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The evolution of enzymes and pathways is under

debate. Recent studies show that recruitment of single

enzymes from different pathways could be the driving

force for pathway evolution. Other mechanisms of evol-

ution, such as pathway duplication, enzyme specializ-

ation, de novo invention of pathways or retro-evolution

of pathways, appear to be less abundant. Twenty per-

cent of enzyme superfamilies are quite variable, not

only in changing reaction chemistry or metabolite type

but in changing both at the same time. These variable

superfamilies account for nearly half of all known reac-

tions. The most frequently occurring metabolites pro-

vide a helping hand for such changes because they can

be accommodated by many enzyme superfamilies.

Thus, a picture is emerging in which new pathways are

evolving from central metabolites by preference,

thereby keeping the overall topology of the metabolic

network.

It is well known that enzymes are specific and that
they catalyze individual reactions with surprising
accuracy and speed. However, for adaptation and
evolution the opposite is required: new substrates
must be recognized and new enzyme activities evolved.
But where does the flexibility and plasticity of
metabolic pathways and new enzyme activities come
from? The majority of recent studies have concentrated
on the level of pathways or enzymes as well as the
variability of enzymes in their reaction chemistry
[1–14]. However, the variability in substrates and
products – metabolites – must also be considered.

Pathway evolution theories

On the level of pathway evolution, several hypotheses
have been proposed (Fig. 1). First, pathways might have
evolved spontaneously without adopting existing enzymes
(Fig. 1a). For example, different tRNA synthetases seem to
have initially evolved independently and then later have
become involved in different pathways such as protein
translation, tRNA dependent transamidation and non-
discriminating acylation [15]. Second, the hypothesis of
‘retro-evolution’ of pathways [16,17] proposes that the

selective pressure on a pathway mainly targets the
successful production of its end-product (Fig. 1b). The
formation of the required end-product from an intermedi-
ate metabolite increases the fitness of the organism. As the
end-product can be derived from more and more ‘distant’
metabolites, fitness increases and the pathway evolves
backwards. This retro-evolution has been proposed for
both the glycolytic [18] and the mandelate pathway [19].
Third, pathways might have evolved from multifunctional
enzymes [20] (Fig. 1c). Starting from a multifunctional
enzyme catalyzing consecutive steps, the pathway might
have then evolved by duplication and diversification of this
precursor enzyme to the more specific and efficient
enzymes known today, which catalyze only one step each
in the pathway. O’Brien and Herschlag [21] analyzed
several enzymes with alternative reactions distinct from
their normal biological reaction to support the concept that
broader substrates and reaction specificities are sub-
sequently captured by adaptive evolution. Existing multi-
functional enzymes, such as the carbamoyl phosphate
synthase, are already used in diverse functions and
pathways, such as b-D-glucan hydrolases in higher plants,
and might be precursors to new pathways [6]. This
hypothesis assumes that a single enzyme becomes
specialized, but there is also the possibility that whole
pathways (as a unit) became duplicated and diverted
(Fig. 1d). This mechanism of acquiring new function has
been examined for a long time [22] and can be readily
identified using comparative genomics [10,23]. Examples
include tryptophan and histidine biosynthesis [24,25];
these two pathways consist of several steps that have
similar reaction chemistry and that are catalyzed by
homologous enzymes – probably the result of early
pathway duplication. Finally, pathways might have
evolved by ‘recruiting’ enzymes from existing pathways,
resulting in a mosaic or ‘patchwork’ of homologous
enzymes that catalyze reactions in distinct pathways
[25–27] (Fig. 1e). Observations indicate that one type of
enzyme fold (e.g. TIM barrel [4]) or one enzyme super-
family [7] might catalyze similar reactions, but occur in
different pathways owing to widespread recruitment. Such
versatility has been found in many Escherichia coli small
molecule metabolism enzymes [12,13].Corresponding author: Thomas Dandekar (Dandekar@EMBL.de).
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When comparing more recent studies
[4,5,9,10,12–14,18,24,28,29], enzyme recruitment seems
to be the main driving force for the evolution of new
pathways, followed by specific pathway duplications and
then by other, more rarely observed mechanisms. A good
example for the evolution of pathways by enzyme
variability involves two enzymes from two different
amino-acid biosynthesis pathways. Sterner and colleagues
[30] were able to show that by a single amino-acid

substitution, an enzyme from the histidine biosynthesis
(HisA) acquired the additional activity of an enzyme from
the tryptophan biosynthesis (TrpF). This result clearly
supports the hypothesis that those pathways are ancient
duplicates of a common pathway. However, to appreciate
the potential for variability in enzymes regarding long
evolutionary time scales, a more comparative view of all
enzymes is required.

Enzyme variability: reaction change or metabolite

change?

Comparative studies on enzyme variability are often based
on the definition of enzyme superfamilies – enzymes of
common origin that can be identified by sequence and
structural homology. The structural homology of an
enzyme is important because the position of the catalytic
residues in the structure, and the existence and form of
different binding clefts is essential for its function and is
therefore better conserved than its sequence. Hence,
enzyme structure classification databases such as CATH
(class, architecture, topology and homologous superfami-
lies) [31] or SCOP (structural classification of proteins)
[32] are very helpful for the examination of enzyme
evolution. For example, remote-sequence homologs such
as actin (the ATPase domain of the heat shock protein) and
hexokinase form an enzyme superfamily – the actin-like
ATPase domain – owing to their common structure and
probable common origin [33].

Using these defined enzyme superfamilies the varia-
bility of enzymes can be examined. The function of an
enzyme can be altered either by changing its reaction
chemistry but keeping substrate-binding pockets such as
for the nucleotide cofactors NADH and FAD (Fig. 2a), or by
changing its substrate specificity (Fig. 2b). The four-digit
enzyme commission classification scheme (EC; Box 1) has
been widely used to examine the variability in the reaction
chemistry [34,35]. As shown in Fig. 3a, many enzyme

Fig. 1. Models of pathway evolution. Pathways might have evolved in different

ways: (a) de novo, all reactions evolved independently from an unknown origin;

(b) backwards, retro-evolution; (c) by specialization of a multifunctional enzyme,

with multiple substrates shown in blue; (d) duplication of the complete pathway;

or (e) by recruitment of enzymes from different pathways.
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Fig. 2. Models of enzyme variability. The variability of an enzyme superfamily can

occur in two different ways: either (a) by changing the reaction chemistry (sub-

strate, blue circle; different blue shapes indicate modified reaction products) or (b)

by metabolizing different substrates (substrate, blue circle, is replaced by red

square). A pathway is shown with three enzymes (light green). Dark green indi-

cates that the enzyme was modified in activity, red and blue indicate enzymes

from different pathways.
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superfamilies catalyze only one reaction (44%). In
addition, the overall chemistry of the reactions catalyzed
seems to be approximately conserved in a further ,36% of
enzyme superfamilies: the EC class, at least, is kept. For
example, all enzymes of an enzyme superfamily react as
and are classified as hydrolases (always EC class 3).

Twenty percent of all superfamilies seem to be able to
catalyze reactions of different EC classes, which implies
that the enzymes belonging to these superfamilies can
catalyze reactions that have totally different chemistry.
Interestingly, these superfamilies account for the enzymes
that catalyze 45% of all known and classified reactions,
whereas the enzymes of conserved superfamilies catalyze
only 10% of the known reactions (Fig. 3b).

Alternatively, enzyme evolution can be driven by
retention of the catalytic chemistry while different sub-
strates and products are used, such as in proteases and
nucleases (Fig. 2b). Evidence for this can be found in many
protein families [36–38]. Substrate conservation is low in
such families. To assess the metabolite variation, all
metabolites (i.e. substrates and products) and cofactors
that are involved must be considered. The conservation of
metabolite usage in the reactions of a superfamily can be
visualized using an association coefficient [39]. As shown
in Fig. 4, most enzyme superfamilies that catalyze several
enzymatic reactions tend to be conserved in their metabolite
choice. However, for many superfamilies (20%; Fig. 3b) a
radical change of both reaction type and substrate type is
observed. When such a variable superfamily is studied in
detail, we find that the metabolites remain well conserved
among individual enzymes from a superfamily that cata-
lyzesreactions fromthesameECclass.But thereseemstobe
almost no conservation among the metabolites if enzymes of
such a superfamily catalyze reactions of different EC classes
(Fig. 4; see supplementary information, http://www.Bork.
EMBL-Heidelberg.DE/~schmidt/metabolites/). Further-
more, recent biochemical studies have provided evidence
that several enzymes of the central metabolism can bind
additional substrates that are not commonly known
(collected in enzyme databases such as BRENDA [8,40]).
This ‘underground metabolism’ [41] might provide further
variability for enzymes to explore new functions and to
provide a ‘toolset’ for new pathways.

Box 1. Enzyme classification

The classification of enzymes can be based on various systems such

as the chemical nature of the enzyme, the chemical nature of the

substrate, or, as introduced by the International Nomenclature

Committee, on the overall reaction chemistry [35]. The committee

introduced a unique four-digit code for each enzyme, the so-called

Enzyme Commission (EC) number. The first digit of an EC number

(A.-.-.-) represents one of the six categories of enzymes: (1)

oxidoreductase, (2) transferases, (3) hydrolases, (4) lyases, (5)

isomerases, and (6) ligases. Each of these classes are further

subdivided; the second digit (A.B.-.-) – the subclass – describes

the type of compound or group involved in the reaction. In the case of

the oxidoreductases, the subclass indicates the group in the donor

that undergoes oxidation (e.g. 1.1.-.- denotes a –CH–OH group). The

third digit – the sub-subclass – further describes the type of reaction

taking place. For oxidoreductase the third position in the code

indicates the type of acceptor involved (e.g. in case of 1.-.1.- the

acceptor is either NAD or NADP). The fourth digit is a serial number,

which helps to distinguish enzymes of the same sub-subclass, for

example, 1.1.1.1 is the alcohol dehydrogenase.

However, there are some caveats that should be considered. First,

there are some enzymes that do not fit into this general scheme. For

example, the proteases (3.4.-.-) all catalyze the same overall reaction,

but are further subdivided based on the difference in the catalytical

mechanism. Several authors [7,55] show further cases in which the

reaction chemistry of homologous enzymes can be similar even

though the EC numbers differ. By contrast, some enzymes with

different mechanisms, such as the fructose-bisphosphate aldolase

(4.1.2.13), are grouped together for historical reasons. Furthermore,

enzymes of different evolutionary origin (‘analogous’ enzymes

[56,57]) might be grouped together if their chemistry is similar.

Another important point is that out of the 3541 chemically classified

EC numbers (cf. ENZYME [58] database), the protein sequence of the

enzyme is known for only 1662 (,47%).

Fig. 3. Variability among enzyme superfamilies due to differences in reaction chemistry. (a) Variability of reaction chemistry (x-axis) and respective percentage from the

total number of enzyme superfamilies (y-axis) according to the Enzyme Classification (EC) scheme [35]. Many (44%) of the enzyme superfamilies catalyze only one reaction

(left bar). 36% of the superfamilies (three bars in the middle) are more (to the right) or less (to the left) variable in the chemistry of the catalyzed reaction but at least the EC

class is conserved. In 20% of the cases, superfamilies seem to be extremely variable and able to catalyze reactions of different EC classes (right bar). (b) Variability of reac-

tion chemistry (x-axis) and respective percentage from the total number of enzyme reactions (y-axis). The 20% of highly variable enzyme superfamilies account for 45% of

all known reactions (right bar). Our dataset shown here is based on the SCOP [32] database. Similar data, published by Todd et al. [14], are based on the CATH [31] protein

structure classification database.
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Some superfamilies change more metabolites and

reactions than others

Nature does not seem to favor one mechanism over the
other; whether an enzyme superfamily turns out to be
more variable or conservative depends on the specific
enzyme superfamily. One explanation for the wide range of
variability among enzyme superfamilies might be their
differences in sequence divergence. Comparing conserva-
tive and variable enzyme superfamilies (Fig. 4), the
average sequence identity within superfamilies of
enzymes catalyzing reactions of one EC class is 38%. The
sequence identity of highly variable superfamilies of
enzymes that catalyze reactions of different EC classes is
lower. As shown for the conservation of metabolites
between reactions, the average sequence identity in a
variable enzyme superfamily comparing enzyme
sequences catalyzing reactions of different EC main
classes is 13%, which is far less than in protein sequences
of enzymes catalyzing reactions of the same main class
(31%; see supplementary information for details of
calculation).

The inherent variability of the members of some large
enzyme superfamilies is high. Todd et al. [14] showed that

for enzyme superfamilies, a variation in the reaction
chemistry (i.e. changes in the first digit of EC numbers) is
rare above 40% sequence identity. However, there are
several larger enzyme superfamilies that include counter
examples. For instance, the DNaseI-like superfamily
(SCOP [32] 4.1.115) includes ExoDNase (EC 3.1.11.2)
and DNA lyase (EC 4.2.99.18) sharing a sequence identity
of 57% [11] but catalyzing reactions from different EC main
classes. Thus, on average, even above 50% sequence
identity,30% of the compared enzyme pairs in an enzyme
superfamily catalyze entirely identical reactions [11].

By contrast, domain recombination does not boost
enzyme evolution much. In recent studies, Apic et al.
[2,3] analyzed protein domains (SCOP superfamilies) in
seven genomes from all three kingdoms of life. 624 of the
764 superfamilies are found in these seven genomes and
most of them are found in combination with one or two
other domains, whereas only a few domains are versatile
in their behavior. This indicates that the recombination of
different enzyme domains among each other is limited.
Furthermore, the biological repertoire of enzyme struc-
tures actually used is often small. Examples for strong
biases in enzyme structure choice can be found in
prokaryotes and yeast [24,42].

Impact of highly represented metabolites

Another factor that is important for the variability in
metabolite choice of enzyme superfamilies and hence
pathway evolution are highly represented metabolites. In
a certain way they provide a hook for new pathways. On a
note of caution, most of the current data are based on
protein or genome information. Far less comes from direct
experimental data on enzyme biochemistry or metabolites.
It seems probable that a range of different scenarios might
have occurred (and be occurring) during pathway evol-
ution. One possibility is that the early stages of metabolic
evolution, when pathways such as glycolysis and other
housekeeping pathways were being established, occurred
by enzyme-driven evolution, whereas more recent path-
ways are metabolite driven. Alternatively, constraints by
structural and chemical properties of highly represented
metabolites might have already biased the evolutionary
space explored [43] in the early days of pathway evolution.
Certainly, structural constraints in enzyme architecture
currently influence pathway evolution as evidenced by
strong preferences for certain folds such as the TIM
barrel [4].

However, using the data currently available, we can
quantify the usage of metabolites in enzymatic reactions.
We have observed that, for many metabolites, they are
rarely used and occur in individual enzymatic reactions,
whereas only a few metabolites are used frequently (Fig. 5).
For most of the metabolites the distribution can be fitted
according to a power law, which was also noted by Alves
et al. [1]. This kind of distribution can be shown for various
biological systems such as the metabolic network [44] or
the distribution of folds in genomes [42].

Interestingly, as demonstrated clearly in Fig. 5, we have
found that the most frequently used metabolites occur
even more often than expected from the power law. In
addition, we observe that these often used metabolites,

Fig. 4. Metabolite conservation in enzymatic reactions of the same enzyme super-

family. The conservation of metabolite usage in two enzymatic reactions can be

quantified and demonstrated by their correlation [39] (coefficient of association Q;

details in supplementary information, http://www.Bork.EMBL-Heidelberg.DE/

~schmidt/metabolites/). When comparing two enzymatic reactions, a Q-value of

21 means that no metabolite is shared, whereas a value of 1 means that both reac-

tions use the same metabolites. For each pair of reactions catalyzed by a common

SCOP superfamily, the Q-values were calculated. Three categories are compared

(shown in green, blue and red): the green bars contain the coefficients of SCOP

superfamilies with ‘conserved’ enzymatic reactions (i.e. they catalyze reactions of

only one EC class). For superfamilies catalyzing reactions of different EC main

classes, the Q-values of reaction pairs within the same EC class (blue) are com-

pared with those not sharing the same EC-class (red). The negative correlation in

metabolite choice for enzymes of an enzyme superfamily that can catalyze differ-

ent EC reactions (red) clearly stands out: these variable enzyme superfamilies

easily change their metabolites. They account for .45% of all reactions (as shown

in Fig. 2b). The resulting correlation values are collected and grouped into positive

or negative (#0) values. Each category is normalized to give a total value of 100%.

In addition, similar metabolites are regarded as the same metabolite according to

the KEGG [51] database. Detailed results for not pooling similar metabolites or

including co-factors and all other combinations are given in the supplementary

material, but show little effect on the overall tendency (as shown in this figure)

these results are also not substantially changed using metabolites according to

the ENZYME database.
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such as H2O or ATP, are also used by many enzyme
superfamilies (Fig. 5). Apparently, these metabolites seem
to support enzyme variability; they help to change
metabolites in the variable enzyme superfamilies and
therefore stimulate pathway evolution. Pathways evolve
and concentrate around these central metabolites. As they
are connected to so many reactions, these are also called
‘hub’ metabolites [44]. Moreover, the well-connected
central metabolites lead to short pathway distances in
the network. This is called ‘small-world behavior’ because
it is similar to global communication networks in which a
hierarchy of well-connected central nodes enables mess-
ages to reach everybody and makes the world ‘small’ [45].
As a result, times required for perturbations to spread in
the metabolic network are minimized and this might
enable metabolism to react rapidly [46]. Work by different
groups [46,47] confirms such a channeling effect of these
hub metabolites.

There also seems to be a tendency for new pathways and
the higher levels of metabolic organization to evolve with
preference around such central metabolites. They provide
a helping hand for pathway evolution and can be
accommodated by many enzyme structures. Around
central hub-metabolites new pathways evolve, often by
enzyme recruitment from existing pathways. The evol-
ution of the pathway for pentachlorophenol (PCP) degra-
dation is a good example [48]. Now branded as a
carcinogen, PCP was artificially introduced (as a

‘xenobiotic’ substance) in the biosphere in 1936 as a
biocide for timber conservation. Since then, organisms
such as Sphingomonas chlorophenolica rapidly developed
a new pathway by recruiting enzymes from the tyrosine
catabolism to a degrading pathway of dichloroquinones
and alteration of the first enzyme in the pathway to
accommodate and become resistant to PCP. Therefore,
such man-made xenobiotics provide an ideal test suite for
examining the extent to which, for example, plants can
adapt to new metabolites [49] and which strategy regard-
ing pathway evolution and enzyme adaptation is observed.

Interestingly, as a result of this accretion process, the
same topology and hierarchical organization of modules in
metabolic networks is preserved [47]. For example, the
pathway organization of archaea and eukaryotes is more
similar to each other then to bacteria, whereas individual
eukaryotic metabolic enzymes are often more similar to
(and have, since early evolutionary times, often been
recruited from) bacterial enzymes [50].

Concluding remarks

Together, current analysis provides us with new insights
into the evolution of enzymes and their pathways. Besides
the observed limited variability of many enzyme super-
families in their reaction chemistry and metabolite choice,
certain superfamilies appear to have a broader substrate
specificity and reaction variability. This variability pro-
vides a powerful ‘toolset’ for pathway evolution. Wide-
spread recruitment of enzymes to new pathways becomes
possible and is the most often observed mode of evolution
for new pathways. Furthermore, we observe a strong bias
among enzymes in the usage of metabolites. These
frequently used metabolites play an important role
because new pathways seem to evolve around those
compounds with preference. Thus, these hub metabolites
provide a helping hand for enzyme and pathway evolution.
It will be interesting to extend our knowledge on biological
systems to pathways involving regulation, transcription or
differentiation to see how, in these other types of path-
ways, the balance between the requirements of enzyme
conservation and pathway plasticity is achieved.
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