (i.e., of evolutionary improvement of enzymatic rate constants) can be expected to follow the potential of individual
reaction steps to provide a higher end-product flux. To illustrate the principle, we simulated emerging pathways of four consecutive,
reversible reactions that occur at an arbitrary forward rate and reverse rate of 1 (Keq = 1). Standard reversible mass-action kinetics is
assumed for all steps, and the pathway is assumed to be at steady state (constant in-flow of the starting metabolite, S0, and removal of
end product, Sf, and assuming S0 = 10 × Sf to maintain a positive flux) (105, 106). The figure shows the steady-state rate of end product
formation (flux, in arbitrary concentration units per time) as a function of the enhancement in the rate of the recruited enzyme, per
each of the four steps. We simulated three different scenarios: (a) All four steps initially occur with the same rate constant. As can be
seen, increasing the rate constant of the first reaction has the highest effect on end product formation, while the last step has almost no
effect. (b) If the second step initially has a lower rate constant, it is rate determining and hence is recruited first (simulated as occurring
at a tenfold slower rate constant compared to all other steps, in both forward and reverse). (c) The second step is assumed to occur with
a forward rate constant of 1 but with a reverse rate of 10 (Keq = 0.1 instead of 1). Consequently, an enzyme catalyzing the third step is
likely to be recruited first.

Broadly speaking, an enzyme that catalyzes a rate-limiting step is likely to emerge first. To il-
lustrate this notion, we simulated the gradual stepwise emergence of a pathway from a preexisting
set of reactions that lead to a selectable end product [largely using the approaches described by
Heinrich & Hoffman (105) and Heinrich & Klipp (106)]. Initially, these reactions occur nonen-
zymatically or are promiscuously catalyzed by enzymes belonging to other pathways, and hence
occur at slow rates. By assessing flux control, we then predict which enzyme will be recruited first.
This model has numerous potential configurations, but we consider only a few simple scenarios
to illustrate the principle.

If all steps are reversible and initially occur at the same basal rate constant, recruitment of the
first enzyme provides the highest advantage, that is, the largest increase in end product formation
(Figure 9a). Instead, if one step is substantially slower than all others (a rate-determining step),
recruitment of an enzyme for this step results in the highest increase in pathway flux (Figure 9b).
Alternatively, if one step is closer to its equilibrium state compared to all other states, the enzyme
catalyzing the following step is most likely to be recruited because it will draw the unfavorable
reaction in the forward direction (Figure 9c). Notably, at the initial recruitment stage, a modest
increase in activity, caused by a single mutation in a preexisting enzyme or by the recruitment of
an enzyme with a weak promiscuous activity, results in a parallel flux increase (i.e., the emerging
enzyme exhibits a flux control coefficient close to 1).

As the recruitment of enzymes continues, each recruited enzyme changes the control coef-
ficients, thus creating the selection pressure for the recruitment of another enzyme. In effect,
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recruitment occurs via fixation of mutations that increase either enzyme rates or/and levels under
conditions when the new pathway operates, or/and increase the enzyme’s catalytic efficiency for
the new reaction. Our hypothesis that the rate-limiting enzyme evolves first does not necessarily
contradict Horowitz’s retrograde evolution model. For example, if the last intermediate is present
at high concentrations but is slowly converted into the end product, the last enzyme will have the
highest control on product formation and is likely to emerge first.

The above examples are oversimplified in terms of ignoring branching reactions. Given a
more realistic scenario, that is, substrates or/and intermediates that can react in more than one
way, the most critical contribution, as shown by flux control coefficients, is likely to be from an
enzyme that funnels the reaction sequence toward the desired end product. In a complex chemical
environment, the formation rate of an end product would also be greatly improved by blocking
alternative reactions. Thus, which is the rate-limiting step depends on the metabolic network at
the time of emergence.

In contemporary metabolism, the enzymes with the highest contribution to end product for-
mation can be detected by their current flux control coefficient (107). However, the control
coefficients of contemporary pathway enzymes do not testify on their contributions at the early
stages of emergence. The demands for catalytic efficiency change between the initial recruitment
stage and the later stages when additional pathway enzymes have been recruited to support higher
flux; accordingly, the ancestors of some metabolic enzymes may have exhibited higher rates than
their contemporary descendants (108).

Overall, our knowledge regarding the historical order of recruitments is limited. Cases where
enzymes belonging to the same pathway share common ancestry are rare (Section 4.1) and in
most of them, forward evolution is a feasible scenario (Section 4.2). In the laboratory-evolved PLP
biosynthesis pathway discussed above (Figure 8), pathway emergence was initiated by recruitment
of either the last enzyme (ThrB) or the first one (YeaB) (98). In another case, a retrograde strategy
for pathway engineering was implemented; introduction of the enzyme catalyzing the last step
first resulted in the identification of a shortcut that could not be foreseen (109).

In summary, stepwise recruitment is key to pathway emergence. The order of recruitment is
primarily dictated by whether and which intermediates can provide an advantage at the time of
emergence, and by the relative contribution of individual steps to the rate of formation of the
selectable end product. Overall, selection acts on the performance of entire systems. Metabolic
performance is therefore not a property of individual enzymes but of a system. To link these
two levels (single enzyme parameters, and overall metabolic performance), it is insufficient to
link enzymatic steps like Lego bricks. Rather, the specifics of each reaction sequence dictate how
changes in the rates of individual enzymes translate to changes in the rate of formation of its
utilizable end product.

5.4. Metabolite–Enzyme Coevolution: Implications and Potential Validations

The four models presented in Section 4 were described as alternatives, but in fact these models
are complementary rather than contradictory. We thus propose a unifying model that combines
various elements of these models with some new elements. It is, foremost, a model of stepwise
coevolution of enzymes and metabolites. The key to the evolution of metabolism is that the
composition of metabolites changes alongside the appearance of new enzymes. New compounds
appear initially as nonphysiological by-products (Section 5.1). If utilized in a way that provides a
selective advantage, that is, as metabolites, they represent an incentive for recruitment of enzymes
that promote their synthesis. Upon selection toward a new function (16, 17), enzymes promiscu-
ously give rise to yet other new compounds. Accordingly, metabolic networks expand gradually,
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not only in terms of enzymes but also of metabolites (Section 3). Survival of the fittest therefore
applies not only to genes (i.e., enzymes) but also to metabolites and the reactions that form and
transform them. Selection against interfering metabolites is also likely to act, thus preventing
expansion in certain directions.

Pathway evolution is initiated from a sequence of latent, underground reactions. However, as a
pathway evolves and is lifted from the underground, some reactions may be replaced by others that
afford higher end product yield, also by minimizing toxic and inhibitory intermediates (reaction
loss and gain, equivalent to gene loss and gain) (110). The enzymes are recruited incrementally,
one at a time. The order of recruitment—forward order (Section 4.2), flux-determining order
(Section 5.2), or reverse order (Section 4.1)—may vary. Regardless of their recruitment order,
when pathway enzymes diverge from one another, multifunctional enzyme intermediates that
simultaneously support two different pathway steps are critical. Thus, generalist enzymes are also
a key element of the combined model (Sections 2.1 and 4.3). Given multifunctional enzymes,
founder reaction modules such as the C1 module are likely founders of multiple modern pathways
via divergence en bloc (Section 4.3). Finally, another critical component of our model is that
alongside shared chemistry, shared substrate binding (Section 2.3) is a key factor in scenarios
where enzyme pathways diverge from one another. Shared binding may involve common substrate
moieties such as phosphate (e.g., Figure 4) and also cofactor or cosubstrate cross-binding (ATP,
NAD+, etc.). Alternatively, shared chemistry applies in recursive pathway reactions (Section 4.2).

Metabolite–enzyme coevolution is most obvious when a molecule that is functional in itself is
optimized by a series of incremental derivatizations, as exemplified by heme, chlorophyll, or pep-
tidoglycan (Figure 5). This scenario is relevant to numerous natural products, such as antibiotics
or plant scents and colors. These metabolites evolved alongside the biosynthetic pathways that
produced them in a forward fashion (Section 4.2). The current intermediates originally served as
end products and were later replaced by fitter derivatives (111, 112). Accordingly, contemporary
pathway intermediates of some antibiotics, for example, exhibit function that is lower than the
end products yet measurable (113, 114).

Whether metabolite–enzyme coevolution applies to core metabolism and central metabolism,
and specifically to the key biosynthetic pathways (e.g., glycogenesis, or amino acids or nucleotide
biosynthesis) is not easy to establish. Nonetheless, there are some obvious examples. Thymidine
(dT) is a DNA nucleoside synthesized from uridine, an RNA metabolite that likely emerged first.
Another clear example is NADP, a metabolite generated via phosphorylation of NAD [NAD
kinases are present in all three kingdoms of life (115)]. Conversely, NADP(H)-utilizing dehy-
drogenases evolved from NAD(H)-utilizing dehydrogenases (116), and switches in NAD-NADP
selectivity can be initiated by a few mutations (117). Thus, a new metabolite (NADP) may have
appeared coincidentally via promiscuous kinase action and been promiscuously utilized by a preex-
isting NAD-dependent dehydrogenase. Eventually, two parallel redox systems, with independent
metabolites and enzymes, had diverged: NAD is primarily used in oxidations and NADPH in
reductions, thus enabling these opposing processes to occur in parallel.

In other cases, contemporary damage metabolites could be vestiges of earlier, functional
metabolites, also because promiscuous activities in extant enzymes often reflect ancestral func-
tions (9). For example, enzymes of the C1 module in leucine biosynthesis promiscuously produce
2-ketovalerate, which via the promiscuous action of aminotransferase yields norvaline, a nonpro-
teogenic amino acid (118, 119). However, norvaline may have been part of early-stage proteins.
Similarly, recursive C1 cycles produce 2-oxoadipate, which in turn yields ornithine, currently
an intermediate in the biosynthesis of polyamines and arginine. However, ornithine may have
originally emerged as a proteogenic amino acid that preceded lysine or/and arginine. Norvaline,
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ornithine, and many other metabolites, therefore, might represent bridging metabolites, that is,
end products of ancestral pathways that have later diverged to produce a different end product.

6. STANDING QUESTIONS AND CHALLENGES

The evolution of metabolism presents a breadth of questions. In this last section, we mention a
few more aspects, discuss standing questions and challenges, and point out implications for areas
such as synthetic biology.

6.1. How Metabolism Evolved: A Phylogenetic Approach

We now have a fairly clear picture of how individual enzymes evolve (Section 2). However, we
know much less about the next two levels in the evolution of metabolism, namely, metabolic path-
ways and networks. In 2002, when reviewing the basic models and theories, as we do here, Rison
& Thornton (68, p. 374) anticipated that “as metabolic structure and sequence space are further
explored, it should become easier to trace the finer details of pathway development and under-
stand how complexity has evolved.” However, since 2002, there has been relatively little progress,
especially with respect to how core metabolic pathways emerged. The pioneering analyses of
E. coli’s metabolic network uniquely combined pathway and network information with gene se-
quence information (63, 65, 68, 120). However, it appears that beyond the observation of homology
in individual E. coli enzyme pairs, or for that matter in any other individual species, phylogenies
of pathways have not been systematically explored. Further, explorations of certain homologous
enzyme pairs indicated that, in fact, homology stems from gene duplications that occurred well
after their pathways emerged (121). As demonstrated in Figures 6 and 7, detecting phylogenet-
ically consistent trends for specific enzymes (122) and for their combinations in pathways can be
informative. That certain enzymes and reaction modules do not show phylogenetic consistency
does not necessarily indicate that they do not share common ancient origins. However, those that
do follow a consistent phylogeny provide further insight and may even enable ancestral sequence
reconstruction (123).

The pathways that now comprise core and central metabolism remain the holy grail of evolu-
tionary research (Section 6.2). Nonetheless, recently emerged pathways, typically in specialized
metabolism of plants (78) and other organisms (e.g., Figure 7), offer intriguing case studies be-
cause the evolutionary record is still preserved in present-day genomes. Similarly, recently emerged
catabolic, xenobiotic-degrading pathways in microorganisms (80) also teach us about pathway evo-
lution. However, given that these pathways are sporadic and niche-specific, tracing their origins
is like finding a needle in a haystack.

6.2. The Early Metabolic Pathways

Over evolutionary time, metabolism evolved toward immensely high complexity and specializa-
tion. However, the composition of the much simpler, early metabolic pathways is largely unknown.
Summarized in this section are a few aspects related to the exploration of the early metabolic
pathways.

6.2.1. Let there be LUCA. In principle, the composition of the earliest living forms could be
extrapolated from contemporary life forms. We can infer, for example, that a gene, cofactor,
or metabolite present in all current species was present in the so-called LCA, or LUCA (last
universal common ancestor). Accordingly, the ribosome, ATP, and elongation factor (EF-Tu) are
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likely LUCA entities. However, since LUCA, fundamental changes in the chemical composition
of this planet have occurred, leading to massive extinction of some species and takeover by others
(124). LUCA was likely an obligate anaerobe, and the appearance of oxygen had a dramatic effect
on the evolution of metabolism (125). Indeed, considering LUCA’s geochemical context yielded a
new, unorthodox picture of LUCA’s metabolism (126). Overall, a key remaining challenge in the
area of evolutionary biochemistry is the description of LUCA’s metabolism and its metabolites,
reactions, and enzymes.

6.2.2. Reconstruction of founder enzymes. The most ancient enzyme classes seem to have
been reliably identified. These include classes that are highly abundant in modern proteomes such
as the P-loop nucleotide triphosphate hydrolases and NAD-utilizing Rossmann enzymes (24, 127,
128). These classes also make use of the most abundant cosubstrates and cofactors and thus are
likely candidates for the founder enzymes. The actual reconstruction of such founder enzymes
is, however, nontrivial. Although ancestral sequence reconstruction is widely applied (123), most
reconstructions relate to relatively late evolutionary stages. The few inferred reconstructions
from the Archaean age yielded proteins that are essentially identical in structure and function
to their modern counterparts (123). A change in cofactor specificity of isocitrate dehydrogenase,
from NAD(H) to NADP(H), is to our knowledge the most ancient divergence event explored
so far (116). Reconstructions of founder enzymes have not yet been described, primarily because
traditional ancestral sequence reconstruction is inapplicable when sequence identity is low (e.g.,
Figures 3–6). However, the approach taken toward the reconstruction of prototypes of primordial
amino acid tRNA synthetases (urzymes) seems feasible; computational design has allowed us to
surgically remove structural extensions that occurred across more than 3.7 billion years of evolution
and thus to construct a minimal, core enzyme (129, 130).

6.2.3. The space of nonenzymatic reactions. The focus of abiotic chemistry research has
been chemical reactions that produce the most basic building blocks of life, such as amino acids
and nucleosides. However, a better understanding of how contemporary metabolism evolved
demands the identification of reactions that are enzyme-catalyzed in contemporary metabolism
yet can proceed in the presence of much simpler catalysts (89). Such catalysts, in combination with
reconstructed founder enzymes, could give rise to rudimentary metabolic networks. Nonenzymatic
reactions also seem relevant to pathway emergence at the later stages of evolution, and hence their
investigation has wider implications.

6.3. What We Do Understand, We Can Create

Metabolic engineering is a growing field that also provides new insight into how natural pathways
evolved. Mix and match of existing enzymes, including promiscuous ones, is the most flexible
strategy (83). Retrograde recruitment can also be a powerful engineering strategy if the desired
end product presents a selectable phenotype. Given one heterologously expressed enzyme (the
one catalyzing the last pathway reaction), the shortest pathway that the endogenous enzyme
repertoire offers can be identified (109). Design and implementation of synthetic pathways also
provide deeper understanding of how natural pathways evolved by identifying the simplest reaction
sequences that yield a desired product (83, 131, 132) and the thermodynamic and kinetic demands
that a physiologically viable reaction sequence must fulfill (57, 58). By employing both enzyme
promiscuity and underground reactions, new pathways that replace natural ones can be unraveled
in the laboratory (45, 98, 133) (Figure 8). These studies are also instrumental in guiding the
engineering of new, synthetic pathways.
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Finally, metabolite–enzyme coevolution could be applied to develop new compounds, be they
materials or pharmaceuticals. Mix and match of various precursor compounds and modifying
enzymes of broad specificity can yield large repertoires of derivatives. These repertoires can
be screened to isolate biologically active derivatives alongside the enzymes that produce them.
Iterations of this process and directed enzyme evolution can then yield a new, optimized compound
alongside the pathway that synthesizes it.
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