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Abstract

Many, if not most, enzymes can promiscuously catalyze reactions, or
act on substrates, other than those for which they evolved. Here, we
discuss the structural, mechanistic, and evolutionary implications of
this manifestation of infidelity of molecular recognition. We define
promiscuity and related phenomena and also address their generality
and physiological implications. We discuss the mechanistic enzymology
of promiscuity—how enzymes, which generally exert exquisite speci-
ficity, catalyze other, and sometimes barely related, reactions. Finally,
we address the hypothesis that promiscuous enzymatic activities serve
as evolutionary starting points and highlight the unique evolutionary
features of promiscuous enzyme functions.
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INTRODUCTION

Enzymes are traditionally referred to as re-
markably specific catalysts. Yet the notion

11.2  Kbersonsky o Tawfik

that many enzymes are capable of catalyzing
other reactions and/or substrates, in addition
to the ones for which they are physiologi-
cally specialized, or evolved, is definitely not
new. Early examples of enzyme promiscuity in-
clude pyruvate decarboxylase (1), carbonic an-
hydrase (2), pepsin (3), chymotrypsin (4), and
L-asparaginase (5). Nonetheless, the notion of
“one enzyme—one substrate—one reaction”
dominated, and still dominates the textbooks,
and until recently, the wider implications of
the “darker” side of enzyme promiscuity were
largely ignored.

The idea of nature as an opportunistic
modifier of preexisting suboptimal functions
is also relatively old and has been formulated
by Jacob in his classical note “Evolution and
Tinkering” (6). The first direct connection
between promiscuity and protein evolution was
made, to our knowledge, in 1976 by Jensen (7).
Jensen boldly forwarded the hypothesis that,
unlike modern enzymes that tend to specialize
in one substrate and reaction, the primordial,
ancient enzymes possessed very broad specifici-
ties. Thus, relatively few rudimentary enzymes
acted on multiple substrates to afford a wider
range of metabolic capabilites. Divergence of
specialized enzymes, via duplication, mutation,
and selection, led to the current diversity of
enzymes and to increased metabolic efficiency.

During the past decade, protein, and es-
pecially enzyme, promiscuity received con-
siderable attention. Reviews by O’Brien &
Herschlag (8) and Copley (9) were the first to
highlight the potential mechanistic and evolu-
tionary implications of promiscuity from an en-
zymologist’s point of view. More recent reviews
focused on practical implications of promiscu-
ity (1, 10-12), on promiscuity and divergence
in specific enzyme families (13-16), on mech-
anistic aspects of promiscuity (1, 17), and on
promiscuity in the context of protein evolution
and design (17, 18).

Here, we focus on the structural and
mechanistic aspects of promiscuity as well as
its role in the evolution of new functions. New
enzymes have constantly emerged throughout
the natural history of this planet. Enzymes that
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degrade synthetic chemicals introduced to the
biosystem during the last decades (19-24), en-
zymes associated with drug resistance (25-28),
and enzymes in plant secondary metabolism
(29-31) provide vivid examples of how fast
and efficient the evolution of new enzymatic
functions can be. Indeed, extensive research
since Jensen’s article provided ample evidence
for the notion that promiscuity is a key factor in
the evolution of new protein functions. Here,
we attempt to summarize this accumulating
knowledge and point out some open questions
in this emerging field of research.

DEFINING AND QUANTIFYING
PROMISCUITY

The term enzyme promiscuity (8) is loosely ap-
plied and is used to describe a wide range of
fundamentally different phenomena. We, and
several others (8, 9, 32), use promiscuity to only
describe enzyme activities other than the activ-
ity for which an enzyme evolved and that are
not part of the organism’s physiology. Thus,
enzymes, such as glutathione S-transferases
(GSTs) and cytochrome P450s (33), which a
priori evolved to transform a whole range of
substrates, are not promiscuous; they are mul-
tispecific or broad-specificity enzymes.

Degree of promiscuity refers to the level of
specificity breach, namely, how diverse are the
promiscuous activities of a given enzyme (34),
and how different are the native and promiscu-
ous functions. The degree of promiscuity can be
assessed by examining the type of bonds that are
being formed or broken and by differences in
the mechanism between the native and promis-
cuous reactions (10). An “index of promiscu-
ity,” which computes the degree of variability
between different substrates, has also been pro-
posed (35). However, this method assumes that
the same chemical transformation occurs on
all substrates. As such, it is more suitable for
the analysis of multispecific enzymes such as
GSTs (as originally demonstrated), rather than
promiscuity. We proposed a simple, relatively
objective, way of assessing the degree of promis-
cuity by comparing differences in the Enzyme

Commission (EC) numbers (33). In enzymes
exhibiting multispecificity, or substrate ambi-
guity, EC numbers for the various substrates
should be the same, or differ only by the fourth
digit (which generally distinguishes between
enzymes of the same class). Catalytic promis-
cuity generally correlates with cases in which
the EC numbers of the various substrates and
reactions catalyzed by the same enzyme differ
in the second, or the third, digits (which re-
fer to different classes of substrates) or even by
the first digit (which indicates a different reac-
tion category). (For examples see Supplemen-
tal Table 1. Follow the Supplemental Mate-
rial link from the Annual Reviews home page
at http://www.annualreviews.org.)
Magnitude of promiscuity refers to the ki-
netic parameters for the promiscuous activity
relative to the native one. Whereas most en-
zymes exhibit k,,/Kjy; values in the order of
10°-10% M~'s~! for their native substrates, the
magnitude of promiscuous activities varies over
more orders of magnitude, in absolute terms
and also relative to the native activity. Catalytic
proficiency (ku;/Kyi/kuner) and rate acceleration
(kear/kynear) can provide a measure of the magni-
tude of catalytic effects exerted on native ver-
sus promiscuous substrates. In many cases, al-
though the k,,/Ky; values for the promiscuous
substrates are very low, and hence might have
little physiological relevance, the rate accelera-
tionsand catalytic proficiencies are impressively

high (34, 36-38).

PROMISCUITY: RULE
OR EXCEPTION?

Numerous examples for enzyme promiscuity
are currently known, but these are anecdo-
tal and hardly provide an indication for the
scale of this phenomenon. Systematic, high-
throughput screens for promiscuous enzymatic
activities are not a feasible option at present;
no single detection method is available that can
detect the whole range of different substrates
and reactions. In contrast, high-throughput
screens for binding cross-reactivities are rel-
atively straightforward. These reveal a clear
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Promiscuity:
coincidental catalysis
of reactions other than
the reaction(s) for
which an enzyme
evolved

Multispecific or
broad-specificity
enzymes: enzymes
performing the same
reaction on a whole
range of substrates,
usually with similar

efficiency

Substrate ambiguity:
the activity of enzymes
with substrates whose
structure resembles
the native substrate
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Secondary function:
an additional function
in secondary
metabolism or
signaling. Secondary
functions are also
defined as native

Primary function: a
well-defined function,
often in central
metabolism, typically
shared by all orthologs

Native function(s):
physiologically
relevant chemical
transformation(s) and
substrate(s) for which
an enzyme evolved and
is maintained under
selection
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trend whereby the number of identified cross-
reactants (small molecules or proteins) increase
exponentially with the number of tested lig-
ands (39-41). Several theoretical models ac-
count for these observations (42-44; see also
45, 46). Future screens, using large diversities
of substrates and reactions performed with en-
zymes, are likely to reveal that essentially ev-
ery enzyme exhibits a range of promiscuous
functions.

Despite the absence of systematic data, out-
lined below are several arguments in favor of the
notion that promiscuity is a wide phenomenon
and thus should be regarded as a rule, rather
than an exception.

Specificity Is Context Dependent

High specificity can bear a high cost in
substrate-binding energies, thereby resulting in
higher activation energies and lower turnover
rates (k) for the cognate substrate (47) (for
an alternative mode whereby noncognate sub-
strates exhibit low &, values due to poor po-
sitioning relative to the active site’s catalytic
residues, see Kinetic Parameters for Native ver-
sus Promiscuous Functions, below). Even the
most specific enzymes, e.g., enzymes involved
in DNA or protein synthesis, exhibit measur-
able substrate infidelities, often at surprisingly
high rates. High fidelity is often achieved via
proofreading, or proofediting, mechanisms that
reverse the process and redo it (47). For ex-
ample, the selectivity of aminoacyl-tRNA syn-
thetases is under tight selection—having the
wrong amino acid loaded onto a given tRNA
yields a mutated protein. Because of the close
similarity of certain amino acids, proofedit-
ing mechanisms have evolved whereby forma-
tion of a noncognate aminoacyl-tRNA leads
to its rapid hydrolysis and resynthesis of the
aminoacyl-tRNA at the cost of ATP (48). Sim-
ilarly, the proofreading domain of polymerases
is an exonuclease that can digest parts of the
extended strand.

Specificity is shaped by natural selection.
Promiscuous activities that are harmful were se-
lected against. The adenylation domain TycA is

Khersonsky o Tawfik

highly selective for its cognate amino acid L-
phenylalanine, primarily with respect to natu-
rally occurring amino acids (e.g., L-tyrosine ex-
hibits ~800-fold lower k,,;/Ky;). However, an
artificial substrate D-phenylalanine, to which
the enzyme has probably never been exposed,
is accommodated by TycA with k,,/Ky only
twofold lower than that of L-phenylalanine
(49).

Many enzymes perform secondary tasks (50,
51) that are likely to have stemmed from
their promiscuity. Examples include enzymes
that have been under intense selection for
high specificity, such as aminoacyl-tRNA syn-
thetases. Lysyl-tRINA-synthetase, for example,
mediates the synthesis of the signaling molecule
Ap4A (two adenosines linked via four phos-
phates) (52, 53), and so do most other tRNA
synthetases (54). This side reaction occurs
within the same active site. In the absence of
tRNA, the aminoacyl-AMP intermediate reacts
with a second ATP molecule to generate the
free amino acid and Ap4A. Certain aminoacyl-
tRNA synthetases bind DNA or mRNA and
thus regulate transcription, splicing, and trans-
lation, or they act as cofactors in RNA traf-
ficking (51). It is likely that these oft-called
secondary functions were recruited well af-
ter the primary function had emerged. Once
recruited, they remained under selection and
therefore became an additional native function
of the enzyme.

Regulation and Masking
of Promiscuity

Few of the promiscuous activities found in vitro
bear a physiological or evolutionary meaning.
Even those that might are not manifested in
vivo (thisis, by definition, what promiscuous ac-
tivities are). A primary factor to consider is reg-
ulation, which prevents many of the undesirable
outcomes of promiscuity. Of the entire enzyme
diversity available to organisms, only a small
fraction is accessible and active at a given time
and cellular location. Regulation at the level
of expression prevents the spending of unnec-
essary resources (51, 55), but the fitness costs
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associated with unncessary transcription and
translation are relatively low (56). However,
regulation regimes are also the key in con-
trolling enzyme activity, especially with en-
zymes whose specificity is broad. For example,
Escherichia coli has 23 different haloacid dehalo-
genase (HAD)-like hydrolases. Most of these
are phosphatases exhibiting very broad sub-
strate specificity (57, 58), but these operate
under different regulation, and specificity is
achieved via regulation and not by restricting
enzyme specificity (58).

Regulation occurs also at the protein level,
such as allosteric regulation that prevents the
wasteful conversion of costly metabolites. As
expected, this regulation is mostly product con-
trolled. But in some cases, the substrate is an
allosteric regulator of its own enzyme. Why
would such a regulatory mechanism evolve? In
the absence of its substrate, an enzyme is sup-
posed to remain silent. Preventing active sites
from promiscuously reacting with undesirable
substrates could be one of the driving forces for
the evolution of substrate-dependent allosteric
regulation.

Promiscuity within Living Cells

Despite the action of natural selection to in-
crease enzyme selectivity by various means,
ranging from shaping the active site itself to reg-
ulation of enzyme expression and activity, nu-
merous cross-reactions and breaches of speci-
ficity occur, not just in vitro, but also within
living cells. Such cross-reactivities are often un-
raveled by the analysis of auxotrophic knockout
strains that lack a crucial enzyme. Such defi-
ciencies are often complemented by other en-
zymes, or even other enzyme pathways, some-
times in an unexpected manner. For example,
knockouts of the phn operon in E. coli that
utilizes phosphite (HPO;?7) led to the iden-
tification of promiscuous phosphite-dependent
hydrogenase activity in alkaline phosphatase
(see Mechanistic Aspects of Promiscuity, be-
low) (59). Glutamyl phosphate reductase (ProA)
exhibits low promiscuous activity with N-
acetylglutamyl phosphate, the substrate for

ArgC (N-acetylglutamyl phosphate reductase).
Following a single mutation in the enzyme’s ac-
tive site, and changes in regulation, ProA could
complement the ArgC knockout from a single-
copy plasmid (60).

The level of cross-reactivity between differ-
ent metabolic pathways 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 among these 15,000
potential pairs. Although docking has obvious
limitations, this study further highlights the po-
tential for promiscuity (12, 61). Complementa-
tion of E. co/i knockout strains by selection from
a library of E. coli’s own genes under overex-
pression from a multiple-copy plasmid revealed
a similar picture (32). The deleted gene and
its suppressor were, in most cases, unrelated.
Complementation was achieved through the
promiscuous action of other enzymes, through
increased transport (and not necessarily of the
deficient metabolite), and, most often, by an al-
ternative metabolic pathway. Thus, promiscuity
is not necessarily limited to the single enzyme
level, but often, whole pathways act promiscu-
ously, namely, outside their ordinary functional
role. Other examples of metabolic plasticity, or
“underground metabolism,” are reviewed in (7,
13, 62).

The “Flexible Metabolome”

The above observations led to new hypotheses
that suggest that genetic and metabolic path-
ways are inherently ambiguous and stochastic.
By these hypotheses, the well-defined linear
pathways described in textbooks are cross wired
in a variety of unexpected ways. Evolution may
capitalize on these cross-wirings, as a way of
adaptive plasticity (i.e., with no genetic changes
to begin with), to generate new metabolic ca-
pabilities (63). Phenomena similar to under-
ground metabolism and adaptive plasticity were
also observed in genetic analyses, wherein al-
tered phenotypes turned out to be correlated
with changes in many different genes, including
genes from unrelated pathways. As is the case
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with enzymes and metabolic pathways, genome
flexibility is an inevitable outcome of limited
specificity, or promiscuity, of gene action and
of intergenic interactions (64, 65). Thus, it ap-
pears that, beyond the well-studied, linear path-
ways, there exist flexible genomes (64), as well
as flexible proteomes and flexible metabolomes,
whose contribution to evolutionary adaptation
is still understudied.

MECHANISTIC ASPECTS
OF PROMISCUITY

How does the very same active site and cat-
alytic machinery show exquisite specificity with
respect to the native substrate but still promis-
cuously catalyze other, often completely unre-
lated, reactions? The answer to this question is
complex, and different scenarios, mechanisms,
and other aspects of the specificity-promiscuity
dichotomy are outlined below.

Specificity and Promiscuity Coincide
within the Same Active Site

Conformational diversity. The role of struc-
tural plasticity in facilitating enzyme action,
promiscuity, and evolution is discussed in sev-
eral reviews (66-69). In many cases, promiscu-
ity is linked to diverse conformations, whereby
the native and the promiscuous functions are
mediated by different active-site configura-
tions (Figure 1). For example, isopropylmalate
isomerase is an enzyme with dual-substrate
specificity, where a loop structure depends
on the substrate present (70). In sulfotrans-
ferase SULT1AL1, conformational changes en-
able the same enzyme to accommodate a range
of different substrates (66), as is the case
with glutathione-S-transferases GSTA1-1 and
GSTA4-4 (71) and with certain P450s (72).
And, in -lactamase, an expanded spectrum of
antibiotic substrates is accommodated through
increased flexibility and altered dynamics
(73, 74).

substrates.

Accommodating alternative

In many cases, promiscuous activities share

Khersonsky o Tawfik

Native conformer or function

i Native ligand
Ksn i Ky

o

Promiscuous ligand

Q/ Ki,4 KZJ
<« — p. «—— p. <«—

Figure 1

Protein promiscuity, evolvability, and
conformational diversity. Proteins exist as an
ensemble of different conformations (depicted as,
Pj, P;..P)) that exchange via the respective
equilibrium constants (K7j). The primary
conformation is the native state (Py), which
interacts with the native ligand. The alternative
conformers relate to structural variations spanning
from different side chain rotamers and active-site
loop rearrangements to more profound fold
transitions. Minor conformers (e.g., P4) may
mediate alternative functions, such as binding of a
promiscuous ligand. Mutations can gradually alter
this equilibrium such that scarcely populated
conformers become more favorable with significant
effects on the corresponding promiscuous function
(e.g., an increase in occupancy of Py from 0.01 to 0.1
can yield a tenfold increase in the overall level of
promiscuous function). The relative occupancy of
the native conformer would be hardly affected (e.g.,
from 0.5 to > 0.41, leading to <20% loss of the
native function). This model also accounts for weak
negative trade-offs between the existing and
evolving functions as well as the evolutionary
potential of neutral mutations. Adapted from
Reference 69.

the same active-site configuration and main
active-site features with the native activity.
For example, guanidine-transferring enzymes
utilize the same catalytic triad in their promis-
cuous action on various derivatives of arginine
(75). In this case of substrate ambiguity, the
active-site residues that bind the Cx-carboxyl
and the guanidino-NH, of different substrates
are different. Another case where the net-
work of hydrogen bonds is the main feature
that differentiates the native reaction from
the promiscuous one is D-2-keto-3-deoxy-
gluconate aldolase (Figure 2) (78).
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Figure 2

.- Thr157-0,

Al OH<”

~Tyr130-OH

O----Lys155-Ng

Tyr130-OH

Schematic summary of the different interactions made in the active site of D-2-keto-3-deoxy-gluconate aldolase (KDGA) from

Sulfolobus solfataricus (adapted from Reference 78). This enzyme transforms both D-2-keto-3-deoxy-gluconate (D-KDG) and D-2-keto-

3-deoxy-galactonate (D-KDGal) with similar rates (176). The mechanism with both substrates involves Schiff base formation by
Lys155 and subsequent hydration and cleavage. The differences between the gluconate and galactonate substrates 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.

Other examples include enzymes that ap-
ply nucleophilic catalysis, such as alkaline phos-
phatase, a highly proficient (k,/Ky>10" M~}
s7!) phosphate monoesterase that promiscu-
ously hydrolyzes phosphodiesters, phospho-
amides, and sulfate esters (36, 38, 79), as
well as phosphite (while reducing water to re-
lease hydrogen) (Figure 3a) (59). The catalytic
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 active site Zn**
ions and Argl66 (Figure 3) (38, 59). Compar-
ison between the activities revealed that, al-
though these substrates all bind in a similar
mode, the interactions with both Zn’* ions and
Argl66 are much more favorable for the na-
tive phosphate-monoester substrates than for
other promiscuous substrates (36, 38). This dif-
ference accounts for the orders-of-magnitude
higher rates and catalytic proficiencies of
the native substrates versus the promiscuous
ones.

Changes may still occur before final publication online and in print.

The very same active site can therefore of-
fer several different modes of interactions, and
some of these might be utilized by promiscu-
ous substrates. It should be noted, however, that
most of the above describes cases analyzed by
kinetics and site-directed mutagenesis. Because
very few structures of the enzyme-substrate or
enzyme-transition state analog complexes exist
for both the native and promiscuous substrates,
subtle changes of the active site’s conformation
cannot be excluded.

Different protonation states. The same cat-
alytic residue can act in a different proto-
nation state in the native compared to the
promiscuous function. In the tautomerase su-
perfamily, various enzymes share the catalytic
Pro residue at the enzyme’s amino terminus,
but the mechanism of catalysis depends on
its pK,. In the 4-oxalocrotonate tautomerase
(4-OT) the pK, of Prol is ~6.4, and it acts
as a general base. In #rans-3-chloroacrylic acid
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(@) The native monoester phosphatase activity and the promiscuous phosphite hydrolysis reactions catalyzed by alkaline phosphatase
(adapted from Reference 59). (b) The active-site arrangement of alkaline phosphatase with a bound transition state model (adapted from

Reference 36).

1.8

dehalogenase (CaaD), which catalyzes the hy-
drolytic halogenation of haloacrylates, Prol is
protonated (pKa ~9.2) and serves as a general
acid (80, 81). Because in 4-OT only a small frac-
tion of Prol is present in the protonated state,
it exhibits very weak promiscuous general acid
catalysis of the hydratase activity. However, an-
other family member, malonate semialdehyde
decarboxylase (MSAD), exhibits a substantial
promiscuous hydratase activity, primarily be-
cause Prol is protonated and serves as a general

Khersonsky o Tawfik

acid in the mechanism of the enzyme’s native
activity (82, 83).

Different subsites within the same active
site. In several cases, although both the
original and promiscuous activities reside
within the same active site and rely on its major
feature (e.g., an oxyanion hole), other key parts
of the catalytic machinery differ. One example
is serum paraoxonase (PON1), a mammalian

lactonase with promiscuous esterase and
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phosphotriesterase (PTE) activities (Figure
44) (84). The coordination of the phospho-
ryl/carbonyl oxygen to the active-site calcium
is a feature shared by all the activities. However,
whereas the hydrolysis of lactones and esters
is mediated by a Hisl115-His134 dyad, the
promiscuous phosphotriesterase activity is
mediated by another set of residues (84, 85),
possibly via a nucleophilic attack of Asp269 (86).

An analogous example is Candida antarctica
lipase B (CAL-B) whose native activity (lipids
hydrolysis) is mediated by a Ser105-His224-
Asp187 catalytic triad. Using its oxyanion hole,
CAL-B also catalyzes various carbon-carbon
bond formation reactions, such as Michael ad-
ditions and aldol condensations (87-89). How-
ever, in these reactions, the nucleophilic ser-
ine takes no role, and acid-base transfer is

Figure 4

Different subsites within the same active site.

() The main active-site feature of the serum
paraoxonase (PONT1) 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 PONSs. The native function, hydrolysis of
lactones, is mediated by a His115-His134 dyad,
which 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 as substrate) is independent and is
mediated by other residues that act as base or
nucleophile (84, 174). Indeed, mutations of both His
residues diminish the lactonase activity but may
increase the promiscuous phosphotrieterase activity
by up to 300-fold with certain organophosphate
substrates (85, 175). (b) A similar scenario has been
described for Candida antarctica lipase B (CAL-B).
Its native activity (lipid hydrolysis) is mediated by
the Ser105-His224-Asp187 triad, and the
acyl-enzyme intermediate is stabilized by its
oxyanion hole. CAL-B 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 (87-89).

presumably mediated by His224 in conjunction
with Asp187 (Figure 4b).

Promiscuity via alternative cofactors and
amino acids. In a particular case of cofactor
ambiguity, changes in enzyme specificity can
also be induced by metal substitutions. Fol-
lowing work by Kaiser & Lawrence (90), the
introduction of copper ions induced promis-
cuous oxidase activities in several hydrolytic
enzymes (91, 92). In carbonic anhydrase,
substitution of the native Zn?* by Mn**
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enabled the catalysis of styrene epoxidation
(93), and rhodium-substituted carbonic anhy-
drase acts as a hydrogen-utilizing reductase
94).

teine into the active sites of subtilisin (95),

Similarly, incorporating selenocys-
glyceraldehyde-3-phosphate  dehydrogenase
(96), and GST (97) endowed these enzymes

with novel peroxidase activities.

Water-assisted promiscuity. Although the
native substrate may interact directly with
active-site residues, accidental hydrogen bonds
mediated by water molecules may play a role in
promiscuous interactions. Water molecules can
buffer opposing dipoles or charges between the
substrate and active-site residues, or they can
act as acid, base, or nucleophile in the cataly-
sis of promiscuous reactions. Indeed, spatially
defined active-site water molecules have cat-
alytic powers that are comparable to amino
acid residues, and localized water molecules
may have played a key role in primordial en-
zymatic active sites (47). A study of the molec-
ular dynamics of the Bacillus subtilis esterase
suggested that promiscuous amide hydrolysis
is mediated by a network of water-mediated
hydrogen bonds that are not involved in the
esterase reaction (98). Further evidence for
water-mediated promiscuity awaits more struc-
tures of enzymes complexed with promiscuous
substrates.

Enzyme Mechanisms Analyzed by
Studying Promiscuous Functions

Enzymologists have discovered that a system-
atic research of the hidden skills of enzymes can
provide valuable insights regarding their cat-
alytic mechanisms. For example, the promis-
cuous hydrolysis of phosphonate diesters by
Tetrabymena thermophila ribozyme provided key
insights regarding the relative importance of
transition state geometry versus charge (99). In
another study, the promiscuous chorismate mu-
tase activity of PchB was used to derive mecha-
nistic insights into its native activity (isochoris-
mate pyruvate lyase) (100).

Khersonsky o Tawfik

Kinetic Parameters for Native versus
Promiscuous Functions

Differences between the efficiency of promis-
cuous and native activities can be manifested
in differences in either £, or K. Although
it is expected that promiscuous substrates that
bind weakly will exhibit high Kj; values, many
promiscuous substrates are characterized by
low k., values. Thus, specificity may result not
only from substrate binding interactions per se,
but also from appropriate positioning relative
to the catalytic machinery. For example, analy-
sis of substrates of PON1, the primary function
of which is lipophilic lactonase, indicated that
all promiscuous aryl esters and phosphotriester
substrates exhibit Ky, values in the mM range
(0.8-5 mM), and the differences in reactivity are
primarily due to &, values that vary by >1000-
fold (101). For the promiscuous substrates, sub-
strate binding is driven primarily by nonspe-
cific hydrophobic forces within the deep and
hydrophobic active site of PON1. However,
promiscuous substrates are inadequately posi-
tioned relative to the catalytic machinery and
therefore exhibit low &, values. Interestingly,
for the lactones that comprise the native sub-
strate of this enzyme, Ky values vary by ~200-
fold (from about 0.1 up to 20 mM), whereas
the variations in k,,, values are an order of mag-
nitude lower (~10-200 s7!). Indeed, binding
of the native substrate is typically mediated by
enthalpy-driven interactions, such as hydrogen
bonds, whereas for the promiscuous substrates,
hydrophobic and other entropy-driven interac-
tions play a key role (12, 102).

PROMISCUITY AND
DIVERGENCE OF ENZYME
SUPERFAMILIES

An enzyme superfamily combines dozens to
thousands of enzymes that, although distant
in sequence and catalyzing different chemical
transformations of many different substrates,
share the same fold and a common catalytic
strategy (e.g., abstraction of a proton from a po-
sition alpha to a carboxylate, and stabilization of

Changes may still occur before final publication online and in print.
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Acd

D,b,c Fa

Ec

Divergence of new enzyme family
members in nature

Laboratory evolution of
new functions

Figure 5

Divergence of a generalist progenitor enzyme to a family of specialist enzymes. (Jeff) Jensen’s hypothesis (7)
surmises that, in nature, an ancestor protein displaying a low level of a range of activities (denoted as 4, b, ¢,
d) has 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 4, B, etc.). In the course of
divergence, new activities that were not present in the progenitor may also emerge (denoted as E and F).
Today’s specialists may still retain some of the functions of the common ancestor (denoted in lower case
letters) 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 1). (right) Additional support to the above model comes from the results of
many directed evolution experiments. Direct switches of specificity, e.g., from B to D (blue 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 4 and 4 at relatively high levels (the
weak negative trade-off line in Figure 6). Such intermediates are often observed in the lab; some even gain
other activities, for which they were never selected (denoted 4, ¢), and may therefore resemble the progenitor
of this enzyme family or node intermediates along past routes of its divergence. Adapted from Reference 17.
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the resulting enolate intermediate, in the eno-
lase superfamily) (14). Analysis of enzyme fam-
ilies and superfamilies provides ample evidence
for the role of promiscuity in the evolution of
new functions. Specifically, the identification of
promiscuous activities, or cross-reactivities, be-
tween different members of the same enzyme
family or superfamily and the ability to evolve
these promiscuous activities in the laboratory
provide important hints regarding evolution-
ary, structural, and mechanistic relationships
within enzyme superfamilies (Figure 5). Ex-
amples of the promiscuous catalytic activities
within enzyme families and superfamilies are
listed in Table 1. Conclusions supported by
these data are summarized below:
1. The primary, or native, function of one
family member is often identified as

a promiscuous activity in other family
members (Table 1, entries 2 and 5-9).
This overlap may reflect the common
catalytic strategy that underlines these
families and superfamilies as well as a
common evolutionary origin (Figure 5).
It can therefore guide the identification
of the native function of new superfamily
members by virtue of its similarity
to the promiscuous activity of related
family members. This principle was
demonstrated in an attempt to trace the
origins of a bacterial phosphotriesterase
(PTE from Pseudomonas diminuta), an
enzyme thought to have evolved for the
degradation of paraoxon, an insecticide
introduced in the twentieth century.
PTE possesses a promiscuous lactonase
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activity (103) that could comprise a
vestige of its progenitor. Indeed, three
homolog from the same superfamily
(amidohydrolase) turned out to be rep-
resentatives of a new group of microbial
lactonases, dubbed PTE-like lactonases
(PLLs) (104). These three PLLs, and
some newly identified ones (105-108),
proficiently hydrolyze lactones, particu-
larly 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 (104, 107, 108). Given
their function and phylogeny, PLLs
emerged dozens of millions of years ago.
The latent promiscuous phosphotri-
esterase activity of a yet-to-be-identified
PLL served as the essential starting point
for the evolution of PTE (104).

. The same promiscuous activity is often

shared by more than one family member
(Table 1; entries 2, 3, 5, and 11).

. The magnitude of promiscuous functions

varies dramatically between family mem-
bers (Table 1, entries 1, 5, and 9). For
example, in the mammalian paraoxonases
family, the promiscuous PTE activity is
high in one paralog (PON1; ke/Ky
~10* M~!s7!) and barely detectable or
undetectable in the two other paralogs.
Indeed, the consistency of the lactonase
function in all PON paralogs and or-
thologs and the haphazardness of others
activities (phosphotriesterase and aryl es-
terase; Table 1 entry 1) prompted the
identification of the lactonase as the na-
tive function of PONs (101, 109). This
pattern is consistent with promiscuous ac-
tivities not being under selection and also
with the observation that promiscuous ac-
tivities show large increases and decreases
in response to one, or few, mutations that
are neutral with respect to the primary
function (110, 111).

. Laboratory evolution of one promiscuous

activity often leads, indirectly, to the ap-

pearance of other promiscuous activities
thus yielding “generalist” intermediates
(see Evolutionary Aspects of Promiscu-
ity, below) (112). Activities found in these
generalist intermediates can be shared by
other family members, as either their na-
tive or promiscuous function (103, 113).

EVOLUTIONARY ASPECTS
OF PROMISCUITY

Studies of divergent evolution within enzyme
families and superfamilies support the hypoth-
esis that throughout evolution promiscuous ac-
tivities served as the starting points for the
divergence of new functions and that broad-
specificity enzymes served as progenitors for to-
day’s specialized enzymes (7). Evidence of this,
however, is largely circumstantial and provides
little insight into the mechanisms and muta-
tional paths that underlined these processes of
divergence. Describing the mutational paths is
a particular challenge, because in today’s en-
zymes, even within the same superfamily, differ-
ent functions imply sequence differences rang-
ing from 30% up to 80%. In addition, most of
these sequence changes relate to “drift” rather
than change of function. Furthermore, paths
leading from one function to another are most
likely to be gradual (one mutation at a time) and
smooth (viaintermediates that are all folded and
functional to some degree) (115). A detailed dis-
cussion of evolutionary mechanisms is beyond
the scope of this review but we do outline sev-
eral key points (for additional information see
References 116 and 117).

That natural paths of divergence are most
likely to be gradual is also supported by labora-
tory evolution, where it seems that one “should
select what is already there” (118), i.e., evolving
an existing weak, promiscuous function is the
most feasible option. Indeed, to our knowledge,
there exists only one example for the laboratory
evolution of an enzymatic function in a non-
catalytic fold (RNA ligase evolved from a zinc
finger scaffold), and this evolution demanded
the exploration of genetic diversity (>10'? li-
brary variants) that exceeds natural diversities
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(119). When no initial activity was present, in-
corporation of a new function demanded in-
tensive sequence alterations, including deletion
and insertion of active-site loops, even within
an enzyme from the same superfamily (120).
Generation of novel enzymes by computational
design involved the simultaneous exchange of
8-20 amino acids (121, 122). Most notably, all
the above noted cases involve starting points,
and/or intermediates, that possess no activity,
or even folding capability, whatsoever.

Evolvability of Promiscuous
Functions: The Three Basic Postulates

Given the likelihood of gradual, smooth tran-
sitions, it is likely that natural evolution rou-
tinely takes advantage of promiscuous activities
as starting points for the divergence of new en-
zymes. However, for promiscuity to lead the
divergence of new enzyme functions, the fol-
lowing three basic prerequisites (discussed in
detail in sections below) should be met.

1. The promiscuous activities provide an
immediate physiological advantage and
could thus become selected.

2. Once a promiscuous function becomes
physiologically relevant, it can be im-
proved through one, or just few, mu-
tation(s) initially without abolishing the
primary, native function of the enzyme.

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

Promiscuous Functions Can Provide
an Immediate Advantage

Many reports indicate that weak promiscuous
activities can provide an immediate selective
advantage to an organism, typically following
a deficiency created by a genetic manipulation
in the laboratory. A systematic study conducted
by Patrick et al. (32) is discussed in the section
Promiscuity: Rule or Exception? In an E. coli
strain deficient in glucokinase activity, several
sugar kinases were found that promiscuously

Khersonsky o Tawfik

phosphorylate glucose (123). These promiscu-
ous activities are notably weak (Table 1); the
ku/Ky values of the promiscuous sugar ki-
nase YzjF is the range of 10> M~!s7! and is
~10* lower than that of the primary E. coli
glucokinase (G/k). Indeed, in these cases, over-
expression of the promiscuous enzyme from
a multiple-copy plasmid was necessary, as low
catalytic efficiency can be clearly compensated
by higher enzyme levels (60, 124).

Another notable example is alkaline phos-
phatase, whose promiscuous phosphite oxida-
tion complemented the growth deficiency of
E. coli phn knockout strains (Figure 34). The
ability to grow on phosphite as the sole source of
inorganic phosphorous occurred via the chro-
mosomal gene of alkaline phosphatase, owing
to the extremely high expression levels of the
native alkaline phosphatase under phosphate
starvation (59). In other cases, changes in regu-
lation of chromosomal genes, leading to higher
expression, were observed (60). In Hall’s clas-
sical experiment (125, 126) of the emergence
of an alternative 3-galactosidase, mutations in-
creased a weak promiscuous (3-galactosidase ac-
tivity in egb (a glycosylase whose native function
remains unknown). The first mutation dramati-
cally increased the expression of egh by disabling
its repressor (125). A promoter mutation in a
complementing plasmid also led to ~100-fold
increase in expression level of the promiscuous
glucokinase YzjF (127). Gene duplication is an-
other abundant event, leading to increased en-
zyme levels (117, 128-130). Thus, if and when
a new function becomes necessary, the combi-
nation of a weak promiscuous activity with an
increase in enzyme levels via regulatory muta-
tions and/or gene duplication can provide the
organism an immediate advantage.

Negative Trade-offs and the
Evolvability of Promiscuous Functions

The second postulate regarding the evolvabil-
ity of promiscuous functions is that promiscu-
ous functions can be readily improved through
one, or just few, mutations and that muta-
tions leading to improvements in promiscuous
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functions need not induce parallel decreases
in the native function. Strong negative trade-
offs between the evolving trait and existing
traits are a dominant factor in evolution (131).
Hence, gene duplication, and a split of the orig-
inal and evolving functions between the two
copies, is considered a prerequisite for adapta-
tion. The weak trade-off hypothesis allows al-
ternative modes for emergence of new genes
carrying new functions.

Evolvability, or evolutionary adaptability,
is the capacity of biological systems, whether
they are organisms, cells, or proteins, to
evolve. Evolvability comprises two elements:
plasticity and robustness (51, 132). Plasticity
is the induction of novel phenotypic traits by
a relatively small number of mutations. This
property of promiscuous enzyme functions has
been demonstrated by numerous laboratory
evolution experiments. Moreover, it seems
that the more promiscuous and versatile is a
metabolic pathway, the more evolvable are the
enzymes within it (133). However, plasticity is
in conflict with the fact that most mutations are
deleterious (134-136). Organisms constantly
endure mutations while maintaining fitness.
They therefore maintain a certain level of resis-
tance to the effects of mutations (robustness).
These two features may appear to be conflict-
ing: Can mutations simultaneously induce no
phenotypic changes and significant changes?
It appears that biological systems, including
proteins, exhibit both traits, namely plasticity
and robustness, and the two are not necessarily
mutually exclusive (51, 137). The promiscuous,
accidental functions of the protein are highly
plastic and can be reshaped through a few
mutations. However, these mutations need
not have a large effect on the protein’s native
activity. Indeed, many directed evolution
experiments indicate that, in contrast to the
large shifts observed with the promiscuous sub-
strates, native activities taking place in the same
active site show comparatively small changes.
This robustness of the native function was
observed, although the only selection criterion
applied in these experiments was an increase in
a promiscuous activity of the target enzyme.

The weak trade-off trend was first described
in three different enzymes subjected to a selec-
tion for an increase in six different promiscu-
ous activities (138), yet it was also observed in
many other laboratory experiments (Table 2).
On average, mutations increased the promis-
cuous activity under selection by 10-10°-fold,
whereas the original activity decreased by 0.8-
42-fold. In most cases, the ratio of increase in
the evolving promiscuous function versus de-
crease in the original function is >10. Similar
trends were seen in receptors, where mutations
leading to the binding of a new ligand initially
broadened the spectrum of bound ligands while
retaining the original one (139, 140). In bacte-
rial transcription factors, new effector specifici-
ties were acquired during natural or laboratory
evolution based on existing promiscuous effec-
tors, and with weak trade-offs with respect to
the original effector (141-143).

The different effects of mutations on the na-
tive versus the promiscuous functions are par-
ticularly striking in view of the fact that many
of these mutations are found within the active-
site’s wall and perimeter. Structural and ther-
modynamic insights into the effects of these
generalist mutations are needed before any def-
inite statements can be made. Yet, it seems likely
that the plasticity of the mutated residues is re-
lated to the fact they are not part of the pro-
tein’s scaffold or of the catalytic machinery of
the enzyme. They are typically located on sur-
face loops that exhibit high conformational flex-
ibility and comprise the substrate-binding part
of the active site (66, 67, 138, 144, 145). Indeed,
conformational plasticity provides a straight-
forward explanation for weak trade-offs at the
early stages of divergence (Figure 1). For exam-
ple, in a-lytic protease, structural flexibility of
the substrate-binding loops (146) enabled a sin-
gle amino acid substitution to increase the ac-
tivity toward promiscuous substrates by a factor
of 10°, whereas the native activity was reduced
by only twofold (147). In an evolved aminoacyl-
tRINA synthetase, the disruption of an o-helix
introduced structural plasticity to the enzyme’s
active site and thus enabled it to accept a range
of unnatural amino acid substrates (148).
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In addition, as discussed above, there seem
to be fundamental differences between the
mode of binding of the native substrate versus
the promiscuous substrates, and it is therefore
likely that the same mutation could differ-
ently affect the native and the promiscuous
substrates. Better understanding of the effect
of mutations awaits a sufficient number of
structures of both the wild-type enzyme and
its evolved mutants in complex with analogs of
both the native and promiscuous substrates.

Something for Nothing: For How
Long?

Ultimately, the acquisition of a proficient new
activity must come at the expense of the old
one. Yet, the relative rate by which a new func-
tion is gained, and the old one is lost, matters
(Figure 6). In those cases, where the negative
trade-off is initially weak (convex route), the di-
vergence of new function proceeds via a gener-
alist intermediate exhibiting broad specificity.
"This route suggests that, under selection for in-
creasingly higher proficiency, specialists might
evolve spontaneously (i.e., with out an explicit
selection against the original function) because
at a certain point increases in the new function
will be accompanied by large losses in the orig-
inal one. At present, however, laboratory evo-
lution experiments demonstrate that generalist
intermediates re-specialize primarily upon dual
selection for an increase in the newly evolving
activity and a decrease in the original activity
(149, 150-153). However, in a living cell, the
toll of a generalist on fitness might be too high,
and the driving force for specialization is likely
to be stronger than observed in vitro (150).
Altogether, the above observations support
the hypothesis of evolutionary progenitors and
intermediates being of broad specificity or high
promiscuity (7) and that a frequent (but not ex-
clusive) evolutionary route leads from a special-
ist to a generalist and, in turn, to a new spe-
cialist (Figures 5 and 6). The reconstruction
of evolutionary ancestors of both enzymes and
receptors (154, 155), as well as laboratory evo-
lution of protein-protein interfaces (149), and
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mutations or shuffling) and throughout the gene length.

bSince the publication of Reference 138, it has been established that serum paraoxonase (PONT1) is a lipo-lactonase, and its preferred substrates are 5- and 6-membered ring lactones, typically
with aliphatic side chains (101, 109, 193). In the original article (138), data for trade-offs with the native activity were presented with both the aromatic lactone dihydrocoumarin and aliphatic

I1.23

lactones. However, more recent works indicated that dihydrocoumarin is not binding PONT1’s active site in the same mode as aliphatic lactones (84, 101). Thus, the trade-offs presented here are

the average values of two aliphatic lactones (8-valerolactone and and y-heptanolide).
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. trade-off

Original N
function
Strong negative
trade-off
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Figure 6

Possible routes to the divergence of a new function. Under selection, a weak,
promiscuous activity of a protein with a given primary function (blue circle)
gradually evolves. By the end of this process, which typically requires many
generations of mutation and selection, a new protein emerges with a new
function that replaced the original one (green circle). The dynamics of this
divergence 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
(dotted line) or follow either the concave or the convex route. The convex route
(weak negative trade-off) is supported by the observation that large increases in
the promiscuous function under selection for a new function are often
accompanied by significantly smaller decreases in the original function

(Table 2). By virtue of gaining a new function without losing the original one
(and often gaining other new functions that were 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 (or other means of significantly increasing enzyme levels) is a
necessary prerequisite because acquisition of even low levels of the new function
is accompanied by large losses of the original one. Adapted from Reference 17.

transcription factors (142, 143) support the idea
of generalist progenitors.

Exceptions to Weak Negative
Trade-offs

Although weak negative trade-offs are com-
mon, this generalization has notable excep-
tions. In few cases, a single amino acid ex-
change can completely switch the specificity of
an enzyme (152). For example, the His§9Phe
mutation in the active site of tyrosine am-
monia lyase switched its substrate selectiv-
ity from tyrosine to phenylalanine, with ki-
netic parameters and selectivity comparable to
phenylalanine ammonia lyase (156). In another
example, a mutant (Glu383Ala) of proA that

11.24  Kbersonsky o Tawfik

exhibits higher promiscuous activity with N-
acetylglutamyl phosphate (#7gC activity) traded
off strongly with the original proA function
(glutamyl phosphate as substrate). In this case,
upregulation of the mutated proA’s facilitated
growth despite the overall low rates with both
acetylglutamyl phosphate (the new activity) as
well as a significance decrease in the original
one (60).

Size and charge considerations. The magni-
tude of trade-offs may depend on differences
in size and charge between the native and
promiscuous substrates (157, 158). Most re-
ported studies involve promiscuous substrates
that are larger than the native one and cases
in which both the native and the promiscu-
ous substrates are uncharged. In these cases,
a mutation that makes the active site larger
may increase activity toward the promiscuous
substrate with no drastic effect on the native
substrate. However, in cases where promiscu-
ous substrates are smaller than the native ones,
mutations that reshape the active site to in-
crease contacts with the smaller substrate can
reduce the activity with the larger native sub-
strate. Still, examples for weak trade-offs at the
early steps of directed evolution for smaller sub-
strates exist (159). Other cases in which the
native and promiscuous activities might trade-
off strongly involve differences in charge, e.g.,
a charged native substrate and a neutral, hy-
drophobic promiscuous substrate. Mutations
that favor the charged substrate are likely to re-
strict binding of the hydrophobic one, and vice
versa (60).

Targeted versus random mutagenesis. Mu-
tations incorporated through rational design
(and probably by computaional design) show
larger trade-offs relative to mutations obtained
by selection from random repertoires, Supple-
mental Table 2. Follow the Supplemental
Material link from the Annual Reviews home
page at http://www.annualreviews.org. This
difference can be largely ascribed to the loca-
tion of the function-altering mutations. Evo-
lutionary processes, in the laboratory or in
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nature, usually involve mutations in the active-
site periphery (second and third shell muta-
tions) with more subtle effects. However, ratio-
nal design aims at the replacement of key active-
site residues (first shell), and such exchanges
yield more drastic changes of specificity. An in-
teresting exception is the introduction of glu-
tathione transferase activity in a glutathione-
dependent peroxidase via a single point muta-
tion, which may relate to the evolutionary his-
tory of these enzymes (160).

Stability Trade-offs

An important facet of the trade-off that is not
reflected in the kinetic parameters per se is the
effect of mutations on stability. Most mutations
are destabilizing, and mutations that affect
function often exhibit even higher destabilizing
effects (136). Destabilization usually results in
reduced cellular enzyme levels, owing to mis-
folding and aggregation, proteolytic digestion,
or clearance. This phenomenon was first high-
lighted through the analysis of mutations found
in clinical isolates of TEM-1 B-lactamase (27).
Thus, although in terms of k,, and Kj; the
trade-off between the native and the promis-
cuous functions of TEM-1 mutants is weak
(Table 2 entry 11), the function-altering muta-
tions are destabilizing, leading to much reduced
enzyme levels and slow bacterial growth. For
the evolutionary process to continue (in nature
or in the laboratory), this loss of stability must
be compensated. Indeed, many mutations that
appear in directed evolution variants with
no obvious role in the new function exert
compensatory stabilizing effects (136, 161). A
recent review addresses in detail the stability
effects of mutations on protein evolution

(162).

Promiscuity and Mechanisms for
Divergence of New Gene Functions

The mechanisms governing the divergence of
new gene-protein functions are a central part of
evolutionary theory, a discipline that is unfamil-
iar to most biochemists. However, the notions

of protein promiscuity, and the unique evolu-
tionary features of promiscuous functions, have
fundamental implications for this theory. These
are briefly mentioned below.

The textbook paradigm, Ohno’s model
(163), assumes that duplication is a frequent
event which is largely neutral, i.e., initially, du-
plication provides no fitness advantage, or dis-
advantage, and occurs under no selection (164).
The duplicated copy is redundant and free
from the burden of selection, and it can there-
fore accumulate mutations, including deleteri-
ous ones. If and when the need arises, variants
carrying duplicated genes with mutations that
endow a new function become under positive,
adaptive selection, thus leading to the diver-
gence of the new gene, protein, and function.

The prerequisites of duplication and relief
from selection stem from the negative trade-
off assumption: Selection for the existing func-
tion purges mutations with adaptive poten-
tial, and such mutations can only accumulate
in a redundant copy. However, as described
above, many promiscuous functions further
evolve with little effect on the original func-
tion. Ohno’s hypothesis—that gene duplication
and the subsequent mutational drift occur un-
der no selection—is being questioned for ad-
ditional reasons. First, most duplicated genes
found in existing genomes appear to be un-
der functional selection that purges deleterious
mutations (128, 165, 166). Second, expression
of redundant mRNA and protein copies car-
ries substantial energetic costs (56, 167), and
there exists a selection pressure to inactivate
their expression (55, 168). Third, gene dupli-
cation is often not a neutral event but is rather
positively selected under demands for higher
protein doses (129, 130). Last, over a third of
the random mutations in a given protein are
deleterious (134, 135, 169), whereas beneficial
mutations promoting new functions are scarce
(estimated frequency of ~107?). Thus, when
drifting in the absence of any selection, loss of
all functions (nonfunctionalization) because of
mutations that undermine folding and stability
(162, 170) is orders of magnitude more likely
than neofunctionalization (171).
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The above observations prompted a num-
ber of alternative models, which include the

Moonlighting:
utilization of protein
parts outside the active
site for other
functions, mostly
regulatory and 2
structural

following:
1.

Gene sharing model—a gene with a
given function is recruited for a differ-
ent, moonlighting function without any
changes in the coding region (50, 172).

. Divergence prior to duplication model—

this model (131, 138), the parallel
innovation-amplification-divergence
model (130), the escape from adaptive
conflict model (173), and to a degree
the Hughes’ model (165) assume that
the very first step toward divergence
is the selection of a mutant protein with
sufficiently high secondary, promiscuous
activity, while retaining the original, pri-
mary function. Duplication follows and
enables the complete re-specialization of
the diverging function at the expense of
the original function (Figure 6).

. Duplication is a positively selected event,

leading to increased variability. When di-
vergence is capitalizing on a weak promis-
cuous activity in an existing protein, im-

SUMMARY POINTS

1.

mediate selective advantage can be pro-
vided by increasing protein doses. Thus,
duplication and the resulting higher pro-
tein levels have key roles in enabling
promiscuous functions to become physi-
ologically relevantand in enabling a wider
variety of function altering mutations to
accumulate. Despite the generally weak
trade-offs, at the end of the day, muta-
tions that endow new enzymatic func-
tions often have a measurable effect on
the existing enzymatic function and/or on
the enzyme’s stability and expression lev-
els. The acquisition of potentially benefi-
cial mutations can only continue as long
as the existing function is reduced to an
extent that does not severely compro-
mise organismic fitness. By virtue of two
genes carrying the same level of func-
tion, duplication offers a margin that al-
lows a larger variety of potentially ben-
eficial mutations to accumulate provided
that, contrary to Ohno’s model, the two
genes remain under selection (117, 128,

171).

Promiscuity regards activities, substrates, and/or reactions that an enzyme performs,
although it never evolved to do so (as opposed to its original, native activity).

. Promiscuous activities are not rare exceptions but are rather widely spread, inherent

features of enzymes, and proteins in general.

. Specificity and promiscuity can reside within the same active site. Promiscuous enzymatic

functions may utilize different active-site conformers, and their mechanisms can overlap,
partly overlap, or differ altogether from, the mechanism by which an enzyme performs
its native function.

. Promiscuous enzyme functions provide immediately accessible starting points for the

evolution of new functions via a gradual mutational path that eventually converts a weak,
promiscuous function into the primary, native function.

. A promiscuous function of an enzyme can be a vestige of the function of its ancestor.

Promiscuous activities shared by members of same enzyme family and/or superfamily
correlate with their divergence from a common ancestor.

. Mutations that increase a promiscuous activity and have little effect on the primary,

native function (weak trade-off) underlie the divergence of a new enzymatic function via
a generalist intermediate.
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7. The notion of promiscuity as the seed of new gene functions has significant implications
for evolutionary theory. Although gene duplication is the key to divergence of new gene
functions, when and how duplication occurs and how a new enzyme diverges from an
existing one are still a matter of debate.

FUTURE ISSUES

1. Rigorous and quantitative measures of promiscuity are needed, including ways of system-
atically measuring the magnitude and degree of promiscuity in a wide range of proteins.

2. Are promiscuous functions executed in modes (structural, thermodynamic, kinetic,
and/or mechanistic) that fundamentally differ from the modes of primary, native
function?

3. Better physicochemical understanding of the effects of mutations on native versus promis-
cuous activities, and of the origins of the weak trade-offs between the evolving promis-
cuous activity and the original activity, is needed.

4. Clear cut cases of natural enzymes that diverged from other natural enzymes by virtue of a
latent promiscuous activity might be identified from inferred ancestors, recently evolved
bacterial enzymes that degrade anthropogenic or xenobiotic chemicals, or secondary
metabolism of plants.

5. It remains unclear whether there are fundamental structural and mechanistic differences
between generalists and specialists and whether the evolutionary history of an enzyme
dictates its future. Are highly specialized enzymes of the central metabolism (enzymes that
experienced little change) less promiscuous and less evolvable than secondary metabolism
enzymes that have constantly evolved under changing environments?

6. Complete evolutionary trajectories from one specialist to another specialist, whereby
the promiscuous activity becomes primary, and vise versa, need to be reproduced in the
laboratory (Figure 6). Such experiments can unravel the molecular basis of conversion
and possible reversion of traits such as robustness and evolvability.

7. The roles of promiscuity of individual enzymes (flexible proteomes) and of cross-wiring
of metabolic pathways (flexible metabolomes), in both physiological and evolutionary
adaptations, need to be examined.
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