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8.03.1 Introduction

Traditionally, enzymes are referred to as remarkably fast and specific catalysts. The fact that many enzymes are
capable of catalyzing other reactions, besides the one they physiologically specialize in, or evolved for, is definitely
not new. Since a long time, breaches of specificity, or promiscuity, of enzymes have been recognized. Early examples
of enzyme promiscuity include pyruvate decarboxylase,' carbonic anhydrase,” pepsin,’ chymotrypsin,* and
L-asparaginase.” However, these early discussions of enzymatic versatility were scarce, and until recently, the
wider implications of this ‘darker’ side of enzymes were largely ignored. During the last decade, protein, and
especially enzyme promiscuity, received considerable attention, and their importance in various contexts was
systematically studied. Reviews by O’Brien and Herschlag and later Copley,” were the first to highlight the
mechanistic and evolutionary implications of promiscuity. Other, more recent reviews have focused on the practical
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implications of promiscuity in organic synthesis, " on promiscuity and divergence in certain enzyme families,

on mechanistic aspects of promiscuity,”'* and on promiscuity in the context of protein evolution'* and design."’
The primary focus of this chapter is the role of promiscuity in the evolution of new enzyme functions. New
enzymes have constantly emerged throughout the natural history of this planet. Over the past decades, enzymes
that degrade synthetic chemicals were introduced to the biosystem,'®*" and enzymes associated with drug
resistance,” " provide vivid examples of how rapid the evolution of new enzymatic functions can be. The first
direct connection between protein evolution and promiscuity was made in 1976 by Jensen.” In his landmark
review, Jensen formalized the hypothesis that the starting points for evolution were provided by broad
specificity, or promiscuity, of the ancestral enzymes. Jensen proposed that unlike modern enzymes that tend
to specialize in one substrate and reaction, the primordial, ancient enzymes possessed very broad specificities,
and thus few enzymes could perform many functions. Divergence of specialized enzymes, through duplication,
mutation, and selection, led to the current diversity of enzymes, and to increased metabolic efficiency.
Extensive research has been carried out since Jensen provided ample evidence for the idea that promiscuity
1s a key factor in the evolution of new protein functions. Here, we attempt to survey this accumulated
knowledge. We focus on several aspects of promiscuity (and enzyme promiscuity, in particular) with an
emphasis on its mechanistic aspects, and its role in enzyme evolution. In contrast to journal articles, this
volume allows a very detailed discussion, including numerous examples and sidewalks to several related issues.
We therefore provide a comprehensive treatise that begins with the question of generality — are promiscuous
activities a rare exception, or should they be considered an accompanying trait of all enzymes (Section 8.03.2)?
We continue with an attempt to define promiscuity, and its variable facets, in a more rigorous way, and quantify
its levels and magnitude (Sections 8.03.3 and 8.03.4). Following that at present, promiscuity is a widely studied
phenomenon, we also discuss the prospects of predicting it (Section 8.03.5). In the next sections, we discuss the
structural and mechanistic aspects of promiscuity (Section 8.03.6), and the evolutionary implications (Sections
8.03.7 and 8.03.8). The latter begins with reviewing evidence for the role of promiscuity in the divergent
evolution of enzyme families and superfamilies (Section 8.03.7), and continues with a broader discussion of
various factors, and mechanisms, that drive the evolution of new enzymatic functions (Section 8.03.8).

8.03.2 Promiscuity - The Rule or an Exception

How wide is the phenomenon of promiscuity? The paradigm of absolute specificity: ‘one enzyme =one
substrate’ dominates our textbooks. But this view is obviously schematic, and is mostly valid as a first
approximation. Numerous examples for enzyme promiscuity are currently known, but one might argue that
these are largely anecdotal and do not provide a general picture. The paragraphs that follow detail several
arguments in favor of the notion that promiscuity, at different levels and magnitudes, is a wide phenomenon,
and should thus be treated as a rule, rather than an exception.

Specificity bears a high cost, in substrate binding energies, and hence in ke."® Even the most specific enzymes,
for example, enzymes involved in DNA replication or protein synthesis, exhibit measurable substrate infidelities,
often at surprisingly high rates.”® When necessary, high fidelity is achieved through proof-reading mechanisms that
involve energy costs, and essentially reverse the process, and repeat it, to correct possible errors. For example, the
proof-reading domain of many polymerases is an exonuclease that digests parts of the extending strand.
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Specificity is shaped by natural selection. It is therefore context dependent. Cross-reactivities and promis-
cuous activities that are harmful were selected against. Consider aminoacyl-tRNA synthetases for example.
Undoubtedly, their selectivity with respect to tRNAs and amino acids is under tight selection. Because of the
close similarity of certain amino acids, proof-editing mechanisms have evolved whereby formation of a
noncognate aminoacyl-tRNA is followed by its rapid hydrolysis.*” Isoleucyl-tRNA synthetase, for example,
favors the reaction with isoleucine over valine only by ~100-fold, and valine concentration 77 vivo is fivefold
higher than that of isoleucine. However, the proof-editing mechanism, which involves the rapid hydrolysis and
removal of mis-incorporated valine-tRNA, makes the error rate decrease to 1 in 3000.”® Occasionally, as is the
case of D-tyrosine, proofreading is performed by another enzyme that hydrolyzes the misacylated tRNA.*
Nonetheless, unlike the case of D-tyrosine, selectivity with respect to unnatural amino acids that have never
been present in living cells is very low. For example, the unnatural analogue 4-hydroxy-phenylalanine is bound
in the same mode as the native phenylalanine substrate.””

Many enzymes perform secondary tasks,””’" and some of the more illuminating examples include enzymes
that have been under intense selection for high specificity, such as aminoacyl-tRNA synthetases. These
enzymes exhibit secondary functions, for example, the biosynthesis of signaling molecules such as Ap4A
(2 adenosines linked through 4 phosphates) is mediated by lysyl-tRNA synthetases.”>** In addition, certain
aminoacyl-tRNA synthetases bind DNA or mRNA and thus regulate transcription, splicing, and translation, or
act as cofactors in RNA trafficking.’ It is probable that these functions were recruited well after the primary
function had emerged (loading of a specific tRNA with the cognate amino acid), from promiscuous, or side
products, of the primary reactions (see also Section 8.03.8.6.2 on gene sharing). Once recruited, such functions
remained under selection, and therefore became a native function of the enzyme (Section 8.03.3.1).

High-throughput screens for binding cross-reactivities revealed a very clear pattern, whereby the number of
identified cross-reactants (e.g., small molecules or proteins), and their affinity, increase exponentially with the
number of tested ligands, or binding sites (e.g, number of different antibodies).”*” Several theoretical models
account for these observations®® " (for further discussion of these aspects see Griffiths and Tawfik*' and James
and Tawfik*). A screen using a sufficiently large diversity of substrates (and reactions that can be performed on
these substrates) is probable to reveal that every enzyme exhibits a pattern of promiscuous functions. Some of
these may be related to the enzyme’s native function, and others might have a weak relation. Unfortunately,
contrary to binding, exhaustive screens for catalytic promiscuity are technically challenging, not the least
because different detection methods need to be applied for different substrates and reactions.

Few, and often none, of the promiscuous activities found 7z vitro (or those that could be found by systematic
screens) bear a physiological or evolutionary meaning. But even those that might, are not necessarily relevant in
vivo. The main reason is regulation. Of the entire enzyme diversity available to organisms, only a small fraction
1s accessible, and active, at a given time and cellular location. In this way, many of the undesirable outcomes of
enzyme promiscuity are prevented. Regulation at the level of expression is obviously directed to prevent the
spending of unnecessary resources.”*** Different regulation regimes are the key to control enzyme activity,
especially with enzymes whose specificity is broad. For example, E. co/i has 23 different members of the HAD
superfamily (haloacid dehalogenase (HAD)-like hydrolases). Most of these enzymes are phosphatases that show
remarkably broad and overlapping substrate spectra.*’* However, these paralogs that are biochemically
similar operate under different regulation schemes, and specificity is achieved through regulation and not by
the more familiar manner of controlling enzyme reactivity.

Regulation can also occur at the protein level, such as allosteric regulation that prevents the wasteful
conversion of costly metabolites. Such regulation is expected to be, and in many cases is, product-controlled.
However, in many cases, the substrate also comprises of an allosteric regulator of its own enzyme — in other
words, in the absence of its substrate, the enzyme active site becomes inactive. Preventing the active sites from
promiscuously reacting with other, undesirable substrates could be one of the driving forces for the evolution of
such mechanism.

There exists evidence indicating that despite the action of natural selection to increase enzyme selectivity by
various means, ranging from shaping the active site itself to regulation of enzyme expression and activity,
numerous cross-reactions and breaches of specificity occur, not just iz vitro, but in particular within living cells.
Such cross-reactivities are often unraveled by the analysis of auxotrophic knockout strains that lack a crucial
enzyme. These deficiencies are often complemented by other enzymes, or even other enzyme pathways,
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sometimes in an unexpected manner. For example, knockouts of the phn operon in E. coli that is known to utilize
phosphite (HPO;?") led to the identification of promiscuous phosphite-dependent hydrogenase activity in
alkaline phosphatase (see Figure 2(a) in Section 8.03.6.1.2). This activity enables the growth of the phn
knockout strain with phosphite as the sole phosphorous source.*” Other examples of ‘metabolic plasticity’, or
‘underground metabolism’ were reviewed by Jensen,'”*’ and later by D’Ari and Casadesus.*

The fact that cross-reactivities between different metabolic pathways are highly expected was also indicated
by an in silico experiment that attempted to dock 125 common metabolites into the active sites of 120 key
metabolic enzymes. Numerous potential cross-reactions were found amongst these 15 000 potential pairs,
cross-reactions that were often stronger than the cognate interactions. Although docking has obvious limita-
tions, this study further highlights the potential for promiscuity, and underground metabolism, within
numerous metabolic pathways.”” A systematic survey of complementation of deficient E. coli strains, by
selection from a library of E. coli's own genes under overexpression, revealed a similar picture.’’ The deleted
gene and its suppressor were in most cases unrelated. Complementation was achieved through the promiscuous
action of another enzyme, through increased transport (and not necessarily of the deficient metabolite), and
most often, through the opening of an alternative metabolic pathway and/or more global changes through the
overexpression of a regulatory factor. Thus, promiscuity is not necessarily a phenomenon limited to the single
enzyme level, but often whole pathways can act promiscuously, namely, outside their routine functional scope.

The above observations and considerations led to new hypotheses which suggest that genetic and metabolic
pathways are inherently probabilistic and ambiguous. By these hypotheses, the well-studied linear pathways
described in textbooks can be cross-wired in a variety of unexpected ways. Evolution may capitalize on these
unexpected cross-wirings, in a way of adaptive plasticity, to generate new metabolic capabilities.”' Phenomena
similar to ‘underground metabolism’ were also observed in genetic analyses where the observed phenotypes
turned out to be correlated with changes in many different genes, including genes from unrelated pathways.
These studies demonstrate a remarkable flexibility in the way genomes respond to changes. As is the case with
enzymes and metabolic pathways, genome flexibility is the outcome of the limited specificity, or promiscuity, of
gene action and of intergenic interactions.””’” Thus, it appears that, beyond the linear, well-defined pathways
which are extensively studied, there exist ‘flexible genomes’,’> as well as ‘flexible proteomes’, and ‘flexible
metabolomes’, the contribution of which to evolutionary adaptation requires further study.

8.03.3 The Definitions of Promiscuity

The term ‘enzyme promiscuity’ was imprinted through a review by O’Brien and Herschlag® that highlighted a
topic that, at the time, was relatively ignored by enzymologists. However, the term promiscuity is not very well
defined and has been used to describe a wide range of fundamentally different phenomena that are not
necessarily related. We thus propose the following terminology, or glossary:

8.03.3.1 Native Function

The substrate, and chemical transformation, for which an enzyme has evolved, and that is relevant to
physiology of the organism in which this enzyme resides. By definition, the native, or primary function is
maintained under selection, and mutations that harm it may affect organismal fitness. Many enzymes have more
than one physiological function,’ and in this case, all these functions should be defined as native, even though
some of these were obviously recruited at much later evolutionary stage. The ‘primary function’ describes the
function that underlines these enzymes. For example, the primary function of aminoacyl-tRNA synthetases is
activating and loading amino acids onto the cognate tRNA, whereas the generation of Ap4A is clearly ‘a
secondary function’ executed only in certain organisms and under specific circumstances.”” The ‘original, or
existing, function’, are complementary terms that refer to the native, or primary, function in the context of the
divergence of new functions.
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8.03.3.2 Multispecificity or Broad Specificity

Many enzymes evolved to perform a certain reaction on a whole range of similar substrates, rather than on a single
substrate. Their broad specificity is therefore an inherent, evolved function, and they should be regarded as
muluspecific enzymes, and not as promiscuous enzymes. Enzymes known for their broad substrate specificity
include mammalian detoxifying enzymes, such as glutathione S-transferases (GSTs) and cytochrome P450s,”*
certain enzymes in terpenoid biosynthesis such as sesquiterpene cyclases,””*’
hydroxylates over 150 various substrates.”’ Other examples include exonucleases that, contrary to restriction
endonucleases, cleave double-stranded, and often also single-stranded DNA, with almost no sequence specificity.
In cases of multspecificity, the reactions with the various substrates are expected to exhibit similar kinetic

parameters (Kyy, Aear)-

and methane monooxygenase that

8.03.3.3 Substrate and Cofactor Ambiguity

This definition applies to enzymes that evolved to transform one well-defined substrate. The enzyme’s activity
with other substrates is purely accidental, or promiscuous. However, in cases where the structure and chemical
nature of the alternative promiscuous substrates resemble the native substrate, this breach of specificity is best
defined as substrate ambiguity. Common examples of substrate ambiguity include lipases,>*’ whose natural
substrates are glyceryl esters of long-chain carboxylic acids (fatty acids), and that catalyze the hydrolysis of a
broad range of esters. More recent examples include asparagine synthetase that can complement a deficiency in
glutamine synthetase.”” Another type of substrate ambiguity is when an enzyme uses various nucleophiles to
react with the same substrate, as in case of halohydrin dehalogenase. Normally, this enzyme uses a water
molecule to open an epoxide ring and form a diol product. However, a whole range of monovalent anions, such
as Br™, CI", CN", and N; ~, can be promiscuously applied by the enzyme to generate a broad range of
products.”* The related category of ‘cofactor ambiguity’ includes enzymes that can utilize coenzymes, or
cofactors, other than the one they have evolved with. For example, D-2-hydroxyacid dehydrogenase from
H. mediterranei can use both NADH and NADPH as cofactors.”” Another example is regarding metallo-enzymes
that have been shown to catalyze promiscuous reactions when the naturally occurring active-site metal is
replaced (Section 8.03.6.1.5).

8.03.3.4 Promiscuity or Catalytic Promiscuity

This category refers to enzymes that catalyze different reactions (and not just different substrates) than the one
they evolved for. As is the case with substrate and coenzyme ambiguity, the enzyme’s activity with these
alternative substrates is purely accidental, and is under no selection, and is therefore promiscuous by definition.
As suggested,8 these cases include chemical transformations where the bonds that are broken, or formed, are
different than those in the native substrate and reaction, and/or transformations that proceed through a
different transition state. As discussed later, the promiscuous chemical transformations can be performed by
the same catalytic side chains, and by essentially the same mechanism, as the native enzymatic function (Section
8.03.6). But there are also cases in which the enzyme utilizes different subsets of active-site residues, and
somewhat different mechanisms, for the native and promiscuous functions (Section 8.03.6.1.4).

8.03.3.5 Moonlighting

In contrast to promiscuity that occurs within the same active site as the primary, native function, moonlighting
relates to the utilization of protein parts outside the active site for other functions, mostly regulatory and
structural,”® but sometimes enzymatic ones.””*® Such activities can be recruited at later evolutionary stages, as
indicated by the classical example of crystallins whereby metabolic enzymes were recruited later in evolution
as structural components of eye lenses’®” (see Section 8.03.8.6.2 on gene sharing).
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8.03.4 Quantifying the Degree and Magnitude of Promiscuity

A more refined definition of promiscuity should include a quantitative measure for the degree and magnitude
of promiscuity. The degree of promiscuiry refers to the level to which enzyme specificity is breached (or the degree
of multispecificity for enzymes that react with a broad range of different substrates). Namely, how different are
the native and promiscuous functions. The magnitude of promiscuity refers to the kinetic parameters for the
promiscuous activity relative to the native one.

8.03.4.1 The Degree of Promiscuity

Previous work suggested that the degree of promiscuity can be qualitatively assessed along two dimensions
whereby, one dimension describes differences in the type of bonds that are being formed or broken, and the
other dimension describes differences in the mechanism of the catalyzed reaction.” A more recent work aimed
at a quantitative measure dubbed ‘index of promiscuity’ that is calculated by mapping the substrate structure
and quantifying the degree of variability between different substrates of the same enzyme.”® However, this
method does not take into account substrate chemistry, and assumes that the same chemical transformation
occurs on all substrates. As such, it is more suitable for the quanttative analysis of cross-reactivity with
multispecific enzymes such as GST's (as originally demonstrated), and largely inapplicable to quantify catalytic
promiscuity whereby, as defined in Section 8.03.3.4, the major differences pertain to the chemistry and not the
substrate structure.

8.03.4.2 Assessing the Degree of Promiscuity with EC Numbers

Here we propose a simple, and relatively objective, way of assessing the degree of promiscuity using a
comparison of Enzyme Commission numbers (EC) for the native and promiscuous activities. In enzymes
exhibiting multspecificity, or substrate ambiguity, EC numbers for the various substrates should be the same,
or differ only by the 4th digit that generally distinguishes between enzymes of the same class. Catalytic
promiscuity should refer to cases in which the EC numbers of the various substrates and reactions catalyzed by
the same enzyme differ in the 2nd, or the 3rd, digits that refer to different chemistries, and different classes of
substrates, or even by the 1st digit that indicates a completely different reaction category.

Table 1 lists several examples for substrate ambiguity and catalytic promiscuity. The table indicates the EC
numbers for the native and promiscuous activities, and thus categorizes their promiscuity accordingly to
differences in EC numbers. Typical examples where differences in EC numbers reflect the degree of
promiscuity, and cases where they might not are discussed below.

Almost all cases of substrate ambiguity and multispecificity (as defined in Section 8.03.3) are manifested in
differences in the 4th digit. Examples for multispecific, or broad-specificity enzymes include sulfotransferases
and GSTs (Table 1, entries 1, 2).

Examples for substrate ambiguity include enzymes such as sugar kinases, amino acid transferases, glycosi-
dases, and methyltransferases, which can perform the same chemical transformation on substrates other than
their native one (Table 1, entries 3-6).

Lipases (EC 3.1.1.3; Table 1, entry 7) comprise a clear example where EC numbers seem to reflect
differences in the degree of promiscuity for a whole range of promiscuous activities. Their native substrates
are triglycerides (EC 3.1.1.3), and their ability to promiscuously hydrolyze aryl esters of various carboxylic
acids is manifested by a difference in the 4th digit only (3.1.1.X) and thus is correctly defined as substrate
ambiguity. The promiscuous amide hydrolysis concerns the cleavage of a different bond (C-N vs C-0O) and is
manifested by differences in the 2nd digit (EC 3.4.X.X). Lipases were also shown to promiscuously catalyze
nonhydrolytic reactions such as aldol condensations and Michael additions,”® ™ and these belong to the 4th EC
category (EC 4X.X.X). In these cases, both the mechanisms and the bonds that are being formed or broken
differ, and these differences are manifested in the 1st digit.

Alkaline phosphatase (EC 3.1.3.1,; Table 1, entry 8) also possesses a wide range of promiscuous activities.
Some of them differ from the native phosphate monoesters hydrolysis in the 3rd digit (sulfatase,



Table 1 Examples for classifying the degree of promiscuity based on differences in EC numbers

Enzyme Native activity (EC number) Promiscuous activity (EC number) Promiscuity type Reference(s)
1 Human cytosolic sulfo- Broad-specificity enzymes, Sulfonate group transfer from PAPS to the Multispecificity 70
transferases (hSULTSs) sulfonate group transfer various substrates EC 2.8.2.X.
from PAPS to the various
substrates EC 2.8.2.X.
2 Glutathione transferases Broad substrate specificity GST Gilutathione coupling with various ligands EC ~ Multispecificity 57
of A-class 2.5.1.18. 2.5.1.18.
3 N-acetyl-p-mannosamine Phosphorylation of N-acetyl-p- Phosphorylation of glucose EC 2.7.1.2. Substrate ambiguity 71,72
kinase (NanK) mannosamine EC 2.7.1.60
Fructose kinase (YajK) Phosphorylation of fructose EC Phosphorylation of glucose EC 2.7.1.2.
2.71.4
Allose kinase (AlsK) Phosphorylation of allose EC Phosphorylation of glucose EC 2.7.1.2.
2.7.1.55
4 Aspartate amino- Transamination of dicarboxylic Transamination of tyrosine and Substrate ambiguity) 73
transferase (AATase) substrates EC 2.6.1.1. phenylalanine EC 2.6.1.X.
5 Beta-glucuronidase (GUS)  Hydrolysis of beta-glucuronides Hydrolysis of pNP-galactoside EC 3.2.1.23 Substrate ambiguity 74,75
EC 3.2.1.31
6 Haelll methyltransferase Methylation of GGCC sites EC Methylation of AGCC sites EC 2.1.1.X. Substrate ambiguity 76
2.1.1.X.
7 Lipases Triglyceride hydrolysis EC Hydrolysis of aryl esters of various carboxylic ~ Substrate ambiguity 62, 63
3.1.1.3. acids 3.1.1.X.
Amide bond hydrolysis EC 3.4.X.X. Catalytic promiscuity 77
Aldol reaction (C-C bond formation) EC Catalytic promiscuity 78
4.1.XX.
Michael-type additions EC 2.5.1.18. (as in Catalytic promiscuity 79, 80
GST) EC 4.4.X.X. (as in lyases)
Oligomerization of siloxanes Catalytic promiscuity 81
Unnatural reaction for which no native
enzyme in known
8 Alkaline phosphatase Hydrolysis of monophosphate Phosphodiesterase EC 3.1.4.X. Catalytic promiscuity 82
esters EC 3.1.3.1.
Sulfate esters hydrolysis EC 3.1.6.X. Catalytic promiscuity 83, 84
Phosphite-dependent dehydrogenase EC Catalytic promiscuity 47
1.1/2.X.X
9 Muconate lactonizing Cycloisomeri-zation EC 5.5.1.1. OSBS (5-elimination) EC 4.2.1.113 Catalytic promiscuity 85

enzyme (MLE)

(Continued)



Table 1 (Continued)
Enzyme Native activity (EC number) Promiscuous activity (EC number) Promiscuity type Reference(s)
10  Phosphotri-esterase from Phosphotriester hydrolysis EC Phosphodiesterase EC 3.1.4.X. Catalytic promiscuity 19, 86, 87
P. diminuta (PTE) 3.1.8.1. Esterase EC 3.1.1.X.
Lactonase EC 3.1.1.X.
11 PLLs (PTE-like lactonases)  Hydrolysis of quorum sensing Phosphotriester hydrolysis EC 3.1.8.1. Catalytic promiscuity 88
lactones EC 3.1.1.X.
12 AIiiA from B. thuringiensis Hydrolysis of quorum sensing Phosphotriester hydrolysis EC 3.1.8.1 Catalytic promiscuity 88, 89; H.-S. Kim,
lactones EC 3.1.1.X. personal
communication
13  PONSs (serum Mammalian lactonases EC Phosphotriesterase EC 3.1.8.X. Catalytic promiscuity 90-92
paraoxonases) 3.1.1.X.
Aryl esterase EC 3.1.1.X. Substrate ambiguity
14 Serum albumins Nonenzymatic proteins Esterase EC 3.1.1.X. Catalytic promiscuity 93
Carbamate hydrolysis EC 3.1.1.X. Catalytic promiscuity 94
Kemp elimination (unnatural reaction, for Catalytic promiscuity 95
which no native enzyme in known).
15  Carbonic anhydrase Hydration of CO, EC 4.2.1.1. Esterase EC 3.1.1.X. Substrate ambiguity 2,96
Epoxide synthase (styrene epoxidation, by Catalytic promiscuity, or 97

metal exchange) EC 1.14.X.X.

cofactor ambiguity
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phosphodiesterase), but others (phosphite dehydrogenation) differ in the Ist digit, and represent a higher
degree of promiscuity.

Other cases in which the native and promiscuous activities differ in the 1st digit include muconate
lactonizing enzyme (MLE; Table 1, entry 9), whose native activity is cycloisomerization (EC 5.5.1.1) and
possesses a promiscuous OSBS (8-elimination) activity (EC 4.2.1.113).

Examples for a high degree of promiscuity obviously include nonenzymatic proteins such as serum albumins
that exhibit promiscuous catalytic activities’” "> (Table 1, entry 14). Other cases may include catalysis of
unnatural reactions, meaning reactions for which, to our knowledge, no natural enzyme has evolved (e.g,, the
Kemp elimination performed by serum albumin (Table 1, entry 14, or siloxane hydrolysis by lipase (Table 1,
entry 7)).

Another example where EC numbers seem to reflect differences in the degree of promiscuity concerns
lactonases. These enzymes that belong to three different superfamilies have all been shown to exhibit
promiscuous phosphotriesterase (PTE) activity (Table 1, entries 11-13). Lactonase activity involves the
hydrolytic cleavage of a C-O bond and is described as EC 3.1.1.X (where X refers to a specific lactone
substrate). The hydrolytic cleavage of the P—O bond of phosphotriesters is described by EC number
3.1.8.X. The difference in the 3rd digit reflects the difference in the bond that is being broken (C-O versus
P-0O), while applying essentially the same mechanism. For comparison, many of these lactonases (but not
all of them) also exhibit esterase activity with aryl esters in particular.®® This activity is described as EC
3.1.1.X, as is the case with lactonase activity. Because both reactions involve cleavage of C-O bonds, and
the lactonase—esterase differences are manifested in the 4th digit, this case is better described as substrate
ambiguity.

It should be noted, however, that EC numbers can also be misleading. There are notable cases where,
despite considerable similarity in the chemistry of catalysis, the EC numbers differ, and even by the 1st
digit. This is primarily because the EC definitions relate not only to the chemistry, but also to the
physiological context. A clear example is carbonic anhydrase (Table 1, entry 15; EC 4.2.1.1) that exhibits
promiscuous aryl esterase activity (3.1.1.X). The EC numbers suggest a totally different chemistry. But
although the substrates differ significantly, primarily in size, both reactions involve the attack of a
hydroxide ion on a carbonyl (Figure 1). The phosphite-dependent hydrogenase activity (EC 1.1/2.X.X)
of alkaline phosphatase (Table 1, entry 8; EC 3.1.3.1) also represents a borderline case. The very different
native and promiscuous activities (as manifested in the different EC categories) actually utilize a similar
mechanism (see Section 8.03.6.1.2).
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Figure 1 The native reaction of carbonic anhydrase (CO, hydration, top) and its promiscuous aryl esterase reaction,
exemplified with naphthyl acetate (bottom). Both reactions proceed by the same mechanism of hydroxide ion attack on a
carbonyl, followed by the stabilization of an oxyanion intermediate by the active-site Zn*. Despite this obvious similarity, the
EC numbers of these reactions differ in the first digit (Table 1, entry 15).
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8.03.4.3 The Magnitude of Promiscuity

Another quantitative measure addresses the magnitude of promiscuous activities, that is, how do the kinetic
parameters for the promiscuous reaction/substrate compare with those for the native substrate. Whereas most
enzymes exhibit 4.,/ Ky values in the order of 10°~10%mol ' I's™" for their native substrates,”® the magnitude
of promiscuous activities varies over more orders-of-magnitude, both in absolute terms, and relative to the
native activity. In many cases, the promiscuous activities are relatively high and fall within just an order-of-
magnitude, or two, from the native function (e.g., Table 2, entries 1, 2, 3, 5, 6, 9). Such activities can obviously
provide a distinct and immediate selective advantage. These cases may resemble ‘generalist’ intermediates (see
Section 8.03.8.3) and their divergence may proceed through a ‘gene sharing’ mechanism, as described in
Sections 8.03.8.6.2 and 8.03.8.6.3. In many cases, however, the promiscuous activities are very low, or even
barely detectable. Weak promiscuous functions can still provide a selective advantage, certainly under high
expression levels.*””*” Gene duplication is another way by which enzyme levels could be increased, and thus
endow a weak promiscuous activity a selective advantage (Section 8.03.8.6.4).

Furthermore, a useful way of assessing the magnitude of promiscuous activities is the rate acceleration
(kear/ Buncar) 0T catalytic proficiency (kea/Kni/kuncar). These parameters are indicative because they take into
account the inherent reactivity of the substrate.” In many cases, promiscuous activities occur, or are measured,
with highly reactive substrates. Such activities are in a way expected.'”’ However, there are many cases in which
promiscuous activities take place with substrates that are less activated than the native one. Examples include,
the amidase activity of esterases such as lipases (Table 1, entry 7), the phosphodiesterase activities of P. diminuta
PTE and alkaline phosphatase (Table 1, entries 10 and 8), and the PTE activities or various lactonases (Table 1,
entries 11—13; and the notable fact that some of these lactonases do not hydrolyze the more activated aryl esters).
In such cases, the chemical challenge posed by a less activated substrate is reflected in the more favorable
comparisons of rate accelerations, or catalytic proficiencies, for the native versus the promiscuous substrates.

8.03.5 Predicting Promiscuity

The growing interest in promiscuity, from both a fundamental point of view, and an applicative one (applica-
tions of enzymes in organic synthesis), provides an incentive for the development of computational and
bioinformatic tools for its prediction. By default, promiscuity is a phenomenon which is unpredictable — and
the more interesting and unrelated is the promiscuous function, the harder would be its prediction. The
difficulty of prediction is further augmented by the fact that in many cases, promiscuity involves some degree of
structural plasticity, namely, when the native and promiscuous functions are mediated by different active-site
conformations (see Section 8.03.6.1.1).

Early attempts to assess the frequency and potential for promiscuous enzyme—substrate encounters were
made by docking a set of substrates into a set of enzymes and examining the number and distribution of the
resulting virtual substrate—enzyme matches.” This study, however, aimed at evaluating the potential for cross-
reactivities and had intention, or computational accuracy, only to identify individual cases of promiscuity.
Significant improvements in structural predictions and ligand docking, and in particular, successful attempts to
dock transition states rather than substrates,'”’ may enable such studies to be performed with much higher
accuracy and scope.

The hope that promiscuity is predictable is also supported by the identification of systematic patterns of
promiscuity. For example, lactonases, and in particular lactonases that favor hydrophobic lactones, show a
consistent tendency to promiscuously catalyze the hydrolysis of phosphotriesters. This pattern has now been
seen in lactonases from three different superfamilies:’® PLLs (TIM-barrels from the amidohydrolase super-
family; Table 1, entry 11); PONs, or serum paraoxonases (calcium-dependent six-bladded B-propellers;
Table 1, entry 13); and Aiid (a lactonase from the metallo-3-lactamase superfamily; Table 1, entry 12).
That very different scaffolds and active-sites configurations share the same promiscuity pattern suggests that
these reactions share a key feature, probably in the geometry of their transition states. This feature must be
distinct, also because many of these lactonases do not hydrolyze esters that are much closer to lactones than
phosphotriesters, and should thus be amenable to structural analysis and prediction.
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The ongoing enrichment of structure and sequence databases, and the development of novel computational
and bioinformatic tools, should also facilitate the prediction of promiscuous functions. In particular, as discussed
in Section 8.03.7, the observation that within highly diverse superfamilies, the native function of one enzyme
family often comprises of a promiscuous function of another family, and vice versa, also suggests that certain
promiscuous functions are predictable.

8.03.6 Mechanistic Aspects of Promiscuity
8.03.6.1 How Do Specificity and Promiscuity Coincide within the Same Active Site?

A frequently asked question is how the very same active-site and catalytic machinery can show exquisite
specificity with respect to the native substrate (and thus avoid catalyzing other, closely related substrates), but
still catalyze other, and often completely unrelated, functions in a promiscuous manner. The answer to this
question is somewhat complex, because different scenarios, or mechanisms, seem to account for the coexistence
of specificity and promiscuity within the very same active site. Several scenarios are outlined in the next
section, and typical examples are described.

8.03.6.1.1 Conformational diversity

Despite the rigid, lock-and-key images of active sites obtained by X-ray crystallography, active sites, and even
their protein scaffolds, are remarkably flexible. The role of structural plasticity in facilitating enzyme action, and
evolution, has been discussed in several reviews.'””'** In many cases promiscuity is linked to conformational
diversity, whereby the native and the promiscuous functions are mediated by different active-site configurations.

A notable example of the role of conformational plasiticity comes from a-lytic protease, where a single amino
acid substitution increased the activity toward promiscuous substrates by a factor of 10°, whereas the native activity
was reduced by only twofold.'” This large shift in the selectivity of this enzyme and its other family members is
allowed by the structural flexibility of the substrate binding loops.'"*'” The mobility of active-site loops was also
demonstrated to a play a key role in mediating promiscuity in isopropylmalate isomerase, an enzyme with dual
substrate specificity, where a loop structure is dependent on the substrate presence.!” Other examples include
human sulfotransferase SULT1A1, where conformational changes enable the same enzyme to accommodate
different substrates.'”” The importance of conformational plasticity in mediating functional promiscuity was also
demonstrated in a study about glutathione-S-transferase isoforms GSTAI-1 and GSTA4-4." In an evolved
aminoacyl-tRNA synthetase, the disruption of an a-helix, introduced structural plasticity to the enzyme’s active
site and thus enabled it to accept a relatively broad range of unnatural amino acid substrates."”’

It should be noted that cases of different active-site configurations can include substantial backbone
rearrangements, in some cases, and only different side-chain rotamers in others. In principle, however, in all
these cases promiscuity makes use of a structurally modified active site. That alternative active-site conforma-
tions can mediate alternative promiscuous functions also has interesting implications regarding the evolvability
of promiscuous functions.'”*'** (see Section 8.03.8.1).

8.03.6.1.2 Accommodating alternative substrates

In many cases, promiscuous activities share the main active-site features (and often the same active-site
configuration) with the native activity, and besides differences such as substrate positioning, their mechanism
is largely the same. For example, in the family of guanidine-transferring enzymes, three mutually inter-
promiscuous enzymes PaADI, PaAgDI, and PaDDAH utilize the same catalytic triad (Cys-His-Asp), in their
action on various derivatives of arginine.''’ However, in this case of substrate ambiguity, the active-site
residues that bind the Ca-carboxyl and the guanidino-NH, of these different substrates are different.

Other examples include cases in which the enzyme applies nucleophilic catalysis, and the same active-site
nucleophile is utilized in both the promiscuous and the native function. For example, alkaline phosphatase is a
highly proficient (key/ Ky > 10" mol ™' 1s™") phosphate monoesterase that promiscuously hydrolyzes phospho-
diesters, phosphoamides, and sulfate esters,**** as well as phosphite (while actually reducing water to release
hydrogen; Figure 2(a))."” The cartalytic mechanism is presumed to be similar for all these reactions, and
involves nucleophilic attack by Ser102, and stabilization of the negatively charged intermediate by the
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Figure 2 (a) The native monoester phosphatase activity, and the promiscuous phosphite oxidation reactions catalyzed by alkaline phosphatase. Adapted from K. Yang; W. W.
Metcalf, Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 7919-7924. (b) The active site arrangement of alkaline phosphatase with a bound transition state model. Adapted from . Catrina;
P. J. O’Brien; J. Purcell; I. Nikolic-Hughes; J. G. Zalatan; A. C. Hengge; D. Herschlag, J. Am. Chem. Soc. 2007, 129, 5760-5765.
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active-site Zn’" ions and Argl66""*” (Figure 2(b)). Comparison between the phosphate monoesterase,
phosphodiesterase, and sulfatase activities of alkaline phosphatase revealed that, whereas these substrates all
bind in a similar mode, the interactions with both Zn’" ions and Arg166 are much more favorable for the native
phosphate monoester substrates than for other, promiscuous substrates.*”®* This difference accounts for the
orders-of-magnitude higher rates and catalytic proficiencies of the native substrates versus the promiscuous
ones.

There are also cases where the network of hydrogen bonds is the main feature that differs the native reaction
from the promiscuous one. D-2-keto-3-deoxy-gluconate aldolase (KDGA) from hyperthermophilic Sulfolobus
solfataricus reacts with both gluconate and galactonate substrates with similar rates."'' The mechanism with both
substrates involves Schiff base formation by Lys155, and subsequent hydration and cleavage. The differences
between gluconate and galactonate are in the hydrogen bonds formed with KDGA’s active site, and in
particular in the manner by which the 5" and 6’ hydroxyl groups are bound (Figure 3).'"?

It therefore seems that the very same active site can offer numerous modes of interactions, and some of these
might be utilized by promiscuous substrates. It should be noted, however, that most of the above describes cases
analyzed by kinetics and site-directed mutagenesis. Very few structures of the enzyme—substrate, or enzyme
transition-state complexes, exist for both the native and promiscuous substrates. And thus, small, or even
significant, changes in active-site configuration cannot be excluded in the described cases.

8.03.6.1.3 Different protonation states

There are cases in which the same active-site residue acts in two different protonation states in the native
compared to the promiscuous function. In the tautomerase superfamily, various enzymes share the catalytic Pro
residue at the enzyme N-terminus, but the mechanism of catalysis depends on its pK,. In 4-oxalocrotonate
tautomerase (4-OT) that catalyzes the 1,5-keto—enol tautomerization of 2-hydroxymuconate to 2-oxo-3-
hexendioate, the pK, of Prol is ~6.4, and it acts as a general base. In another tautomerase family member,
CaaD, which catalyzes the hydrolytic halogenation of chloro- and bromoacrylates, Prol is protonated
(pK,~9.2) and serves as a general acid.""*™'"” Since in 4-OT little proportion of Prol is present in the correct
protonation state for general acid catalysis, its promiscuous hydratase activity is quite low (2.6 x 10~ > mol "' 1s7").
The knowledge of 4-OT and CaaD catalytic mechanisms was used to elucidate the catalytic mechanism of yet
another member of tautomerase family, malonate semialdehyde decarboxylase (MSAD). MSAD has a substantial
hydratase activity (with even higher turnover number than CaaD, 585~ ' vs. 0.7s™ '), and it was proposed that its

Prol is protonated and serves as a general acid also in the mechanism of the native MSAD activity."'*'"
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Figure 3 Schematic summary of the different interactions made in the active site of p-2-keto-3-deoxy-gluconate aldolase
(KDGA) with its two substrates: p-2-keto-3-deoxy-gluconate (p-KDG) and p-2-keto-3-deoxy-galactonate (p-KDGal). Adapted
from A. Theodossis; H. Walden; E. J. Westwick; H. Connaris; H. J. Lamble; D. W. Hough; M. J. Danson; G. L. Taylor, J. Biol.
Chem. 2004, 279, 43886-43892.
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8.03.6.1.4 Different subsites within the same active site
In probably fewer cases, although both the original and promiscuous activities reside in the same active site, and
rely on its major feature (e.g, an oxyanion hole), other parts of the catalytic machinery may differ significantly. One
such example 1s serum paraoxonase (PON1), a mammalian lactonase with promiscuous esterase and PTE activities.
All these activities depend on a calcium ion that serves as PONT1’s ‘oxyanion hole’, but the general base, which
activates a water molecule, differs''® (Figure 4(a)). The hydrolysis of lactones and esters is mediated by a
His115-His134 dyad, that deprotonates a water molecule to generate the attacking hydroxide. The promiscuous
PTE activity appears to be mediated by another set of residues. Indeed, mutations of both histidine residues
increase the promiscuous phosphotriesterase activity, and even shift selectivity is some cases. For example, the
His115Trp mutation dramatically shifts the selectivity in favor of P-S versus P-O bonds.'*”"*' Coordination of the
phosphoryl oxygen to the active-site calcium is one feature that is shared with the lactonase mechanism. However,
the His115-His134 has no role as a base in the hydrolysis of PTEs. It has been suggested that the PTE mechanism
of PONI1 is analogous to the mechanism of the squid diisopropyl fluorophosphatase (DFPase),'"”
nucleophilic attack of Asp269 that comprises one of the Ca’'-ligating residues.''”'** However, this mechanism
remains to be established by manifestations of a phosphoryl-enzyme intermediate, such as burst kinetics (that have
not been observed with any of PONI’s substrates), and the isolation of a phosphorylated enzyme species.
Nonetheless, the mutagenesis data clearly indicate that key features of the lactonase and PTE mechanisms differ.
An analogous example is Candida antarctica lipase B (CALB) whose native activity (lipids hydrolysis) is
mediated by a Ser105-His224-Asp187 catalytic triad. Using its oxyanion hole, formed by GIn106 and Thr40,
CALB also catalyzes various carbon—carbon bond formation reactions, such as Michael additions and aldol
condensations, with various ketone and aldehyde substrates.”* ™ However, in these reactions, the nucleophilic
serine — the key part of the catalytic triad, plays no role, and the acid—base transfer is thought to be mediated by
His224 in conjunction with Asp187 (Figure 4(b)). Indeed, as in PONI, the Ser105Ala mutant exhibits higher
promiscuous activities than wild-type (W'T) CalB.
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Figure 4 Different subsites within the same active site. (a) The main active site feature of the serum paraoxonase PON1 is
the catalytic calcium ion, which lies at the bottom of a deep and hydrophobic active site, and is thought to act as the ‘oxyanion
hole’ of PONs. The native function, hydrolysis of lactones, is mediated by a His115-His134 dyad, that deprotonates a water
molecule to generate the attacking hydroxide. Although the same dyad appears to mediate the promiscuous arylesterase
activity of PON1, the promiscuous phosphotriesterase activity (shown here for paraoxon) appears to be independent, and
mediated by other residues that act as a base, or nucleophile.'®'"® Indeed, mutations of both His residues may increase the
promiscuous phosphotriesterase activity by >300-fold with certain organophosphate substrates.'%'?! (b) A similar scenario
has been described for the lipase CalB. Its native activity (lipid hydrolysis) is mediated by the Ser105-His224-Asp187 triad
and the negative charge of the transition states, and the acyl-enzyme intermediate is stabilized by its ‘oxyanion hole’. CalB
also catalyzes promiscuous C-C bond formation reactions. In these promiscuous activities, the oxyanion hole is also
utilized for negative charge stabilization (shown here). However, the catalytic serine takes no part, and acid-base transfer is
thought to be mediated by His224 in conjunction with Asp187.788°
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8.03.6.1.5 Promiscuity due to alternative cofactors

Changes in chemical selectivity can also be induced by metal substitution. Such changes can be defined as
cofactor ambiguity. Following the pioneering work by Kaiser,'*’ the introduction of copper ions (Cu**) has been
shown to introduce promiscuous oxidase activities in several hydrolytic enzymes.'**'** In carbonic anhydrase,
substitution of the Zn’" by Mn”" conferred the enzyme with enantioselective epoxidation of styrene.”’
Incorporating selenocysteine into the active sites of subtilisin,'*® glyceraldehyde-3-phosphate dehydrogenase
GADPH,"*” and GST,"*® provided these enzymes with novel peroxidase activities.

8.03.6.1.6 Water-assisted promiscuity

Although the native substrate may interact directly with active-site residues, it is anticipated that water
molecules probably play an important role in the indirect mediation of promiscuous interactions. Water
molecules can bridge between a promiscuous substrate and active-site groups thus forming weak promiscuous
hydrogen bonds. They can partially neutralize opposing dipoles and charges between the substrate and active-
site residues, or act as acid, base, or nucleophile, in catalyzing the promiscuous reaction. Indeed, spatially
defined active-site water molecules have catalytic power that is not fundamentally inferior to amino acid
residues. Such water molecules may have played a key role in primordial enzymatic active sites,”® and therefore
probably participate in promiscuous activities. The current evidence for water-mediated promiscuity is slim,
primarily because of the few structures of enzymes complexed with promiscuous substrates. However, the
Bacillus subtilis esterase, which is also capable of amide hydrolysis, comprises an example whereby water
molecules may assist the catalysis of a promiscuous substrate. A molecular dynamics study suggested that
amide hydrolysis is affected by a network of hydrogen bonds consisting of water molecules. The esterase
reaction is not influenced by these hydrogen bonds, due to the fact that esters lack the N-H amide group.'*’

8.03.6.2 Deciphering Enzyme Mechanisms by Studying Promiscuous Functions

Enzymologists have discovered that a systematic research of the ‘hidden skills’ of enzymes can provide valuable
insights regarding their catalytic mechanisms (see also Section 8.03.6.1.3). For example, the promiscuous
hydrolysis of phosphonate diester by Tetrahymena thermophila ribozyme provided key insights regarding the
relative importance of transition state geometry versus charge.'* The native activity of this ribozyme is the
phosphodiesters hydrolysis, which differs from the promiscuous aminoacyl esterase activity by both the
geometry and the charge of the transition state. Phosphonate diester was hydrolyzed by the ribozyme with
similar turnover and analogous mechanism to the phosphodiesters hydrolysis, thus demonstrating that the
geometry of the transition state plays a more important role than its charge.

In another study, the promiscuous chorismate mutase activity of isochorismate pyruvate-lyase (PchB) was
used to derive mechanistic insights into its native activity (isochorismate pyruvate lyase)."”' Presumed key
active-site residues were randomized, and the resulting variants of PchB were selected for the promiscuous
chorismate mutase activity. Consequently, a common mechanism was proposed for both functions of PchB,
with the rare [1,5]-sigmatropic rearrangement for the lyase activity, being distinct from other pyruvate lyases.

8.03.6.3 Mechanistic Origins of Differences in the Catalytic Parameters for Native Versus
Promiscuous Functions

As noted above, the magnitude of promiscuous activities varies over many orders-of-magnitude, both in
absolute terms, and relative to the native activity (Section 8.03.4.3). The differences in reactivity between the
native and promiscuous substrates can be manifested in differences in both 4., and Ky;. The schematic view is
that the energetics of substrate binding are reflected in the Ky, and catalysis by k.. It is therefore expected that
promiscuous substrates that bind poorly, due to steric hindrance, for example, will exhibit high Ky values.
However, many promiscuous substrates are characterized by low £, values. For example, a systematic analysis
of >50 substrates for the enzyme PON1, the primary function of which is lipophilic lactonase, indicated that the
promiscuous aryl ester, and phosphotriester, substrates all exhibit Ky; values in the millimolar range
(0.8-5 mmol 1").”” This is despite the fact that their k.,/Ky values vary over three orders of magnitude.
The differences in reactivity are therefore primarily due to k., values that vary by >1000-fold. The probable
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reason is that for the promiscuous aryl ester and phosphotriester substrates, substrate binding is driven
primarily by nonspecific hydrophobic forces with the deep and hydrophobic active site of PONI1. It appears
that, in many cases, promiscuous substrates are inadequately positioned relative to the catalytic machinery, and
therefore exhibit very low 4., values. Interestingly, for the lactones that comprise that native substrate of this
enzyme, Ky values vary by ~200-fold (from about 0.1 up to 20 mmol1~"), whereas the variations in &, values
are orders of magnitude lower (~10-200s").

It is therefore anticipated, and often observed, that the mode of binding of the native substrate — that is
typically mediated by several independent, enthalpy-driven interactions — is fundamentally different from that
of the promiscuous substrates where hydrophobic and other entropy-driven interactions play a key role.

8.03.7 Promiscuity and the Divergence of Enzyme Superfamilies

Enzyme superfamilies include numerous enzymes that although distant in sequence, share the same fold and
the same catalytic mechanism. Members of such diverse superfamilies catalyze different chemical transforma-
tions of many different substrates, but share a common motive of catalysis."" Analysis of enzyme families and
superfamilies provides the most solid and convincing body of evidence for the role of promiscuity in the
evolution of new functions. Specifically, the identification of promiscuous activities, or cross-reactivities,
between different members of the same enzyme family or superfamily, and the directed evolution of these
activities, provide important hints regarding evolutionary, structural, and mechanistic relationships within
enzyme families (Figure 5).

Several examples of the promiscuous catalytic activities within enzyme families and superfamilies are listed
in Table 2. Key observations based on these data are summarized below:
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Figure5 Experimental evidence favors the model of divergence of a ‘generalist’ progenitor enzyme to a family of ‘specialist’
enzymes. Left panel: Jensen’s hypothesis®® surmises that, in nature, an ancestor protein displaying a low level of a range of
activities (denoted as a, b, ¢, d) had been subjected to selection pressures for those activities, thus duplicating and diverging
into a family of potent and highly specialized enzymes of the kind seen today (denoted A, B, etc.). Today’s ‘specialists’ may
still retain some of the functions of the common ancestor (denoted in lower case), as low levels of promiscuous activities.
Indeed, several reports indicate a low level of shared activities within a family, and in particular that the native activity of one
member is the promiscuous activity of another, and vice versa (Table 2). Right panel: Additional support to the above model
comes from the results of many directed evolution experiments. Direct switches of specificity, for example, from B to D (red
arrow) are rare, and are typically seen following a parallel selection for an increase in the target activity and elimination of the
original one. Upon mutation and selection for an increase of a promiscuous activity (green arrow), the resulting variants
usually show significant increases in the target activity, and a smaller decrease in the original one, thus yielding, in effect, a
‘generalist’ intermediate exhibiting both d and b at relatively high levels (the ‘weak negative trade-off’ line in Figure 6). Such
intermediates are often observed in the laboratory; some even gain other activities, never selected for (denoted a, c), and may
therefore resemble the progenitor of this enzyme family, or node intermediates along past routes of its divergence.



Table 2 Examples for promiscuous activities within enzyme families and superfamilies

Promiscuous
Family/ Native activity; activity; substrate (Keai/ Ky in
Superfamily Enzymes substrate (ke Kng in mol~"1s77) mol~"1s77) Reference(s)
1 Mammalian PON1 (serum paraoxonase) Lipo-lactonase — aliphatic 5-, PON1: Aryl esterase (phenyl 91, 92
Paraoxonases (PONs) PON2 6-membered ring lactones with acetate, ~6 x 10
PONS3 lipophylic side chains (y-dodecanoic Phosphotriesterase (paraoxon,
lactone, 1.2 x 10%) 6 x 10%)
PON2: barely detectable aryl
esterase; no phosphotriesterase
PONS: low aryl esterase; barely
detectable phosphotriesterase
2 Tautomerase superfamily Malonate semialdehyde decarboxylase Decarboxylation of malonate Hydration of 2-oxo-3-pentynoate 113-117
(MSAD) semialdehyde (2.2 x 107) 6x10%)
4-oxalocrotonate tautomerase (4-OT) Tautomerization of 2-hydroxymuconate Hydration of 3E-chloroacrylate
to 2-ox0-3-hexenoate (>10°) (CaaD activity) (2.6 x 107?)
YwhB tautomerase (4-OT analogue) Tautomerization of 2-hydroxymuconate Hydration of 3E-chloroacrylate
to 2-ox0-3-hexenoate (~105) (CaaD activity) (4.4 x 1072
(1.3 % 109
trans-3-chloroacrylic acid dehalogenase  Hydrolytic dehalogenation (hydratase) of  Hydration of 2-oxo-3-pentynoate
(CaaD) 3E-haloacrylates (1.2 x 10°, 3E- (6.4 x 10%)
chloroacrylate)
3 ROK family (repressor, NanK N-acetyl-p-mannosamine kinase Glucose kinase (5.1 x 10%) 71,72
open reading frame, (2.7 x 105
kinase)
YajF Fructose kinase (1.1 x 10%) Glucose kinase (2 x 10?)
YcfX Unknown Glucose kinase (2.4 x 10°)
AlsK Allose kinase, (6.5 x 10% Glucose kinase (15)
4 Enolase superfamily: MLE ~ o-succinylbenzoate synthase (OSBS) Dehydration of SHCHC (2-succinyl-6R- N-acylaminoacid racemase 13,132

(muconate lactonizing
enzyme) subgroup

hydroxy-2,4-cyclohexadiene-1R-
carboxylate) (2.5 x 10°)

(NAAAR) reaction with N-acetyl
methionine isomers
(4.9-5.9 x 10%)

(Continued)



Table 2 (Continued)
Promiscuous
Family/ Native activity; activity; substrate (kea/Ky in
Superfamily Enzymes substrate (keae/Kpin mol~1s77) mol~"Is77) Reference(s)
5 Amidohydrolase Phosphotriesterase from Phosphotriesterase (paraoxon, 4 x 107) Aryl esterase (2-naphthyl acetate, 88, 87
superfamily P. diminuta (PTE) 500); lactonase
(dihydrocoumarin, 6.5 x 10°)
Phosphotriesterase homology protein Unknown Aryl esterase (2-naphthyl
(PHP) acetate, 70)
Dihydroorotase (DHO) Dihydroorotic acid hydrolysis (1.2 x 10°) Phosphotriesterase
(paraoxon, 2.8)
AhlA; a member of the PLL family Lactonase; N-3-oxooctanoyl L- Phosphotriesterase
(PTE-like lactonases) homoserine lactone (0.7 x 106) (paraoxon, 0.5)
PPH; a member of the PLL family Lactonase; N-3-oxooctanoyl L- Phosphotriesterase
(PTE-like lactonases) homoserine lactone (0.55 x 10°) (paraoxon, 8.6)
PTE-like lactonase Lactonase; N-3-oxooctanoyl L- Aryl esterase (naphthyl acetate,
SsoPox homoserine lactone (>10°) 400); phosphotriesterase
(paraoxon, 4000)

6 Orotidine 5’ 3’ keto L-gluconate 6-phosphate Decarboxylation of 3’ keto L-gluconate Aldol condensation of p-ribulose 133
monophosphate decarboxylase (KGPDS) 6-phosphate (7.7 x 10%) 5-phosphate and formaldehyde
decarboxylase (HPS activity, 8.2 x 1072
suprafamily (OMPDC)

p-arabino-hex-3-ulose 6-phosphate Aldol condensation of p-ribulose Decarboxylation of 3’ keto L-
synthase (HPS) 5-phosphate and formaldehyde gluconate 6-phosphate (KGPDS
(1.6 x 10% activity, 2.3 x 10%)

7 N-acetyl-neuraminate N-acetyl-neuraminate lyase (NAL) Cleavage of N-acetyl-neuraminate Aldol condensation of pyruvate 134
lyase (NAL) family, (3.1 x 109 and L-aspartate - (-
pyruvate-dependent semialdehyde (DHDPS activity)
aldolases (20)

Dihydrodi-picolinate synthase (DHDPS) Aldol condensation of pyruvate and
L-aspartate — 8-semialdehyde
8 Alkaline phosphatase Alkaline phosphatase Phosphomonoesters hydrolysis Phosphodiesters hydrolysis (bis-p- 82-84

superfamily

Nucleotide pyrophosphatase/
Phosphodiesterase (NPP)

(p-nitrophenyl phosphate, 3.3 x 107)

Phosphodiesters hydrolysis (thymidine
5’-monophosphate 4-nitrophenyl
ester, 1.6 x 10°)

nitrophenyl phosphate, 5 x 10?2
Sulfate ester hydrolysis (p-

nitrophenyl sulfate, 1 x 1072)
Phosphomonoesters hydrolysis

(p-nitrophenyl phosphate, 1.1)



9 Guanidino-modifying
enzyme superfamily
(GMSF), hydrolase
branch

10 C-C hydrolase family
(branch of o/
hydrolase superfamily)

Arginine deiminase (PaADI)

Agmantine deiminase (PaAgDl)

NY,N"-dimethyl-arginine dimethyl-
aminohydrolase (PaDDAH)

C-C hydrolase MhpC from E. coli

Haloperoxidase/Esterase ThcF from
Rhodococcus erythropolis

Lactonase from Acinetobacter
calcoaceticus

Arginine hydrolysis (4.5 x 10%

Agmantine hydrolysis (7 x 10%)

N ,N*"-dimethylarginine hydrolysis
(1.8 x 10%

C-C bond cleavage (2-hydroxy 6-keto-
nona-2,4-dienoic acid, 28 units)

Haloperoxidase (monochlorodimedon,
Vimax = 0.45 nmol min~")

Lactonase (3,4-dihydrocoumarin,
Vimax = 4760 units)

N ,N*"-dimethylarginine hydrolysis
(PaDDAH activity) (1.8 x 10%)

Arginine hydrolysis (PaDDAH
activity) (1.8)

Esterase (mono-ethyl adipate,
0.0027 units)

Thioesterase (thioethyl adipate,
0.46 units)

Hydroxamic acid formation (mono-
ethyl adipate + NH,OH, 0.013
units)

Esterase (p-nitrophenyl acetate,
Vimax = 2.58 nmol min~")

Haloperoxidase
(monochlorodimedon,

Vinax = 199 units)

110

135-137
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(1) The same promiscuous activity is often shared between more than one family member (Table 2, entries 2, 3,
5, 10). For example, several members of the tautomerase family share a promiscuous hydratase activity
(although its efficiency varies greatly),"' """ and all known kinases of the ROK family can utilize glucose as
a promiscuous substrate.”"”’? That the same promiscuous activity is shared by more than one family member

can hint toward the existence of yet unidentified family members in which this promiscuous activity

comprises the native activity, and also provide new starting points for directed evolution.””*"

(i1) Promiscuous functions can also appear in one family member but not in the others (Table 2, entries 1, 5, 9).
For example, in the guanidino-modifying enzyme superfamily (GMSF), no promiscuity was observed in
agmantine deiminase (PaAgDI), whereas the other two family members exhibit promiscuous activities.'"’
In the mammalian paraoxonases family, the promiscuous PTE activity is quite efficient in PONI
(keae/ Knp ~ 10" mol ™' 1s™"), barely detectable in PON3, and nonexistent in PON2. Indeed, the consistency
of the lactonase function in all PON family members, and the haphazardness of the others activities (i.e., the
paraoxonase and aryl esterase observed only in some family members; Table 2, entry 1), enabled the
identification of the lactonase as the native function of PONs.”"”” This trend is also seen in a recently
identified family of bacterial lactonases within the amidohydrolase superfamily. The magnitude (in terms
of key/Kni) of promiscuous phosphotriesterase activity varies from 0.5mol '1s™' in one member, to
4000 mol~"Is™" in another.*® The above patterns are consistent with promiscuous activities being under
no selection, and also with the observation that promiscuous activities show large increases and decreases in
response to one or few mutations which are neutral with respect to the primary function.”

(i11) The primary, or native, function of one family member is often identified as a promiscuous activity in
other family members (Table 2, entries 2, 5-9). In the tautomerase superfamily, the promiscuous activity
of4-OT, and its homologue YwhB tautomerase, is the primary native activity of #7ans-3-chloroacrylic acid
dehalogenase (CaaD).'"* A similar picture is observed in the orotidine 5" monophosphate decarboxylase
(OMPDC) family, the amidohydrolase superfamily, the N-acetyl-neuraminate lyase (NAL) family, the
guanidino-modifying enzyme family, and in the alkaline phosphatase superfamily.'*’
Following the above, promiscuous activities may comprise a vestige of the progenitor of an enzyme, or
enzyme family (Figure 5). This principle was recently demonstrated in an attempt to trace the origins of a
bacterial PTE (from P. diminuta) — an enzyme thought to have evolved toward the degradation of the synthetic
insecticide paraoxon that has only been introduced in the twentieth century. It was found that PTE possesses a
promiscuous lactonase activity,”” and assumed that this activity could comprise a vestige of its progenitor.
Indeed, three homologues from the same superfamily (amidohydrolase) turned out to be representatives of a
new group of microbial lactonases dubbed PTE-like lactonases (PLLs). These enzymes proficiently hydrolyze
lactones, and in particular N-acyl homoserine quorum-sensing lactones, and exhibit weaker promiscuous PTE
activities. PLLs share key sequence and active-site features with PTE, and differ primarily by an insertion in
one active-site loop. Following their biochemical and biological function, PLLs are probable to have existed
for many millions of years. We therefore suggested that PTE could have evolved from a member of the PLL
family while utilizing its latent promiscuous paraoxonase activity as an essential starting point.*®

(v) Laboratory evolution of one promiscuous activity often leads, indirectly, to the appearance of other
promiscuous activities (e.g., Table 3, entries 1 and 3) thus yielding ‘generalist’ intermediates.”* Some of
the latter might appear in other family members, as either their native, or promiscuous function.”*’

(v

~

8.03.8 Evolutionary Aspects of Promiscuity

As mentioned in Section 8.03.7, the studies of divergent evolution within enzyme families and superfamilies
provide support for the hypothesis that, throughout evolution, promiscuous activities served as the starting
points for the divergence of new functions, and for Jensen’s hypothesis that broad-specificity enzymes served as
progenitors for the whole families and superfamilies of today’s specialized enzymes.”” At present, however, this
evidence is largely circumstantial, and provides little insight as to the actual mechanisms, and mutational paths,
that underline the processes of divergence. Discussed below are several issues that relate to the evolution of new
enzymatic functions, and various models that describe the divergent evolution of new genes carrying new
enzymatic functions.
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8.03.8.1 The Evolvability of Promiscuous Enzyme Functions

Accumulating experience in the laboratory indicates that there are very few cases in which ‘something could
be evolved out of nothing’, namely that a completely novel activity was evolved, or engineered, in the
laboratory. For example, the emergence of an enzymatic function in a noncatalytic fold demanded the
exploration of vast libraries, the genetic diversity of which exceeded natural genetic diversities by many
orders of magnitude.'*® Tn another case, although the starting point was an enzyme from the same super-
family, and the key active-site catalytic features (a bi-metallo catalytic center in this case) were maintained,
the incorporation of a novel function demanded major sequence alterations such as simultaneous deletion and
insertion of few active-site loops, a series of engineered point mutations, and the parallel exploration of
random mutations."*” Computational design has also been applied toward the generation of novel enzymes,
but the introduction of novel enzymatic functions also involved a large number (>8) simultaneous amino acid
changes."*”"*" Most notably, these cases, in which a novel activity was introduced, all involve starting points,
and/or intermediates, that possess no activity whatsoever. Evolution, however, is a gradual and smooth
process. It involves discrete steps of one mutation at a time (be it a point mutation, an insertion, or a deletion)
that yields a folded and functional protein. Thus, all intermediates must be functional, at least to some
degree.'*

8.03.8.1.1 Promiscuity as a starting point - the three basic assumptions

Taking for granted the demand for smooth transitions, it is probable that natural evolution routinely takes
advantage of promiscuous activities as starting points for the divergence of new enzymes. However, for
promiscuity to benefit, let alone lead, the divergence of new enzyme functions, three basic prerequisites
must be assumed.

(1) Once a promiscuous function becomes available, it can be easily improved through one or just few
mutations. Indeed, almost all laboratory evolution projects (or at least the successful ones that are reported)
aim at further evolving a promiscuous activity, typically for a substrate, or a reaction, that bears some
resemblance to the original function. The conclusion from hundreds of such works is that promiscuous
functions exhibit high ‘plasticity’ — few mutations can readily increase a promiscuous activity, typically by
10-10°-fold, and 10*-10°-fold improvements in response to a single mutation were also reported.*”'*’
More examples, and other aspects related to the evolvability of promiscuous functions, are listed in
Table 3, and discussed in Sections 8.03.8.3—8.03.8.5.

(ii) Weak promiscuous activities can provide an immediate advantage, and thus become under selection.

(1ii) The divergence path can be completed to give a newly specialized enzyme for which, the promiscuous
activity became the native one.

These points are discussed in detail in Sections 8.03.8.2-8.03.8.5.

8.03.8.2 Promiscuous Functions Can Provide an Immediate Advantage

Several reports indicate that, when necessary, weak promiscuous activities can provide an immediate selective
advantage to an organism. This has been often seen in the emergence of promiscuous functions following a
deficiency created by genetic manipulation in the laboratory. Several examples, including a systematic study
conducted by Patrick er al,’” are discussed in Section 8.03.2. In another study, performed with an £. coli strain
deficient of glucokinase activity, several sugar kinases were found that promiscuously phosphorylate glucose.”
Some of these promiscuous activities are notably weak (Table 2); for example, the k./Ky values of the
promiscuous sugar kinase YasF is the range of 10° mol ' 1s™', and is ~10* lower than that of the primary E. coli
glucokinase (G/k). In all these cases, the promiscuous function complemented a deficiency in a native enzyme
by overexpression of the promiscuous enzyme. Clearly, low catalytic efficiency can be compensated by higher
enzyme levels.”* However, the levels of overexpression from a multiple-copy plasmid, and a powerful
promoter, are usually not comparable with expression levels from chromosomal copies, and weak promoters,
under which most natural enzymes are expressed.



Table 3 Examples for directed evolution of promiscuous enzyme functions and their trade-offs with the native function®

Effect on the
evolved
Promiscuous activity Effect on native  promiscuous
Native activity under selection (kee/ Mutations in ~ activity (Kea/ activity (Keatl
(keat/Kns Of wild type, Ky, of wild type, selected Kir 270 [K ! K "2 /K gl
Enzyme mol~"Is7) mol~"Is™) variants Ku ") Kn ") Comments Reference(s)
1 Aspartate Transamination of Transamination of Pro13Thr 1.2-fold higher 130- and 270-fold This work provides a clear example of 73
aminotransferase dicarboxylic tyrosine (0.055) Asn69Ser higher, a ‘generalist’ intermediate. The in
(AATase) from substrates (9.1) and phenylalanine Gly72Asp respectively vitro evolved enzyme exhibits wild-
E. coli (0.012) Arg129Gly type-like AATase activity, and
(TATase activity) Thr167Ala TATase activity that is >10% that of
Ala293Val wild-type TATase.
Asn297Ser
Asn339Ser
Ala381Val
Asn396Asp
Ala398Val
2 Muconate Cycloisomerization (-Elimination Glu323Gly 15-fold lower >1.2 million-fold ~ The corresponding mutation when 85
lactonizing enzyme (2 x10% (o-succinylbenzoate higher engineered in a homologous
(MLE 1) from synthase, OSBS enzyme (Asp297Gly, in AEE)
Pseudomonas activity). decreased the native function far
sp. P51 No detectable more significantly (see Vick et al."*4).
promiscuous
activity
(nondetectable)
(<1.5x 1079
3 Galactokinase (GalK) Phosphorylation of b- Phosphorylation of Tyr371His 1.3-fold lower 21-fold higher for ~ This variant expanded the spectrum of 145
from E. coli galactose to C5- or C6- p-fucose, and substrates to substrates that were
produce «a-b- substituted higher not used in the screen. Although the
galactose-1- sugars (9.8 for improvements Y317H mutation retains the
phosphate (860) p-fucose, and for the other stringent requirement for the C-4
nondetectable for target galactose architecture, it exhibits
the other substrates) substrates enhanced substrate flexibility at all
other positions.
4  [3-Glucuronidase Hydrolysis of Hydrolysis of lle12Val 8.3-fold lower 16-fold higher Larger increases in the evolving 75
(GUS) from (3-glucuronides pNP-galactoside Phe365Ser promiscuous galactosidase
E. coli (8.3 x10°) (2.3) Trp529Leu function of E. coli GUS, with smaller
Ser557Pro changes of the native function, and
lle560Val acquisition of specificities not

selected for were previously
described.”



Sinl DNA-
methyltransferase
from bacteriophage

Phosphotriesterase
from Pseudomonas
diminuta (PTE)

Human carbonic
anhydrase (hCAll)

Mammalian serum
Paraoxonase (PON1)

Methylation of the
internal cytosine of
the GG(A/T)CC
sequence
(2.9 x 10%)

Phosphotriesterase
(e.g., paraoxon,
4 %107

Bicarbonate
dehydration
(3% 107

Lipo-lactonase” (e.g.,
S-valerolactone,
1.3 x 10% and -
heptanolide,

2 x 10%

Relaxation of
sequence specificity
toward GG(N)CC
2x10%

Ester hydrolysis (e.g.,
2-naphthyl acetate,
480)

Esterase (e.g., p-
nitrophenyl acetate,
2 x10%

Thiolactonase (e.g., v-

butyryl
thiolactone,®?)

Esterase (e.g., 2-
naphthyl octanoate,
1.5 x 10%)

Esterase (e.g., 7-
acetoxy coumarin,
1.2 x 10

Phosphotri-esterase
(7-diethyl-
phosphoro 4-
cyano-7-
hydroxycoumarin,
9x10%

Leu214Ser
Tyr229His

His254Arg
Phe306Cys
Pro342Ala
AlaB5Val,
Asp110Asn
Thr200Ala

lle291Leu
Thr332Ala

Phe292Val
Tyr293Asp

Phe292Ser
Val346Met

Leu69Val
Ser138Leu
Ser193Pro
Asn287Asp

4.5-fold lower

Threefold lower

Twofold lower

Approx. no
change®

Approx. no
change

~22-fold lower

2.6-fold lower

18.5-fold higher
for the GG(G/
C)CC
sequence

13-fold higher

40-fold higher

80-fold higher

31-fold higher

62-fold higher

155-fold higher

Similar trends of specificity
broadening were observed with
Haelll methyltransferase.”®

Up to 150-fold higher activity was
observed with esters not selected
for.

Mutations in conserved regions of the
protein did not affect the highly
proficient native activity despite the
absence of a purifying selection for
bicarbonate dehydration.

The selected mutations are all located
on surface loops that comprise the
substrate-binding pocket.

146

86, 87

86, 96

86, 147

(Continued)



Table 3 (Continued)
Effect on the
Promiscuous activity evolved
Native activity under selection (k../ Mutations in ~Effect on native  promiscuous
(Koat/ Ky Of wild type, Ky, of wild type, selected activity (Kcar/ activity (Kear/
Enzyme mol~"1s77) mol~"Is7") variants Kiamant jk /KM KIS ko KiY)  Comments Reference(s)
9 Deacetoxy Ring expansion of Ring expansion of Val275lle 1.1-fold higher 32-fold higher 148
cephalosporin C penicillin N into penicillin G into lle305Met
synthase (DAOCS) deacetoxy phenylacetyl-
from Streptomyces cephalosporin C 7-aminodeacetoxy-
clavoligerus (2.2 x 10% cephalosporanic
acid'®
Cys155Tyr 42-fold lower 41-fold higher
Tyr184His
Val275lle
Cys281Tyr
11 [-Lactamase Ampicillin Cefotaxime hydrolysis  Gly238Ser 6.2-fold lower 86-fold higher These mutants evolved resistance in 23
TEM-1 hydrolysis (2.07 x 10%) the clinic and were later reproduced
(4.18 x 107%) in the laboratory
Ceftazidime hydrolysis Gly238Ser 19-fold higher
(32.1)
Cefotaxime hydrolysis  Gly238Ser 29-fold lower 806-fold higher
(2.07 x 10% E104K
Ceftazidime hydrolysis Gly238Ser 284-fold higher
(32.1) Glu104Lys
12 Extended-spectrum Hydrolysis of Hydrolysis of GIn87Leu 1.4-fold higher, 24-fold These 149
(-lactamase CTX-M cephalothin ceftazidime His112Tyr and higher mutants
and cefotaxime (8.3 x 103) Thr230lle, 1.4-fold lower, evolved resistance
(4 x105-2 x 107 Ala231Val for cephalo- in the clinic
Asp240Gly thin and and were later reproduced
Arg276His cefotaxime, in the laboratory
respectively
13 Notl from Nocardia Recognition and Recognition and Met91Val 23-fold lower >32-fold higher Although a considerable reductionin 150

otitis-caviarum

cleavage of
GCGGCCGC DNA
sequence
(5x10°U mg™"
enzyme)

cleavage of altered
8-bp sequence (no
detectable

star activity)

Glu156Gly

than the
Glu156Gly
intermediate
with
GCTGCCGC
sequence

the rate of cleavage of the original
sequence is reported, the cleavage
specificity of M91V/E156 appears to
be relaxed toward a whole set of 8
bp sequence targets, with a distinct
preference for the original target.



14 p-allose kinase (AlsK),  AlsK — phosp- AlsK - phosphorylation Ala73Gly 1.25-fold lower 62-fold higher 151
horylation of of b-glucose
p-allose (2.5 x 10°) (3.4 x 10?)
Phe145Leu 1.28-fold higher ~ 11.4-fold higher

N-acetyl p- NanK - NanK - Leu84Pro Twofold lower 11.8-fold higher
mannosamine phosphorylation of phosphorylation of
kinase (NanK) N-acetyl p- p-glucose
mannosamine (3.4 x 10%)
(1.5 x 109
Val138Met 1.25-fold lower 6.4-fold higher
15 ProFAR isomerase Isomerization Isomerization of Asp127Val ~10%fold lower ~ The wild-type Almost all the original HisA activity was 152
(HisA) of N'-[(5'- phosphoribosy- activity is below lost
phosphoribosyl) lanthranilate = detection limits
formimino]-5- TrpF activity (ND)

aminoimidazole-4-
carboxamide-
ribonucleotide

(1.2 x 109

2Shown are examples from the last few years for which kinetic parameters are available for both the promiscuous activity under selection, and the original activity. For more examples see
Supplementary Table 8 in Aharoni et al.?% Because the above analysis aims at providing insights on the evolution of new enzyme functions in nature, the examples selected involve selection for
only one parameter — increase in a promiscuous activity, and make use of gene libraries prepared by mutagenesis in a completely random manner (point mutations or shuffling) and throughout
the genes.

b Since the publication of this work Aharoni et al.,%° it has been established that serum paraoxonase (PON1) is a lipo-lactonase, and its preferred substrates are five- and six-membered ring
lactones, typically with aliphatic side chains.®*°>15 |n the original article,?° data for trade-offs with the native activity were presented with both the aromatic lactone dihydrocoumarin, and
aliphatic lactones. However, more recent works indicated that dihydrocoumarin does not bind PON1’s active site in the same mode as aliphatic lactones.?®""® Thus, the trade-offs presented
here are the average values of two aliphatic lactones (6-valerolactone and and ~-heptanolide).
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A notable exception is the case of alkaline phosphatase, the promiscuous phosphite oxidation of which can
complement the deficiency of £. coli knockout strains (see Section 8.03.6.1.2). Complementation is this case, and
the ability to grow on phosphite as the sole source of inorganic phosphorous, occurred through the chromo-
somal copy of alkaline phosphatase, owing to the extremely high expression levels of the native alkaline
phosphatase under phosphate starvation.*” In other cases, changes in regulation leading to higher expression
were observed. Indeed, few reports describe changes in regulation in cases where a promiscuous enzyme
activity came under selection. For example, Hall’s classical experiment of the emergence of an alternative
(-galactosidase (egh) was performed on the E. coli chromosome, and not through complementing plasmids.
Besides mutations that increased a weak promiscuous 3-galactosidase activity in the egb glycosylase (whose
native function remains unknown), the first mutation that occurred dramatically increased the expression of egh
by removing its repressor."”” Miller and Raines also observed a promoter mutation in a complementing plasmid
that led to ~100-fold increase in expression level of the promiscuous glucokinase Y7F mentioned above.”” As
described in Section 8.03.8.6 , gene duplication is another relatively abundant event that can lead to an increase
in enzyme levels. Thus, if and when a new activity becomes necessary, the combination of a weak promiscuous
activity with an increase in enzyme levels can provide the organism an immediate advantage.

8.03.8.3 Negative Trade-offs and the Evolvability of Promiscuous Functions

As discussed above, the first assumption regards the evolvability of promiscuous functions, namely, once a
promiscuous function becomes available, it can be easily improved through one or just few mutations (Section
8.03.8.1). A key related issue regards the notion that mutations leading to improvements in promiscuous
functions need not induce parallel decreases in the native function.”® For the reasons explained below, we
dubbed this feature as ‘the evolvability of promiscuous functions’. Negative trade-ofts between the evolving
function and existing function are a dominant factor in evolution."”® It is therefore of crucial importance that in
many cases, promiscuous protein functions evolve with negative trade-offs that are weaker than generally
assumed. Indeed, the weak trade-off hypothesis directly inflicts on our understanding of how new genes
carrying new functions emerge.

Evolvability, or evolutionary adaptability, is the capacity of biological systems, be they organisms, cells, or
proteins, to evolve. Evolvability comprises of two elements:’'>” the first one is the induction of novel
phenotypic traits by a relatively low number of mutations (this feature is often dubbed ‘plasticity’). As
mentioned in Section 8.03.8.1, this property of promiscuous enzyme functions has been established by
numerous directed evolution experiments. Not only single proteins, but whole metabolic pathways were
found to be plastic and evolvable. Moreover, it seems that the more plastic is a metabolic pathway, the more
evolvable are the proteins comprising it."”® However, plasticity is in conflict with the fact that most mutations
are deleterious.”””"®" Since organisms must constantly endure a significant number of mutations while
maintaining their fitness, and the structure and function of their proteins, they have evolved a certain level
of resistance to the effects of mutations (‘robustness’).’’ It appears that proteins exhibit both traits, namely
plasticity and robustness, and the two need not be mutually exclusive.’"'®> The promiscuous, accidental
functions of the protein are highly plastic. They can be reshaped through few mutations that significantly
increase or decrease them. However, these mutations need not have a large effect on the protein’s native
activity. Indeed, the results of many directed evolution experiments indicate that, in clear contrast to the
dramatic shifts observed with the promiscuous substrates, the native activities, that take place in the very same
active site, often show comparatively small changes. The robustness of the native function is observed despite
the fact that the only selection criterion applied in these experiments was an increase in one of the promiscuous
activities of the target enzyme.

We have initially described this trend in three different enzymes subjected to a selection for an increase in
six different promiscuous activities.*® The same trend was identified in other laboratory experiments aimed at
increasing promiscuous enzymatic and binding activities of various proteins (see Supplementary Table 8 in
Aharoni eral®®). Averaging eighteen cases in which data was provided for the effect of the selected mutations on
both the evolving promiscuous activity and the original, native function (for both binding and enzymatic
functions) indicated that, 1-4 mutations increased the promiscuous activity that was under selection by >1000-
fold, on average, whereas the original activity of these proteins decreased, by 3.2-fold. More recent examples
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are listed in Table 3. They show a similar trend: 1-11 mutations increased the promiscuous activity under
selection by 10-10%fold, whereas the original activity of these proteins decreased, by 0.8—42-fold. In the
majority of cases, the ratio of increase in the selected promiscuous function to decrease in the original one is
>10. In fewer cases, the change in the evolving promiscuous function, and in the original function, is
comparable. Besides, other variants from the same selection show weaker trade-offs (e.g, Table 3, entry 9).
There are also cases in which large negative trade-offs were observed, and these are addressed in detail in
Section 8.03.8.4.

Although out of the scope of this review, it is notable that similar trends can be clearly seen in various
receptors, where the acquisition of specificity for a new effector exploits the promiscuity of existing recep-
tors.' ' As also demonstrated with bacterial transcription factors, new effector specificities can then be
acquired by natural evolution, or laboratory rounds of mutagenesis and selection, often with weak negative
trade-offs with respect to the original effector.'®”’

There is little doubt that ultimately, the acquisition of a highly proficient new enzyme comes at the expense
of the old function. However, the relative rates by which a new function is gained, and the old one is lost, matters.
The model depicted in Figure 6 assumes that trade-offs can be determined and quantified, in particular with
enzymatic activities. It suggests that in those cases where the negative trade-off is weak (red line), the
divergence of a new function can proceed through a ‘generalist’ intermediate that exhibits broad specificity.
Gene duplication may then follow this process, rather than initiate it, and lead to divergence of a new
‘specialist’. The results of several directed evolution experiments also convincingly demonstrate that, the
concave route — ‘strong negative trade-off’, is also applicable (Figure 6, blue line), in particular when a dual
selection pressure applies, namely, when a parallel selection for an increase of a promiscuous activity, and
decrease in the native activity, is applied.""'**"'% Thus, in the face of selection for specialization, proteins can
evolve to yield ‘specialists’, sometimes with a surprisingly abrupt shift in selectivity.'*’

Although the convex route denoted in Figure 6 might be common, in other cases, a single amino acid exchange
can completely switch the specificity of an enzyme (see also Section 8.03.8.4). For example, the His89Phe mutation

A
Original —%
function ;

‘specialist’

‘Generalist’

Weak negative
trade-off

Strong
—|  negative trade-off

‘Specialist’

»

[ [ [ I
New function

Figure 6 Possible routes to the divergence of a new function. Under selection, a weak, promiscuous activity of a protein
with an existing function (blue circle) gradually evolves. By the end of this process, that typically requires many generations of
mutation and selection, the ‘new’ function has traded off with the original one (green circle). However, the dynamics of this
process may vary. The gain-loss of the new versus old function, and the conversion of one ‘specialist’ protein into another,
may trade-off linearly (dashed line), or follow either concave, or convex, routes. Results of numerous directed evolution
experiments indicate that, the convex route (‘weak negative trade-offs’) is the most probable one - large increases in the
promiscuous function under selection (‘new function’) are accompanied by significantly smaller decreases in the original
function (Table 3). By virtue of gaining a ‘new’ function without losing the original one (and often gaining other new functions
not selected for), the intermediates of these routes are ‘generalists’, and their evolution can therefore proceed prior to gene
duplication. In contrast, the concave route implies that gene duplication is a necessary prerequisite, because acquisition of
even low levels of the ‘new’ function is accompanied by large losses of the original one. This route is also observed in the
laboratory, in particular under a dual selection, for gain of a new function and loss of the old one.
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in the active site of tyrosine ammonia lyase (TAL) switched its substrate selectivity from tyrosine to phenylalanine,
thereby converting it into an enzyme whose kinetic parameters and selectivity are comparable to native PAL
(phenylalanine ammonia lyase).'”” Indeed, in a living cell, the toll of a ‘generalist’ on fitness might be too high, and
the driving force for specialization might be stronger than observed under iz vitro selection.'*

The different effects of mutations on the native versus the promiscuous functions are particularly striking in
view of the fact that many of these mutations are found within the active site, typically at the wall and
perimeter. Structural and thermodynamic insights into the effects of these ‘generalist’ mutations are needed
before any definite statements could be made. Yet it seems probable that the plasticity of these residues lies in
the fact that they are not part of the protein’s scaffold, or of the catalytic machinery of the enzyme. The mutated
residues are typically located on surface loops that exhibit high conformational flexibility and comprise the
substrate binding part of the active site.*®'*>'**"7"15! A5 discussed in Section 8.03.6.3, there exist fundamental
differences between the mode of binding of the native substrate — that is typically mediated by several
independent, enthalpy-driven interactions such as hydrogen bonds — versus the promiscuous substrates
where hydrophobic, and other entropy-driven interactions, play an important role.*”' " Tt is therefore probable
that the same mutation could affect the native and the promiscuous substrates in a very different way. Although,
an in-depth understanding of the effect of mutations awaits a sufficient number of cases (or even one case at this
stage) in which structures become available for both the wild-type protein and its evolved mutants, in complex
with analogues of both the native and promiscuous substrates.

Altogether, the above observations support the hypothesis of evolutionary progenitors and intermediates
being of broad specificity, or high promiscuity,” and that, a frequent (but not exclusive) evolutionary route
leads from a ‘specialist’ to a ‘generalist’, and, in turn, to a new ‘specialist’ (Figures 5 and 6). The reconstruction
of evolutionary ancestors of both enzymes, and receptors, also supports the idea of ‘generalist’ progenitors.'”>'”?
The implications of negative trade-offs, and of ‘generalists’ and ‘specialists’, are further discussed in Sections
8.03.8.4-8.03.8.6.

8.03.8.4 Exceptions to Weak Negative Trade-offs

Although the above strongly argues in favor of ‘weak negative trade-offs’, this generalization has notable
exceptions.

8.03.8.4.1 Size and charge considerations

The magnitude of trade-offs is obviously dependent on the structural differences such as size and charge
between the original and promiscuous substrates.””'** For example, most reported studies involve promiscuous
substrates that are larger than the native one, and cases in which both the native and the promiscuous substrates
are hydrophobic. In these cases it is easy to see how a mutation that makes the active site larger, and thus
increases the activity toward the promiscuous substrate, would not have a drastic effect on the native substrate.
However, what about promiscuous substrates that are smaller than the native one? In this case, mutations that
reshape the active site to minimize its volume and increase contacts with the smaller substrate might
significantly reduce the activity with the larger native substrate. Other cases in which the native and
promiscuous activities might trade-off involve differences in charge. Imagine a charged native substrate, and
a neutral (let alone hydrophobic) promiscuous substrate. Mutations that favor the charged form are probable to
restrict binding of the hydrophobic one, and vice versa. It is probable therefore that as the number of enzymes
studied and mutations increase, more refined trade-off rules will be established.

8.03.8.4.2 Stability trade-offs

An important facet of the trade-off concerns the effect of mutations on stability. Most mutations destabilize, and
mutations that affect function often exhibit even higher destabilizing effects. Destabilization may result in
reduced enzyme levels, due to misfolding and aggregation, proteolytic digestion, or clearance. Thus, some of
the mutations that show little effect on specific activity as measured with purified proteins i vitro (key,, or Ky),
may lower the enzyme concentration (/E}), and hence decrease the levels of enzymatic activity iz vive. This
phenomenon was first highlighted by Wang er a/,”* who studied various mutations found in clinical isolates of
TEM-1 f3-lactamase that evolved to degrade third-generation cephalosporin antibiotics such as cefotaxime.
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The mutations that alter TEM-1’s active site are all destabilizing. The key cefotaxime resistance mutation that
appeared in the clinic (Gly238Ser) increases k.,./Ky by 86-fold (Wang er al*’, Table 3, entry 11), and only
reduces k.,/Ky for ampicillin (a native substrate of TEM-1) by sixfold. However, this mutation has a
significant detrimental effect on bacterial growth under ampicillin due to destabilization of the enzyme by
~2kcal mol ™', and a significant reduction in the levels of soluble, active TEM-1. At later stages, the loss of
stability was compensated by Met182Thr, which increases TEM-1 stability by 2.7 kcal mol "%

Following the TEM-1 analysis, Wang er a/”’ suggested that, in general, mutations that endow a new or
improved function, trade-off with protein stability. Thus, for the evolutionary process to continue (in nature or
in the laboratory) this loss of stability must be compensated. A more recent study was based on computational
predictions of the stability changes for >500 mutations that arose from the directed evolution of 22 different
enzymes.'”* The stability effects of function-altering mutations (AAG values) were compared to stability
changes arising from any random point mutation in the same enzymes. It was found that, as was the case with
TEM-1, mutations that modulate enzymatic functions are mostly destabilizing (average
AAG=+1.1kcal mol™"). Although the effects of function-altering mutations are actually not more destabiliz-
ing than the ‘average’ muration in these enzymes (41.3 kcal mol '), these mutations weaken stability. The
analysis also indicated that many mutations that appear in directed evolution variants with no obvious role in
the new function exert stabilizing effects that may compensate for the destabilizing effects of the crucial
function-altering mutations. Thus, despite a lack of a specific trade-off between function and stability, the
evolution of new enzymatic activities, both in nature and in the laboratory, is dependent on the compensatory,
stabilizing effect of apparently ‘silent’ mutations in regions of the protein that are irrelevant to its function.
Indeed, other works showed that limited protein stability constrains the acquisition of new function,'”” and
highlighted the role of stability compensators such as Met182Thr of TEM-1 in expediting the evolution of new
functions.'”®

Thus, reductions in activity in terms of 4, and Ky (Tables 3 and 4) may not reflect the full impact of these
mutations. Loss of stability is also part of the trade-off that may accompany a gain in the evolving promiscuous
activity.

8.03.8.4.3 Targeted versus random mutagenesis

It is also the case that mutations incorporated through rational design show larger trade-offs relative to
mutations obtained by selection from random repertoires (Table 4, in comparison with Table 3). This is not
surprising given that rational design usually aims at the replacement of key active-site residues. Exchanges in
such key residues yield drastic changes, including dramatic enhancements of a promiscuous function at the
expense of the native one. However, mutations isolated in directed evolution rarely occur in key active-site
residues, and they typically exhibit more subtle effects. It is probable that key active-site mutations that yield
more drastic changes occur at later stages, typically at the last stages of divergence when relatively small
improvements in the evolving function trade-off with larger drops in the old one (Figure 6, convex route).
Nevertheless, some of the engineered mutations (e.g., Table 4, entries 2, 6, 7, 10, 11) clearly reflect changes that
may lead, or may have actually led, to the divergence of a new function through the strong negative trade-off
route (Figure 6, concave route).

8.03.8.5 On- and Off-Pathway Evolutionary Intermediates

A notable case of large negative trade-offs was described for the directed evolution of HisA to yield TrpF
activity (Table 3, entry 15; Figure 7). The gene was randomly mutated, and the Aspl27Val mutant
of  Thermotoga maritima  HisA isolated from the selection exhibited measurable TrpF acuvity
(keae/Kng =120 mol " 1s™") that was sufficient to complement the E. coli TrpF knockout strain used for the
selection. The newly evolving TrpF activity led to a dramatic drop in the original HisA activity (~10*-fold).
Perhaps this effect is not so surprising given that the starting point had no measurable TrpF activity, and that
the mutation occurred in a key active-site residue: Aspl27 is the putative acid catalyst in the Amadori
rearrangement catalyzed by HisA."®

Interestingly, few years later after this directed evolution experiment, a bi-functional enzyme dubbed PriAd
was discovered that performs both reactions with high efficiency, and within the very same active site '*> '*’. In
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mophilus proposed
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etal.’®).
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.. evolved
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8  3-Keto-L-gulonate Rational design by Decarboxylation of Aldol condensation of  Glu112Asp 30-fold 260-fold 133
6-phosphate sequence 3-keto-L-gulonate p-ribulose 5- Arg139Val lower higher
decarboxylase alignment with 6-phosphate phosphate with Thr169Ala
(KGPDC) from p-arabino-hex- (7.7 x 10*mol~"Is77) formaldehyde
E. coli. 3-ulose 6- (0.082mol"Is™")
phosphate
synthase (HPS,
30% identity)
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homology with cumene peroxide) with AS-androstene ~ Phe111Leu binding residues
GST -3,17- dione) Met208Ala
A3-3) Ser216Ala
10 Rat liver 3 a- Rational design Position and stereo- Steroid 53-reductase His117Glu >600-fold The wild type  Single-point 184
hydroxy-steroid (based on specific (reduction of C-C lower activity is mutation of
dehydro-genase homology with interconversion of double bonds), no below catalytic residue
(HSD) - AKR1C9 steroid 53- steroid ketones and detectable detection
reductase) alcohols (1.6 x 10°) promiscuous limits
activity
11 Tyrosine ammonia Rational design by Deamination of tyrosine  Deamination of His89Phe >19 000- 220-fold Single-point 169
lyase (TAL) from homology with to 4-coumaric acid phenylalanine to fold higher mutation of
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(PAL) switches
specificity
12 N-acetyl - Rational design (by =~ Cleavage of N-acetyl- Aldol condensation of  Leu142Arg 62-fold Sixfold Despite very 134
neuraminate homology with neuraminate to pyruvate and Tyr190Asp lower higher modest
lyase (NAL) DHDPS) produce pyruvate L-aspartate — Glu192Ala improvement, a
and N-acetyl [-semialdehyde single mutation
mannosamine (DHDPS activity) Leu142Arg is
(3.1 x 109 enough for
in vivo

complementation
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Figure 7 The reactions catalyzed by HisA (isomerization of N'-[(5'-phosphoribosyl)formimino]-5-aminoimidazole-4-
carboxamide ribonucleotide) and TrpF (isomerization of phosphoribosyl-anthranilate).

contrast to the laboratory selection for TrpF activity, in nature, a generalist enzyme evolved under selection to
maintain both the HisA and TrpF functions. Thus, the ‘generalist’ intermediate originally proposed by Jurgens
et al? exists in certain bacteria. However, it seems that the Asp127Val mutant isolated in the laboratory
evolution experiment does not reflect the sequence and structural features of such a generalist intermediate.

In a recent directed evolution experiment, a HisA Aspl27Val mutant was further evolved for TrpF
activity'*®. However, it led to a complete change in the reaction mechanism, and the evolved variants
completely lost the original HisA activity. Thus, although this mutant provides a clear example of how TrpF
activity could emerge in HisA, it seems to comprise an ‘off-pathway’ intermediate — namely, an intermediate
that provides a temporary advantage but cannot lead to the eventual divergence of a proficient bifunctional
TrpF-HisA enzyme. Off-pathway intermediates might be observed in nature (for example, see the E3 esterase
example discussed in Section 8.03.8.6.3). They are as likely, if not more likely, to appear in laboratory evolution
experiments, and even more so in rationally designed enzyme variants. It could may well be that some of the
‘generalist’ intermediates observed in laboratory evolution experiments are also ‘off-pathway’. Indeed, the
ultimate proof for ‘on-pathway’ evolutionary intermediates lies in the ability to complete the divergence
process and generate a new ‘specialist’ enzyme with native-like kinetic parameters. Completing the process,
however, involves many rounds of mutation and selection, and numerous mutations. This is very rarely
pursued, and when it is, the aim is the final enzyme product, and not the pathway leading to it '**'**'%,
Nonetheless, these applicative engineering projects have the potential to provide interesting insights into the
pathway, the role and order of individual mutations, and the nature of the intermediates.

8.03.8.6 Promiscuity and the Mechanisms for the Divergence of New Gene Functions

8.03.8.6.1 Ohno’s model

The mechanisms governing the divergence of new gene/protein functions comprise a central part of evolu-
tionary theory. Early models that have become known as Ohno’s model,'”" were later expanded by Kimura and
Ohta,'”” and are currently the textbook paradigm. This model assumes that duplication is a frequent event,
which is largely neutral — that is, duplication provides no fitness advantage, or disadvantage, and is therefore not
under selection. The redundant duplicated copy is therefore free to accumulate mutations, including deleter-
ious ones. If and when the need arises, some of these mutations that endow a new function come under positive,
adaptive selection, thus leading to the divergence of the new gene and function (neo-functionalization).

The fact that duplication and relief from selection is a prerequisite stems from the negative trade-off
assumption, namely, maintaining selection for the existing function is expected to purge mutations with
adaptive potential. However, as noted in Section 8.03.8.3, in many cases, a promiscuous function can further
evolve with little effect on the original function. Indeed, the underlining assumptions of Ohno’s model differ
fundamentally from what is described in the previous sections. Contrary to the notion that promiscuous
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activities can provide an immediate advantage (Section 8.03.8.2), in Ohno’s model, the original gene plays a
completely passive role in the emergence of a new function.

Indeed, the part of Ohno’s model surmises that gene duplication and the subsequent mutational drift occur
under no selection is being intensively questioned. First, in contrast to Ohno’s model, most duplicated genes
found in existing genomes appear to drift under functional selection that purges deleterious murations.'”* ™"’
Second, expression of redundant copies carries substantial energetic costs,”*™ and there exists a strong
selection pressure to inactivate their expression.*”'”® Third, as discussed in Section 8.03.8.6.4, many cases
have been recorded in which gene duplication is not a neutral event, but is rather positively selected under
demands for higher protein doses."””'”® Finally, about a third of random mutations in a given protein are
deleterious,””"'®" whereas beneficial mutations that can promote new functions are very rare. Thus, when
drifting in the absence of any selection, loss of all functions (nonfunctionalization) primary due to mutations
that diminish gene expression, or the ability to form a stable fold,'*"'*” is orders of magnitude more probable
than neo-functionalization. In the sections that follow we describe alternative mechanisms of divergence that
are based on promiscuity and its evolutionary features.

8.03.8.6.2 Gene sharing

The first evidence indicating lack of trade-off, and thus the emergence of a new protein function prior to, or
even without, gene duplication, led to the hypothesis of ‘gene sharing’, by which, a gene with a given function is
recruited for a very different function without significant changes in the coding region.””” Gene sharing is a
feasible event, as indicated by the classical example of crystallins whereby metabolic enzymes (e.g., arginino-
succinate lyase) were recruited later in evolution as structural proteins in eye lenses, with no sequence changes
and while retaining their enzymatic activity.*””"" This is certainly not a singular example. Several other
examples for the recruitment of a protein, for example, an enzyme, for completely different tasks, and under
different regulation regimes are currently known.” Secondary roles of aminoacyl-tRNA synthetases are
mentioned in Section 8.03.2. Another notable example is thymidine phosphorylase that also acts as an
endothelial growth factor. Indeed, inhibitors of this enzyme also inhibit cell growth.®”%*

Piatigorsky’s findings opened the door for a reconsideration of Ohno’s model, but at the same time, it is clear
that in most cases, a new function must eventually trade-off with the existing one (Figure 6). Hence, the ‘gene
sharing’ model was extended to include cases in which divergence is dependent on duplication.

These alternative models are detailed in the sections that follow. They all include duplication. However,
they fundamentally differ from Ohno’s model in that duplication is not a neutral event, but it rather provides an
immediate fitness advantage. Consequently, both gene copies (the original and the newly duplicated gene) are
maintained under selection throughout the process.

8.03.8.6.3 Divergence prior to duplication

This model, which comprises an extension of ‘gene sharing’, gathers growing levels of support.””"**'”* The
‘divergence prior to duplication’ model, or TAD (innovation—amplification—divergence)'”” model, assumes that
the very first step toward divergence is the selection of a mutant enzyme (an allele) with higher secondary,
promiscuous activity. Using this model, the mutant appeared in the population well before the need for a new
function had appeared, primarily because the mutation had little, or no, effect on the existing function of this
enzyme. Thus, a mutation that initially accumulated as neutral becomes adaptive if and when a change is
required. The ‘generalist’ nature of these apparently neutral mutants is such that duplication may become
necessary only at the later stages of further divergence and the emergence of a new specialist. If mutations with
adaptive potential accumulate prior to duplication, as neutral (namely with no, or little effect on fitness under a
current state), adaptive events become more frequent.

The ‘divergence prior to duplication’ model is strongly supported by the notion of neutral networks.
Theoretical, computational, and experimental works indicate that a drift under selection to maintain the
existing function and structure (a ‘neutral drift’) can increase the potential for adaptation (see Means and
Bender”’, Smith,"* Nei,”"" and Wroe ez a/”" and references therein). The existence of this latent pleiotropy —a
range of promiscuous functions that were neither selected for, nor against (and conformational isomers that can
mediate these promiscuous activities) — facilitates evolution by providing ample starting points for new
functions while retaining the primary activity.
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An intriguing example for the feasibility of ‘latent adaptations’ came from the recent adaptation of the sheep
blowfly Lucilia cuprina to organophosphate (OP) pesticides.'®'® Early in the twentieth century, OP resistance in
blowflies evolved through two separate pathways. Initially, the introduction of OPs resulted in the rapid
enrichment of the Trp251Leu mutation in carboxyesterase E3 that endowed this enzyme with weak OP
hydrolase activity, and thus led to pesticide resistance. Sequencing of blowfly specimens preserved from the
period before the introduction of OPs revealed that the Trp251Leu mutation was already present in the
population at high frequency. Indeed, this mutation allowed retention of the native esterase activity while
improving the promiscuous OP-hydrolase activity. Interestingly, after several years, a second mutation arose
(Gly137Asp) that rapidly superseded Trp251Leu in OP-treated populations. In contrast to the Trp251Leu
mutation, Gly137Asp leads to a very significant reduction in the esterase activity, and is associated with
developmental defects that were later relieved by a suppressor mutation elsewhere in the blowfly genome.
Future experiments may reveal whether these two mutations can be combined to yield even higher levels of
resistance, or perhaps the neutral Trp251Leu mutation comprises an ‘off-pathway’ mutation that cannot lead to
an enzyme variant with much higher rates of OP hydrolysis (see Section 8.03.8.5).

Recent laboratory experiments followed the notion of a ‘neutral drift’ by placing an enzyme under mutation
and selection to maintain its native function. The data provide empirical evidence in support of the hypothesis
that neutrality enables the formation of latent changes, or ‘latent adaptation’. Tt was found”**** that latent
evolutionary potentials are indeed very frequent within a neutral set of related enzyme mutants, and that these
potentials are most often seen as changes in specificity for one or more promiscuous substrates.

The initial manifestation of such ‘latent adaptation’ might be in providing an immediate selective advantage
by expanding the range of activities of existing enzymes. As demonstrated by the E3 esterase case, once a latent
promiscuous function has become advantageous due to a change in the environment, neutral mutants in which
this function is higher can be rapidly selected. Duplication may follow, and enable further divergence toward a
completely new function. The acquisition of neutral mutations therefore shortens the adaptation and enables
facile transitions between one function to another (Figure 8).

8.03.8.6.4 Duplication is positively selected

Contrary to the above-described model (Section 8.03.8.6.3), in certain cases, duplication may precede diver-
gence. However, contrary to Ohno’s model which assumes that duplication is a neutral event, duplication can
be under positive selection. Specifically, when divergence capitalizes on a minor or promiscuous activity in an
existing protein, immediate selective advantage can be provided by increasing protein doses.”® Duplication is
known to occur under such selection pressures, and under this scenario, both duplicates will be maintained
under selection to maintain both the primary function and the minor one."”’

8.03.8.6.5 Subfunctionalization

By virtue of increasing enzyme doses, duplication can also have a key role in enabling a wider variety of function
altering mutations to accumulate. Despite the generally weak trade-offs, at the end of the day, mutations that
endow new enzymatic functions have a measurable effect on the existing enzymatic function, and on the enzyme’s
stability. In particular, mutations that alter enzymatic functions tend to be destabilizing,”*'™* and can thus reduce
the levels of soluble active enzyme (Section 8.03.8.64). Indeed, in the neutral drift experiment described in Section
8.03.8.6.3 and Figure 8, most neutral variants tested 7 vitro exhibited specificity changes (namely, higher ratios of
the promiscuous relative to the native activity), and not necessarily improvements in the absolute levels of
promiscuous activity. This indicates that the mutations that improved these activities in terms of ke, or Ky,
values for the promiscuous function, may have also reduced expression ([£]y) and hence the total activity (up)
remained largely unchanged. Even if the effects on enzyme stability, expression levels, and catalytic efficiency in
relation with the native activity, are minor relative to the potential innovation benefit, the acquisition of beneficial
mutations can only continue as long as the existing function is reduced to an extent that does not compromise
organismal fitness. Following that not all genes contribute to organismal fitness at all times, long periods of
relaxation in the selection pressure is a conceivable scenario. During such periods, mutations exhibiting weak
trade-offs can accumulate. An alternative solution to this problem is gene duplication, provided that, contrary to
Ohno’s model, the two genes remain under selection. By virtue of the two genes carrying the same level of function,
duplication can offer a margin that allows a wider variety of potentially beneficial mutations to accumulate.
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Figure 8 Schematic representation of a putative neutral network of an enzyme. The scheme is based on the results of
a ‘neutral drift’ of serum paraoxonase (PON1) performed in the laboratory, and PON1 mutants identified in various
directed evolution experiments. The mutations of neutral variants with significantly altered phenotypes are noted.

The large circle denotes the hypothetical boundaries of the neutral network of PON1’s native phenotype (lipo-lactonase).
The length of the edges corresponds to the degree of neutrality — variants that are more distant from the center (WT) vary
in their phenotype to a larger degree. Connecting edges illustrate common mutations between two or more nodes. The
other neutral regions relate to new phenotypes that can stem from PON1 (e.g., esterase, phosphotriesterase, and a
‘drug-resistant PON1’). The dashed nodes and edges are hypothetical, whereas the continuous ones relate to the
apparently neutral variants that were characterized in the experiment. Adapted from G. Amitai; R. Devi-Gupta;

D. S. Tawfik, HFSP J. 2007, 1, 67-78.

Indeed, as previously observed, once duplication has occurred, both copies are probable to be maintained
under purifying selection. This may occur in the subfunctionalization (or DDC; duplication—degeneration—
complementation) model.”"**"> Following duplication, one, or even both copies may acquire loss-of-
function mutations, such that both genes are now required to maintain the level of function provided by
the single ancestral gene. Although this model was devised for complex gene functions and regulatory
elements, it can be readily extended to simple enzymatic functions. Indeed, a study of yeast genome
duplications indicated that the relaxation in selection pressure afforded by redundant gene copies led to the
increased accumulation of activity-reducing mutations (ARMs).'” The appearance of these mutations
enforces both copies to be maintained viable as in the DDC model. However, whereas the DDC model
describes loss-of-function mutations that can be very difficult to regain (such as mutations that knockout an
entire protein domain), the ARMs are dose-dependent mutations. These mutations decrease enzyme dose
and activity, and are easily compensated by the enzymatic activity of the second gene copy. As discussed
here, most mutations that increase an existing, latent promiscuous activity, and may therefore possess
adaptive potential, belong to the category of ARMs in the sense that they reduce in one way or another, but
do not abolish, the enzyme’s primary activity. Duplication, followed by the fixation of both copies under
purifying selection, can provide the key to rapid divergence owing to the fact that duplication allows, and is
sustained, by such ARMs.
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Abbreviations

4-0T 4-oxalocrotonate tautomerase

AEE L-Ala-p/L.-Glu epimerase

Ap4A two adenosines linked through four phosphates
ARM activity-reducing mutation

CaaD trans-3-chloroacrylic acid dehalogenase

CALB Candida antarctica lipase B

DAOCS deacetoxycephalosporin C synthase

DDC duplication—degeneration—-complementation model

DFPase diisopropyl fluorophosphatase

DHDPS dihydrodi-picolinate synthase

DHO dihydroorotase

eAATase aspartate aminotransferase

GADPH glyceraldehyde-3-phosphate dehydrogenase
GMSF guanidino-modifying enzyme superfamily

GST glutathione S-transferase

GUS (-glucuronidase

HAD superfamily haloacid dehalogenase-like hydrolases
HisA ProFAR isomerase

HisF imidazole glycerol phosphate synthase

HPS p-arabino-hex-3-ulose 6-phosphate synthase
HSD 3 a-hydroxy-steroid dehydrogenase

KDGA p-2-keto-3-deoxy-gluconate aldolase

KGPDS 3’ keto L-gluconate 6-phosphate decarboxylase
MLE muconate lactonizing enzyme

MSAD malonate semialdehyde decarboxylase

NAL N-acetyl-neuraminate lyase

NPP nucleotide pyrophosphatase

OMPDC  orotidine 5" monophosphate decarboxylase suprafamily
OoP organophosphate

OSBS o-succinylbenzoate synthase

PaADI arginine deiminase

PaAgDI agmantine deiminase

PaDDAH NY,N"-dimethyl-arginine dimethyl-aminohydrolase
PAL phenylalanine ammonia lyase

PchB isochorismate pyruvate-lyase

PHP phosphotriesterase homology protein

PLL PTE-like lactonase

PON1 serum paraoxonase

PTE phosphotriesterase

TAL tyrosine ammonia lyase

TrpF phosphoribosyl-anthranilate isomerase

WT wild type
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