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Abstract

Evolutionary biochemists define enzyme promiscuity as the ability to catalyze secondary reactions
that are physiologically irrelevant, either because they are too inefficient to affect fitness or
because the enzyme never encounters the substrate. Promiscuous activities are common because
evolution of a perfectly specific active site is both difficult and unnecessary; natural selection
ceases when the performance of a protein is “good enough” that it no longer affects fitness.
Although promiscuous functions are accidental and physiologically irrelevant, they are of great
importance because they provide opportunities for evolution of new functions in nature and in the
laboratory, as well as targets for therapeutic drugs and tools for a wide range of technological
applications.
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Once upon a time biology was (thought to be) simple. A gene encoded a single protein,
which performed a single function with high specificity. But biology is not simple. Genes
can encode multiple proteins, proteins can perform multiple functions, and promiscuous
functions abound. Our “linear” thinking about biology is being supplanted by the

recognition that understanding the complexity of living systems can best be accomplished by
considering the function of the system as a whole in addition to the functions of the
individual parts. From this point of view, the origins and implications of promiscuous
functions are particularly challenging because we cannot predict every potential
promiscuous function — and there may be many thousands - within the context of a particular
proteome. This Opinion article will discuss the molecular- and system-level considerations
necessary for an integrated perspective on the role of promiscuity in the function, evolution
and manipulation of biological systems.
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“Promiscuity” means different things to different people

The term “promiscuous” is used to describe enzymes that catalyze more than one reaction.
Enzymes commonly display “substrate promiscuity” (a.k.a. substrate ambiguity), which is
the ability to carry out a comparable chemical transformation using different substrates.
Enzymes that are “catalytically promiscuous” catalyze a secondary reaction that results in a
chemical transformation different from that catalyzed with its canonical substrate. The term
“promiscuity” is used in this article to encompass both catalytic and substrate promiscuity.

Protein biochemists and molecular biologists often use the term “promiscuous” to describe
broad-specificity proteins that bind to multiple interaction partners, which may be ligands,
substrates or other macromolecules [1-3]. While this is a reasonable use of the term,
evolutionary biochemists prefer to reserve the term “promiscuous” to refer to interactions
that are not physiologically relevant [4]. This is a useful distinction, as it communicates not
only the property of interest, but also its relevance to physiology and the degree to which it
is under selective pressure.

Broad substrate specificity is typical of detoxification enzymes such as glutathione S-
transferases [2, 5] and cytochrome P450s [6] and is critical to their ability to protect
organisms from the numerous and unpredictable toxins to which they are exposed. Broad-
specificity enzymes such as esterases, amidases and phosphatases can allow microbes to
initiate degradation of diverse compounds, and can release products such as phosphate and
ammonia that are useful to the organism even if the compound cannot be fully degraded.
Cases in which broad specificity is important for fitness are clearly different from those in
which enzymes catalyze reactions of non-physiological substrates or of physiological
substrates with extremely low efficiency.

When an evolutionary biochemist says that a particular enzyme is promiscuous, it is an
operational definition meaning that, to the best of our knowledge, the promiscuous activity is
physiologically irrelevant. This might be true because the substrate for the promiscuous
activity is never encountered by the enzyme, or at least not in concentrations high enough to
cause trouble. For example, many chemicals synthesized by humans for industrial or
medicinal purposes have never before been present in the biosphere. Even the elaborate
natural products synthesized by many organisms to communicate with or to kill other
organisms may not be encountered outside of the particular environmental niche in which
they are produced.

A promiscuous activity may also be irrelevant because it is too inefficient to influence
metabolism and therefore fitness. For instance, gamma-glutamyl phosphate reductase (ProA)
from Escherichia colihas a low-level ability to reduce N-acetyl glutamyl phosphate, the
substrate for ArgC [7, 8]. However, ProA is unable to substitute for ArgC. The inefficiency
of the promiscuous activity, which is several orders of magnitude below that of ArgC, likely
precludes sufficient reduction of N-acetyl glutamyl phosphate to support arginine
biosynthesis.

The last few decades have seen the assignment of genes to functions in metabolic pathways
that degrade myriad organic compounds, as well as synthesize the standard building blocks
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of macromolecules and a wide variety of secondary metabolites. However, every genome
encodes a number of enzymes that do not participate in known metabolic pathways. Figure
1, which summarizes the activities of 23 haloacid dehalogenase-like phosphatases from £.
coliwith 80 physiological substrates, exemplifies the conundrum presented by such enzymes
[9]. Only a few of the tested enzymes are highly specific. For example, two of the enzymes
(HisB and SerB) are involved in amino acid biosynthesis. The substrate for HisB was not
available, but, as expected, the enzyme did not have detectable activity with any of the tested
substrates. SerB was quite specific for phosphoserine, its physiological substrate. Gph[10]
and YniC [9] are involved in detoxification of 2-phosphogycolate and 2-deoxyglucose,
respectively. But what can we conclude about the remaining enzymes, many of which have
weak activity with a number of substrates? One possibility is that these enzymes participate
in as-yet unidentified metabolic pathways, and have high activity with a substrate that was
not tested. If so, these lower-level activities would be promiscuous activities. Another
possibility is that the broad activity profiles of these enzymes reflect a physiologically
important function. For example, YbiV has high activity with fructose 1-phosphate and
modest activity with ribose 5-phosphate and glucose 6-phosphate. Each of these sugar
phosphates plays a role in primary metabolism, and it seems wasteful to hydrolyze a high-
energy phosphoester bond. However, this enzyme might play an important role under
phosphate-limited conditions by making phosphate available for more critical processes.
This situation may be more common than we appreciate. Not all enzymes need to fit neatly
into metabolic pathways to contribute to fitness. The role of some enzymes may be to
improve the function of the overall metabolic network, and this role may require broad-
substrate specificity.

Additional difficulties in assessing the physiological relevance of a suspected promiscuous
activity arise because of differences in the metabolic networks of organisms. For example,
Palmer et al. identified an enzyme in Amycolatopsis that catalyzed racemization of N-acyl
amino acids [11]. The racemase activity was later found to be a promiscuous activity of o-
succinylbenzoate synthase, an enzyme involved in menaquinone synthesis [12]. By analogy,
an enzyme with N-acyl amino acid racemase activity from Geobacillus kaustophilus might
be assumed to also be an o-succinylbenzoate synthase. However, clever sleuthing by Sakai et
al. [13] revealed that the operon encoding N-acyl amino acid racemase also encodes a
succinyl-CoA:D-amino acid N-succinyltransferase and an N-succinyl-L-amino acid
hydrolase. These three enzymes participate in a previously unknown pathway for conversion
of D-amino acids to L-amino acids via N-acyl amino acid intermediates.

Why does promiscuity exist?

The existence of promiscuous enzymes introduces an element of sloppiness into metabolic
networks that we would, overly optimistically, like to think of as perfectly controlled, with
no dead-ends, leaks or serendipitous pathways [14] connecting different parts of the network
in non-canonical ways. This lack of perfection raises the question: why do promiscuous
activities exist? One possible explanation is that “perfect” specificity is unachievable. Active
sites of enzymes are loaded with functional groups that position the substrate and/or act as
acids, bases, or nucleophiles in a cavity that provides favorable ionic and hydrophobic
interactions with the substrate, transition states and intermediates in the reaction. Active sites
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can often exclude substrates that are too large to fit or that contain charges in places that
cause repulsion by active site residues. However, small substrates may fit into a capacious
active site, although they may lose some of the binding affinity available to the optimal
substrate. Even larger substrates may be able to bind if part of the molecule can protrude
from the active site into the solvent. Thus, promiscuity may exist simply because it is
impossible to exclude all potential substrates. The existence of secondary “proofreading”
active sites in acyl-amino acid tRNA synthetases, which increases the fidelity of loading
amino acids onto the 3’-hydroxyl of tRNAs, is a testament to what it can take to prevent the
formation of products from inappropriate substrates.

Another explanation for the existence of promiscuous activities is that they are relics of past
activities in ancestral generalist enzymes that catalyzed more than one reaction. Given the
limited coding capacity of the last universal common ancestor, it is likely that at least some
of its enzymes were generalists capable of catalyzing the same chemical reaction using
several different substrates [15, 16]. Duplication and divergence of genes encoding
generalist enzymes has given rise to extended superfamilies of specialist enzymes that retain
the ancestral structural fold and some of its catalytic strategies, but have accumulated
mutations that allow higher substrate specificity and sometimes additional catalytic steps
[17-19]. Indeed, enzymes in superfamilies often have promiscuous activities that correspond
to the physiological functions of other families within the superfamily [20].

Promiscuous activities are important because they provide a repertoire of catalytic activities
from which enzymes can be recruited when the environment changes and a new activity
becomes importance for fitness. If the selective pressure continues, gene duplication and
divergence can lead to the evolution of a new, efficient, and specific enzyme. It is important
to recognize that promiscuous activities do not exist because they provide catalytic activities
that may become useful in the future. Natural selection can act only upon functions that
either impair or improve fitness. Evolution cannot predict what might become useful in the
future.

Promiscuous activities are not always inefficient

The enormous catalytic power of enzymes is achieved by a variety of mechanisms that
position a substrate in the proper orientation relative to catalytic groups in the active site,
remove interfering water molecules, and channel reactive intermediates toward only one of
multiple potential fates. Promiscuous activities are usually inefficient due to a less than
perfect alignment of the promiscuous substrate with catalytic groups in the active site. For
example, the promiscuous activities of HisB, Gph and YtjC with phosphoserine have
Keat/Km values of 1.6, 7.6 and 0.8 M~1s71, respectively, whereas the kqqu/Ky Of SerB, the
physiological phosphoserine phosphatase, is 8.7 x 10* M~1s~1 [21]. However, this is not
always true; promiscuous activities can be quite efficient.

E. colihomoserine kinase (ThrB) catalyzes the phosphorylation of homoserine, a precursor
of threonine, with a kegi/Ky Of 3.8 x 10° M~1s71 [14]. The physiological role of ThrB is
clearly related to threonine biosynthesis, as #ArB is found in an operon with other threonine
biosynthesis genes whose expression is controlled in response to cytoplasmic levels of
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threonine and isoleucine [22]. (Isoleucine is synthesized from threonine.) However, ThrB
also catalyzes phosphorylation of 4-hydroxythreonine with a fairly robust k.,/Kp of 4.8 x
108 M~1s71 [14]. Similarly, a highly efficient arylsulfatase from Pseudomonas aeruginosa
catalyzes hydrolysis of p-nitrophenyl sulfate with a keyi/Ky 0f 4.9 x 107 M~1s71,.. The
physiological role of the enzyme is clearly hydrolysis of a sulfate ester, as its expression is
increased during sulfate starvation and decreased when sulfate is available, and it is encoded
in an operon that also encodes a sulfate ester transport system. This enzyme hydrolyzes the
alternative and non-physiological substrate bis(4-nitrophenyl) phosphate with a kq/Ky Of
2.5 x 10° M~1s71 [23]. Values of kei/Kp in the range of 103 — 10° M~1s71 are not
uncommon in metabolic enzymes. For example, £. coli acetolactate synthase has a Keat/ Kpm
of 6.1 x 103 M~1s71 [24], and Zymomonas mobilis isocitrate dehydrogenase has a keai/Km
of 3.2 x 103 M~1s71 [25]. Thus, the rate constants for these apparently promiscuous
reactions are within the range of physiologically relevant reactions. In both cases, natural
selection has not led to a more specific enzyme, suggesting that the promiscuous activity
does not interfere with the physiological activity. This may be the case because the
promiscuous substrate is never encountered /in vivo, or because occasional conversion of a
promiscuous substrate neither generates a toxic product nor impairs flux through a metabolic
pathway.

Promiscuity is not just for enzymes

Adventitious interactions with non-canonical molecules are not limited to enzymes. Every
macromolecule in cells has the potential for promiscuous interactions with small molecules
or other macromolecules in the crowded cytoplasm of cells. A simulation of the £. coli
cytoplasm that includes the 50 most abundant macromolecules suggests that proteins have
about 25 neighbors at any moment, and encounter over 100 different molecules within 15
psec [26]. Just as the specificity of enzyme active sites has evolved to be only as specific as
it has to be to avoid detrimental effects on fitness, other adventitious interactions in the cell
can be tolerated as long as they do not interfere with fitness.

Even avidin, which binds enormously strongly to biotin (Kp ~~ 1071® M) [27], displays
promiscuous binding. Avidin is found in the egg white of birds, reptiles and amphibians. It is
believed to sequester biotin and consequently prevent bacterial growth [28]. Avidin binds a
number of other ligands, including lipoic acid (Kp = 0.8 uM) [29], indomethacin (Kp = 5.3
UM) [29], 8-oxodeoxyadenosine (Kp = 24 uM), 8-oxodeoxyguanosine (Kp =117 pM) and
the oligonucleotide CTCGTCT (Kp = 40 uM) [30]. Avidin is unlikely to encounter these
alternative ligands in its physiological context. Further, the affinities of avidin for these
ligands are so much lower than that for biotin that they would not interfere with the
important function of avidin even if they were present. The molecular basis for the
promiscuous binding is revealed by the crystal structures shown in Figure 2. Binding of
biotin induces a conformational change that closes a flexible loop over the binding site. 8-
Oxodeoxyguanosine fits nicely into the binding pocket of avidin, but fails to induce the
conformational change. The same is true for complexes of avidin with 8-oxodeoxyadenosine
(PDB 2A5C) [30] and deoxyguanosine (PDB 2A8G).
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Promiscuity in transcriptional regulators is particularly intriguing, as it can lead to evolution
of new regulatory capabilities. Transcriptional regulators bind to specific sites in DNA, and
often contain binding sites for small molecule ligands that allow transcription to be tuned
according to environmental conditions. The spectrum of sites that can be bound by a
transcriptional regulator can be evaluated in vitro using protein-binding microarrays, DNase-
Seq, SELEX (Systematic evolution of ligands by exponential enrichment), electrophoretic
mobility shift assays, or direct binding assays [31] and in vivo by chromatin
immunoprecipitation followed by high-throughput sequencing (ChlP-Seq) [32]. The in vitro
approaches reveal the intrinsic binding properties of the transcription factor, while the in
vivo approach reveals what actually happens inside cells when there is competition between
proteins for specific binding sites, and competition for binding of proteins among sites with
various affinities [33, 34].

Figure 3 shows the affinities of four related eukaryotic transcription factors for 256
permutations of the binding sequence 5’-CNNNNTG-3’ (where N is any nucleotide) [31].
Three of the four proteins have multiple binding sites with varying affinities. This is clearly
not due to an intrinsic limitation on the specificity that can be achieved in this family of
transcriptional regulators, as Cbfl (panel D) is very specific. Values of Kp for most “non-
target” sites are > 10 uM, whereas the K for the highest affinity site is < 0.1 uM. Low
affinity binding sites may be physiologically irrelevant, but this is certainly not always the
case. For example, LuxR, the master regulator of quorum sensing gene expression, directly
regulates 105 genes in Vibrio harveyi, some of which have low-affinity binding sites [35].
The variable affinities of different promoter binding sites are believed to allow temporal
control of gene expression as concentrations of LuUxR rise in response to high population
density [36].

The up-side and down-side of promiscuous functions

Promiscuity has played an important role in the evolution of superfamilies of enzymes,
transcriptional regulators and receptors. A promiscuous function can become physiologically
relevant due to a change in environment, such as the introduction of a toxin or a new carbon
source. Alternatively, a mutation may increase the opportunity for interactions between two
molecules, or increase the consequences of that interaction. For example, a mutation
affecting a transporter might lead to higher cytoplasmic levels of a small molecule that can
interact with promiscuous proteins, or a mutation affecting a protein can increase its ability
to bind a new target, either a small molecule or a macromolecule. A newly important
function can be improved by gene duplication and divergence of one copy, ultimately
leading to a protein with a new specialized function [37, 38]. The vertebrate receptors for
progestagens, glucocorticoids and mineralocorticoids are believed to have evolved in this
way from promiscuous binding functions of an ancestral steroid hormone receptor [39].

Promiscuous functions offer a wide range of opportunities for biotechnology and drug
development. Promiscuous enzyme activities have been used as a starting point for directed
evolution of new biocatalysts for reactions that are difficult or environmentally damaging to
achieve via chemical catalysis. Evolved enzymes have been used directly for biocatalysis to
make intermediates for pharmaceutical agents [40], and are being developed for
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detoxification of nerve agents [41, 42]. Evolved enzymes can also be integrated into multi-
step pathways in bacteria for “green” production of biofuels and commaodity chemicals [43].

Promiscuous enzymes have been exploited for incorporation of unnatural amino acids into
proteins [44] and for synthesis of DNA labeled with fluorophores or chemically reactive
groups for cross-linking to other molecules [45]. The promiscuous ability of avidin to bind
8-oxodeoxyguanosine [46] has been exploited by commercial ELISA Kits that detect
oxidatively damaged DNA.

The pharmaceutical industry is based largely on exploitation of promiscuous binding
abilities. Many pharmaceutical agents are, by design, molecules that have not previously
been encountered and that bind to a particular molecular target in a way that perturbs its
function. However, promiscuous binding can also result in toxicity. Off-target promiscuous
binding of pharmaceutical agents can cause adverse drug effects. Promiscuous binding of
pollutants to hormone receptors can cause endocrine disruption in wildlife [47] and possibly
adverse health effects in humans [48]. This phenomenon is not limited to anthropogenic
compounds. For example, cone snails inject venom containing hundreds of small disulfide-
bridged peptides into their prey. Many of these peptides inhibit ion channels, leading to
paralysis within seconds [49, 50]. From the perspective of the prey, the ion channels are
engaging in an unfortunate promiscuous binding activity that has lethal consequences.

Concluding remarks

Promiscuity was not generally recognized as important or interesting 20-30 years ago, a
time in which protein scientists were making great progress in assigning the physiological
roles of proteins and revealing the structure/function relationships that enabled proteins to
perform their roles as catalysts, receptors or transcriptional regulators. Low-level binding or
catalytic abilities were often identified during the characterization of new proteins, but
typically received little attention. Times have changed. The evolutionary and medical
implications of promiscuous functions are well recognized, and promiscuous functions have
enabled a dazzling array of biotechnological developments; an impressive impact for
functions that are physiologically irrelevant and often inefficient.
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Highlights
Promiscuous enzymes catalyze physiologically irrelevant secondary reactions.
Promiscuous activities are not always inefficient.
The concept of promiscuity can be easily extended to non-catalytic proteins.

Promiscuous functions can be the starting point for evolution of new functions.

Promiscuous functions are used for a wide range of biotechnological applications.
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(A)

(©)

Figure 1.
A heat map summarizing the activities of 23 haloacid dehalogenase-like proteins from £.

coli with 80 physiological substrates. Activities are given in units of umol/min/mg of
protein. Red boxes indicate proteins that are discussed in the text. Reproduced from J. Biol.
Chem. 281, 36149-36161 (2006).
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Figure 2.

A comparison of the binding of the physiological ligand (biotin) and a non-physiological
ligand (8-oxodeoxyguanosine) to avidin. Biotin (A,C) (PDB 2AVI) and 8-
oxodeoxyguanosine (B,D) (PDB 2A5B) are shown in the binding pocket of avidin. The
flexible loop that closes over the ligand in the biotin-avidin complex is shown in yellow.
Cyan, carbon; blue, nitrogen; red, oxygen. C) and d) depict the surface versions of the
images shown in a) and b), respectively. Figure was prepared using MacPyMol.
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Figure 3.

Some transcription factors are more specific than others. Comparison of the affinities of four
C-terminally tagged eukaryotic transcription factors belonging to the basic helix-loop-helix
(bHLH) family to target DNAs containing all sequence permutations of the four-nucleotide
binding site. A) human MAX isoform A; B) human MAX isoform B; C) yeast Pho4p; and
D) yeast Cbflp. The x-axis indicates the final three nucleotides in the sequence. The first
nucleotide is indicated by the color of the bar. Reproduced with permission from Science
315, 233-237 (2007).
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