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Abstract

Natural product biosynthesis (NPB) is the Panda’s Thumb of
evolutionary biochemistry. Arm races between organisms, and
ever-changing environments, result in relentless innovation.
This review focusses on enzyme evolution in NPB. First, we
review cases of de novo emergence, whereby a completely
new enzymatic activity arose in a ligand-binding protein, or a
new enzyme emerged including a completely new scaffold.
Second, we briefly review the current models for enzyme
evolution, and how they explain the inherent promiscuity of
NPB enzymes and their tendency to produce multiple related
products. We thus suggest that NPB enzymes a priori evolved
to generate a specific product; they are, however, trapped in a
multifunctional, generalist evolutionary state and thereby pro-
duce a diversity of products.
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Introduction

A myriad of natural products has been and continue to
be identified, mainly in microorganisms and plants.
Studying how these molecules are produced (the
biosynthetic pathways) and used (their biological func-
tion) led to the realization that the enzymes and path-
ways that mediate natural product biosynthesis (NPB)
differ fundamentally from their anabolic counterparts in

central metabolism. Indeed, NPB has become the
Panda’s Thumb of evolutionary biochemistry — it
vividly demonstrates the powers of evolutionary
tinkering and how new products arise by rapid recruit-
ment of preexisting components.

NPB enzymes differ fundamentally from those of
central metabolism

In central metabolism, the identity of metabolites and
their physiological roles are relatively well established.
The enzymes have diverged at early evolutionary stages
and largely remained unchanged ever since. Thus,
although evolutionary relationships between enzymes
can be inferred, the trajectories that led to their diver-
gence are rarely tractable. In contrast, the selection
pressures shaping NPB are constantly changing. Thus,
the evolutionary history of NPB enzymes and pathways,
that emerged relatively recently, can be unraveled in
detail. In fact, most of our detailed knowledge of
enzyme evolution comes from enzymes of specialized
metabolism, and of NPB in particular.

The enzymes mediating central metabolism differ from
those of NPB not only in their evolutionary history. In
addition, in central metabolism, demands for high flux
and the high cost of breaches of specificity, led to
catalytically efficient and highly selective enzymes,
often hitting the physicochemical limits of molecular
recognition [1]e. The high connectivity of enzymes and
metabolites in central metabolism (substrates and in-
termediates shared by multiple pathways) [2], also
hinders changes in substrate or/and reaction specificity.
NPB stands in contrast — it evolves under rapidly
changing environments (the chemical arm race).
Moreover, NPB pathways are active only in specific
environmental conditions, and typically, at low flux.
Accordingly, enzymes in secondary metabolism exhibit
on average 30-fold lower turnover number (kcat) than
those in central metabolism [3]. NPB pathways are also
more singular than those of central metabolism — their
intermediates and products are more rarely used by
other enzymes in the same organism (low connectivity).
These features, low flux and low connectivity, result in
the cost of poor selectivity being minimal.

The outline of this review
Broadly speaking, in both central and natural products
metabolism, the evolution of enzymes occurs in two
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steps: recruttment and shaping. 'The first part of this review
relates to recruitment. "lypically, a preexisting enzyme is
recruited to catalyze the same, or a similar reaction, on a
new substrate (discussed later, in “The shaping of new
enzymatic activities’). Occasionally, however, an enzyme
emerges ‘out-of-the-blue’ — eg. from a noncatalytic
ligand-binding protein. These events that mark the
birth of a new enzyme are tractable in NPB. The
following section, ‘De novo enzyme emergence in NPB’,
describes few such intriguing cases.

The second step is shaping or reshaping. Following the
recruitment of an enzyme, mostly via a latent promis-
cuous activity, the enzyme adapts to its new role,
namely, evolves towards higher catalytic efficiency and
selectivity. In “The shaping of new enzymatic activities”
we briefly describe the evolutionary forces and con-
straints under which the catalytic efficiency and selec-
tivity of enzymes are shaped. We show that these
constraints explain the multifunctionality and the high
levels of promiscuity that characterize NPB enzymes,
and thereby their tendency to generate a multitude of
products, sometimes dozens of related products. We
therefore argue that NPB enzymes did not a priori
evolve to generate a diversity of products as suggested
by the ‘screening hypothesis’ [4]. Rather, we propose
that NPB enzymes and pathways generally evolved as
target-oriented, namely, under selection to generate a
specific product that provides a distinct selective
advantage. Yet, the mechanism that shape enzyme
selectivity, and the evolutionary constraints acting on
them, resulted in diversity-generating pathways.

Once recruited and shaped for a new activity, individual
enzymes are assembled in pathways. Several recent re-
views have focused on pathway evolution [2], including
in NPB [5,6]. This review, however, focuses on the
evolution of individual enzymes.

De novo enzyme emergence in NPB

Broadly speaking, NPB enzymes have various origins:
preexisting NPB pathways, or other pathways, either in
the same organism (typically, from central metabolism;
for example see Ref. in a study by Carrington et al.[7])
or a different one (horizontal gene transfer [8]). Typi-
cally, in the recruitment step, a promiscuous activity,
namely a latent enzymatic activity with no physiological
relevance, becomes physiologically relevant, and hence
‘visible’ to natural selection (elaborated further in the
next section). It therefore follows that in most cases, the
recruited enzyme applies the same chemistry on a
different substrate, or with minor modifications of
chemistry [9]. The recruited enzyme may even retain
its original reaction and substrate and be merely rewired
in terms or regulation or/and localization [10—12].
Nonetheless, combined with other enzymes, a new
pathway generating a new natural product may emerge.

While this mix and match dominates the evolution of
NPB, there are some unique cases of enzymes that
emerged ‘out-of-the-blue’. In central metabolism these
events typically occurred at the early stages of evolution
and are largely intractable. However, NPB, owing to
ever-changing nature, presents multiple such examples.
‘De novo emergence’ may involve a new enzymatic active
site that emerges in a preexisting fold, for example, in a
ligand-binding protein devoid of any catalytic activity
(Figure la and b), or even a completely new protein,
with a new scaffold, as well as a new active site
(Figure 1c¢).

One case that has been studied in detail is chalcone
isomerase. This enzyme catalyzes a Michael-addition
leading to (2S)-Naringenin, a key intermediate in plant
flavonoid biosynthesis. Uncharacteristically, this isom-
erase diverged from a nonenzymatic ancestor, a long-lost
fatty acid—binding protein [13]e. This ancestor could
nonetheless be reconstructed in the laboratory, and as
anticipated, exhibits no isomerase activity. It binds the
substrate, yet with the ‘business end’ facing the active
site exit (Figure 1a). Reconstruction of the trajectory that
potentially led from this inactive ancestor to the
contemporary enzyme indicated that single point muta-
tions of a surprisingly subtle nature (effectively adding or
removing a methyl) induce stereoselective isomerase
activity. These mutations slightly reshape the active site
pocket allowing the substrate to bind in the right mode,
and also realign the side chain of Arg34. This residue
which is the key to the isomerase activity was already
present in that fatty acid—binding ancestor, and the
mutations merely realigned it to enable catalysis [13]e
(for a similar case of a ligand-binding protein diverging to
an enzyme Ref. [14]e).

Two other notable examples regard the pathogen-
antibiotics arms race, a race that seems to boost
enzyme innovation. Both cases bear the hallmarks of ¢
novo emergence, although this has not been explicitly
noted in the original publications. The first is a recently
discovered enzyme, PluN2, that catalyzes imine hy-
drolysis in a pathway leading to an indolmycin antibiotic
[15]e (Figure 1b). The enzyme was found in a unique
pathway that evolved independently of the known
indolmycin biosynthesis pathway found in Strepromyces.
Although most of the pathway’s enzymes are orthologs
of the Streptomyces ones, PluN2 seems to have emerged
independently. The active site lies at the dimer inter-
face of the versatile VOC fold [16]. This fold comprises
mostly metallo-enzymes, yet some family members
diverged into a nonmetal-binding protein, giving rise to
so-called bleomycin resistance proteins that confer
resistance by stoichiometric binding of the antibiotic. It
seems that PluN2, an antibiotics synthesis enzyme,
comprises an ‘orphan’ enzyme that arose from a bleo-
mycin resistance protein, while using the periphery of
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Examples of de novo emergence of NPB enzymes. (a) Chalcone isomerase diverged from an ancestor that exhibits no isomerase activity [13]e. The
ancestor (in green; PDB:5WKR) binds the substrate, albeit in the opposite mode, as illustrated by the comparison to a contemporary chalcone isomerase
with the bound substrate (in pink; PDB: 1EYQ; note the different sidechain of Arg34 the rotamer of which differs in the two structures). Highlighted in pink
are the mutations that reshaped the ancestral binding pocket to give a stereoselective enzyme. (b) PIuN2 catalyzes the hydrolysis of an imine leading to
an indolmycin antibiotic (PDB: 6P29). The active site marked by the substrate in spheres lies at the dimer interface [15]e. (c) Along the same vein,

virginiamycin B lyase mediates antibiotics resistance (PDB: 2qc5) [17]. The enzyme adopted a beta-propeller that emerged de novo, with the active site
residing at the top of the propeller (facing the reader). (d) The internal sequence identity between the seven repeats of virginiamycin B lyase indicates its
de novo emergence, by co-option of a 45-residue fragment, and its duplication and fusion to give an intact B-propeller. The 7th repeat that carries most of

the active site residues seems to have diverged the most [17].

the original antibiotic binding site for the new enzy-
matic active site.

The second case is virginiamycin B lyase, an enzyme
that mediates antibiotics resistance (Figure 1c). The
enzyme catalyzes a retro-Michael (beta-elimination)
reaction that leads to lactone opening and inactivation of
virginiamycin [17]. It is a beta-propeller with a clear
fingerprint of high sequence identity between its seven
blades (Figure 1d), thus indicating de novo
emergence via duplication and fusion of a short segment
co-opted from another protein [18,19].

A common feature of these three examples of e novo
emerged enzymes is that they catalyze ‘easy’ reactions
that have low activation energy barrier and hence occur
spontaneously at considerable rate. These reactions may
have initially occurred without an enzyme, and once
their product became advantageous an enzyme emerged
that catalyzes this step. Indeed, spontaneously occur-
ring reaction are rare in central metabolism yet quite
common in NPB [2]. In some cases, the role of the
evolving enzyme may have been not in rate acceleration

per se, but, for example, in directing the reaction’s
stereoselectivity [13]e.

Other interesting cases that demonstrate the remark-
able powers of evolutionary tinkering in NPB enzymes
regard drastic changes in the catalyzed reaction. For
example, an S-adenosylmethionine-dependent methyl-
transferase that diverged into a decarboxylase, or an
oxygenase [6]e. Other oxygenases in NPB unexpectedly
diverged from pyridoxal phosphate—dependent en-
zymes that typically catalyze isomerizations or de-
carboxylations [20]e.

The shaping of nhew enzymatic activities

In a nutshell

The starting point is typically a promiscuous activity,
namely a preexisting activity that generates a product
that is beneficial upon a new challenge. Promiscuous
activities appear (and disappear) coincidently, as gene
sequences drift under purifying selection, that is, while
maintaining the original activity [21,22] (Figure 2).
After the initial recruitment of an enzyme, mutations
that amplify the newly recruited activity would be
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Figure 2
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The shaping of a new enzymatic activity — a schematic representation of a characteristic mutational trajectory, its selection driving forces,
trade-offs and diminishing returns. Each arrow indicates a single step, in principle, a single mutation along the trajectory leading from the starting point
(1) to the end point (5). The trajectory begins with an enzyme that carries a given function (the original function, plotted along the Y-axis, in blue).
Mutations that are neutral with respect to the original function (blue arrow) may accumulate by chance (drift, polymorphism, and so on) and give rise to an
enzyme variant with a coincidental, promiscuous activity that is typically orders of magnitude weaker than the original one (X-axis, in red) (2). A change in
the environment results in this promiscuous activity has a beneficial effect, and thus becoming under selection for higher rate (positive selection). The
early mutations (purple arrows) are responsible for the acquisition of higher levels of the new activity; they compromise the original function, yet typically to
a smaller extent (weak trade-off). This first stage therefore yields a bifunctional, generalist intermediate (3) that may evolve further. However, the next
stage (green arrows) differs from the first one in two respects: (i) the improvement per mutation in the new activity becomes increasingly smaller
(diminishing returns); (ii) the trade-off intensifies — improvements in the new activity come at increasingly large cost with respect to the original one. At
this stage, demands for higher activity for the original, as well as the new function, and a stronger trade-off, would typically enforce duplication — the
original gene reverts to the original function (4, black dashed arrows), whereas the new copy keeps evolving toward the new function (green dashed
arrows). As the trajectory progresses, diminishing returns are strong, and thus multiple mutations each with a small effect are needed to obtain a highly
efficient enzyme (4'). To complete the shaping of the new specialist (5), ‘negative selection’ would typically act in parallel (red arrows), leading to the

selection of mutations that abolish the original activity.

enriched by selection, and eventually fixed, thus opti-
mizing the new enzyme toward the target substrate and
reaction.

Gene duplication typically takes place at some stage.
It may occur early on, before, or immediately after the
recruitment of a promiscuous activity [23]. But it may
also occur at much later stages, or not occur at all.
Divergence trajectories have been studied in detail,
and reproduced in laboratory experiments, indicating
that in many cases the new activity is amplified by
mutations, while the original activity is retained
[22,24]. Thus, a newly diverging gene would typically
become a ‘generalist’ — a bi-, or even multifunctional
enzyme, carrying both the original and a new function.
This phenomenon of ‘gene sharing’ has been observed
early on [25,26], and many reconstructed ancestors of
what are now multiple paralogous enzymes, were
shown to be generalists [27] (for an exception, and
further discussion of this issue, see a study by
Rauwerdink et al. [28]). These generalist ancestors
were eventually duplicated, and subfunctionalized to
give two or more enzymes, each specializing in one of
the ancestral functions. Indeed, generalists are widely

deemed an intermediate step, typically followed by
gene duplication and specialization.

The generalist state may persist

In many cases, however, duplication and specialization
does not occur — the same gene continues to fulfill
multiple functions [26]. Another common scenario is
that although duplication had occurred, the enzymatic
function remained largely unchanged, and divergence
related to changes in regulation [10], localization [11],
or in moonlighting functions [12].

Why? The major driving force for specialization is trade-
offs: mutations that improve the new activity inevitably
come at the expense of the original one. If the latter
drops to an extent that compromises fitness, duplication
becomes inevitable — the original gene maintains the
original function, while the new copy, freed from the
burden of carrying the original function, can readily
diverge toward the new function. This trade-off is,
however, often weak, at least at the early stages of
divergence (Figure 2). Laboratory evolution experiments
consistently show that promiscuous activities are highly
evolvable: mutations that amplify them tend to have
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weak effects on the original function even when the
latter is not under selection [22,29,30]. In the laboratory;,
a latent promiscuous activity can be increased by up to
1000-fold with only several-fold decrease in the original
function [31]. Thus, if trade-offs are weak on the one
hand, and the target, new activity need not be highly
efficient on the other, a ‘generalist’ intermediate is a
sustainable long-term solution.

Persistence of the ‘generalist’ state also relates to the
fact that optimization of new activities is subject to
strong diminishing returns. The early mutations pro-
vide large improvements, whereas the subsequent
ones (that also exhibit large trade-offs) provide
increasingly smaller improvements (Figure 2). Fixation
of a mutation strongly depends on the magnitude of
its fitness benefit. If these are small, mutations that
drive the generalist intermediate toward specialization
may never fixate (especially if population size is
limited) [24]. In specialized metabolism, fluxes are
low as natural products are usually produced at low
quantities. In addition, the contributions of natural
products to organismal growth and survival tend to be
small. Hence, the selection forces may be too weak to
drive specialization.

Specialization usually demands ‘negative selection’

Specialization is driven by demands for adequate regu-
lation and localization, as well as for high catalytic effi-
ciency with the target substrate. The latter comprises a
‘positive selection’ that shapes the enzyme’s active site
toward a specific substrate and transition state. If a
strong trade-off prevails, positive selection will also lead
to lower activity with the original substrate (Figure 2,
green arrows) and possibly reduce activity with other
potential substrates (lower promiscuity). It appears,
however, that positive selection rarely yields high
selectivity ([24] and [1]e for a more detailed discus-
sion). Indeed, selectivity is typically shaped by ‘negative
selection’, namely selection to exclude certain sub-
strates (Figure 2, red arrows) [1]e. For example, in a
generalist, bifunctional state, the original substrate acts
as competitive inhibitor, thus lowering the new activity.
Thus, mutations that strongly reduce the original
function would be favored, and this reduction might
drive duplication and subspecialization [32] (Figure 2,
dashed black arrows). Negative selection is also driven
by harmful effects of side products. In central meta-
bolism this is evident in the evolution of editing in
certain enzymes (polymerases, aminoacyl tRNA syn-
thetases, etc’) [1]e, as well as in repair enzymes that
evolved to degrade so-called damage metabolites
[33,34]. These error-correcting mechanisms also indi-
cate that there are physicochemical constrains as to how
selective an enzyme can become. These depend on
structural differences between the desirable substrate
(which is under positive selection) and the undesirable

Enzyme evolution in natural products Noda-Garcia and Tawfik 151

ones (that drive negative selection), and also on the
active site’s structure [1]e. These physicochemical
constrains also hinder specialization and may thus lead
to the persistence of generalist states.

Generalists are inherently promiscuous and

evolvable

This may sound purely semantic, yet for an evolutionary
biochemist, there exists a fundamental difference be-
tween bi-, multi-or broad-functionality (terms that are
largely synonymous) and promiscuity. The former is
shaped under selection, whereby two or more functions
are physiologically relevant. In contrast, promiscuity is
coincidental and regards latent activities with no phys-
iological relevance [29]. That said, these two phenom-
ena are interlinked. As shown by laboratory evolution,
when a given promiscuous activity is enhanced via mu-
tation and selection, the resulting enzyme variants
exhibit not only the original function and the newly
evolved one (bifunctionality), but also a range of new
promiscuous activities that were neither present in the
starting enzyme, nor selected for. Thus, the transition
from a specialist to a generalist yields not only bifunc-
tional enzymes, but also inherently promiscuous and
evolvable ones — such generalists are therefore fewer
mutations away from a new function compared with a
specialized enzyme [35], as also demonstrated with
reconstructed ancestors [27].

NPB enzymes are trapped in the generalist state

NPB usually demands low flux, and thus may not impose
selection pressures that are sufficiently high to enforce
specialization. The physiological costs of low selectivity,
namely of acceptance of alternative substrates, and the
subsequent reduction in the target activity and/or pro-
duction of non-desirable products, may be minimal
compared with central metabolism. Finally, NPB evolves
relatively frequent, in response to chemical arm races
and rapidly changing environments. This means rela-
tively frequent events of enzyme reshaping, and in turn,
these enzymes would tend to remain in the generalist
state. Along the same vein, NPB enzymes are frequently
subject to horizontal gene transfer, and landing in a new
organism, let alone serving in a new pathway, demands
changes in activity. Thus, given the constrains acting on
specialization on the hand, and the low incentive to
specialize on the other, most NPB enzymes might
remain in the generalist state (Figure 2, step 3). Indeed,
multifunctional NPB enzymes are widely observed
which either mediate few consecutive steps (e.g. a series
of methylations of different groups of the same sub-
strate) or even entirely different reactions [6]e. When
combined in a pathway, the action of individual gener-
alist, promiscuous enzymes can accumulate to give
dozens of related products (for example, if each enzyme
generates two products that can be taken as substrates
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by the next one, a pathway comprising 7 enzymes would
result in 2" products).

The ancestors of central metabolism enzymes were
likely similar. Peptidoglycan biosynthesis, for example,
includes four consecutive condensation steps, each
adding one additional amino acid to the growing glyco-
peptide chain. These steps are mediated by four
different enzymes that diverged from a common
ancestor that probably recursively catalyzed all these, or
at least a subset of these steps [2]. Divergence and
specialization of this generalist ancestor enabled high
rate of synthesis of a single product, as expected for a
product that directly relates to growth (cell wall for-
mation) and hence has an immediate effect on fitness.

Target- or diversity-oriented evolution?

Our current knowledge of how enzyme evolves calls for a
reexamination of the widely accepted ‘screening hy-
pothesis’ [4]. That NPB pathways typically generate a
multitude of products is beyond question, what is in
question, however, is why. This section examines two
opposing ‘why’ hypotheses:

(1) The chemical diversity observed in NPB is an
explicitly evolved trait. In other words, NPB en-
zymes are diversity oriented [36], they have a priori
evolved as multifunctional such that they generate a
myriad of products, including products that have no
biological role; further, these enzymes are
constantly maintained under selection to remain so.
Selection is therefore acting to ‘prevent the evolu-
tion of highly efficient and specific enzymes
because such a high specialization state could be
detrimental for increasing chemical diversity’ [6]e.

(2) NPB enzymes are target oriented [36], namely, they
evolved in response to a specific challenge, a chal-
lenge that preceded their emergence, and are also
maintained under selection to produce a specific
product that meets a specific challenge. In other
words, the emergence of an enzyme, or a pathway, is
driven by an imminent fitness advantage that its
product provides, and so are changes in specificity
that may occur in preexisting pathways. By this
hypothesis, the tendency of NPB enzymes to
generate a diversity of products is a mere side-effect
of being trapped in a generalist state.

We surmise that (2) should be the default hypothesis. As
detailed above, NPB enzymes tend to be in the gener-
alist state owing to weak specialization forces, and also
because chemical arms race, and changing environ-
ments, drive relatively frequent changes in enzyme
specificity [37] (Generalists are inherently promiscuous and
evolvable).

Note, however, that ‘frequent changes’ is on an evolu-
tionary, multigeneration time scale, not within a single
generation as is the case with the immune system — the
analogy provided by Firn and Jones [4] for a diversity-
oriented system. The immune system produces a huge
repertoire of antibodies that are not targeted towards a
specific antigen. This so-called naive repertoire may
include up to 10'? antibodies, each exhibiting a different
binding specificity, such that upon arrival of a new
challenge, a suitable antibody is immediately available.
Along the same rationale, NPB pathways evolved to
produce a large diversity of compounds regardless of
their biological activity [4]. Preexisting diversity
certainly provides an evolutionary advantage, as does
enzyme promiscuity. However, the deduction that
product diversity in NPB is an explicitly evolved trait, as
in the immune system, is Panglossian (glasses are held
on noses, it does not mean noses evolved to hold glasses)
[38]. For a start, in the immune system, a mechanism for
generating diversity per se is available (V(D)] recom-
bination, mutator enzymes, and so on). However, as for
today, evidence for a similar mechanism of generating
diversity in NPB regardless of biological function is
scarce (further discussed in the following context).

Evidence for target- vs. diversity-oriented evolution
The biological function of natural products is often
invisible. Nonetheless, it became clear that even if the
molecular function of certain natural products remains
unknown, there are environmental conditions, typically
highly specific, which led to their emergence [5]. There
are multiple evidences indicating that most NPB path-
ways, evolved to make a specific product, even if the
precise biological role of it may remain unknown [39—
41]. Other indications include, for example, that anti-
biotic resistance evolved concomitantly with the emer-
gence of the synthesis of these antibiotics. This suggests
that these pathways evolved a priori toward a specific
molecule with a defined and beneficial biological func-
tion [39].

What about evidence in favor of diversity-oriented
evolution? Natural products typically come in families
that have a shared scaffold made by a set of relatively
conserved enzymes. The scaffold is ‘decorated’ by
multiple different modifications. The latter is equiva-
lent to ‘lead optimization’ in drug development, and is
hence subject to frequent evolutionary changes, and also
leads to a diversity of products [6e,35]. Might the
decorating enzymes evolve to generate diversity per se?

One case that comes closest to the generation of di-
versity pe se is the extensive radiation of lanthipeptides
in cyanobacteria [42]e. Here, a single synthetase that
exhibits very broad substrate acceptance can generate a
whole range of cyclic peptides. A metagenomic survey
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indicated that the genes encoding the precursor pep-
tides (prochlorosins) have intensely diversified.
Collectively, the examined natural cyanobacteria popu-
lations have the potential to produce thousands of
different peptides that widely vary in length, sequence
and ring topologies. However, whether this system is
diversity oriented remains an open question [42]e. More
recent work showed that the occurrence and genomic
location of the prochlorosin genes are tightly linked with
a transposase, suggesting the evolution of a mechanism
that promotes diversification [43]. The cyanobacterial
lanthipeptides, however, is an exception. There might
be other exceptions. However, in most NPB pathways,
product diversity is not an evolved trait but rather an
outcome of the way by which enzymes evolve.

Concluding remarks

NPB is possibly the best and wildest demonstration of
biochemical evolution in action. It provides stunning
examples of the powers of evolutionary innovation; how
few mutations can generate a completely new metabo-
lite that in turn initiates a new pathway that generates
dozens of different products. It provides ample oppor-
tunities to examine the evolutionary trajectories and
mechanisms that shape enzymes. At the same time, this
extravagant act of evolution can be misleading.
Panglossian rationale is intuitively appealing: enzyme
promiscuity (and other sources of noise and infidelity) is
critical to evolutionary innovation. Yet should we then
deduce that enzymes a priori evolved, or/and are main-
tained by selection, to be promiscuous? Similarly,
although evolution depends on mutations, polymerases
did not evolve to be error prone [44]. Evidence in favor
of mechanisms of ‘evolved evolvability’ is scarce. Rather,
as elaborated here, promiscuity is the outcome of
evolutionary and physicochemical constrains, and of how
enzymes emerge and are further shaped. NPB enzymes
also comprise a powerful demonstration of these
constrains.
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