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Abstract

In contrast to the traditional biological paradigms focused on ‘specificity’, recent research and
theoretical efforts have focused on functional ‘promiscuity” exhibited by proteins and enzymes in
many biological settings, including enzymatic detoxication, steroid biochemistry, signal
transduction and immune responses. In addition, divergent evolutionary processes are apparently
facilitated by random mutations that yield promiscuous enzyme intermediates. The intermediates,
in turn, provide opportunities for further evolution to optimize new functions from existing protein
scaffolds. In some cases, promiscuity may simply represent the inherent plasticity of proteins
resulting from their polymeric nature with distributed conformational ensembles. Enzymes or
proteins that bind or metabolize noncognate substrates create ‘messiness’ or noise in the systems
they contribute to. With our increasing awareness of the frequency of these promiscuous behaviors
it becomes interesting and important to understand the molecular bases for promiscuous behavior
and to distinguish between evolutionarily selected promiscuity and evolutionarily tolerated
messiness. This review provides an overview of current understanding of these aspects of protein
biochemistry and enzymology.
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1. Introduction

The structural biology revolution that spanned the 1980s—1990s temporarily reinforced the
long-held belief that enzymes and receptors were exquisitely specific in their substrate or
ligand interactions. An explosion of published X-ray structures seemed to confirm the
traditional perspective that receptors and enzymes were ‘special’ because of their specificity.
It was easy to visualize directly, based on models derived from crystallography, that enzyme
and protein active sites usually exploit all possible ‘handles’ for their interactions with their
cognate ligands. Structurally similar ligands can be selectively recognized by different active
sites because enzymes or proteins can exploit spatially optimized hydrogen bonds, ionic
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interactions and hydrophobic contacts, and they can also exclude non cognate ligands via
steric clashes or charge repulsion [176]. The structural perspective revealed the mechanisms
by which enzymes and proteins achieve the molecular recognition that had been heralded for
decades.

However, the pendulum has swung. During the past 15 years that perspective has expanded
to accommodate the growing realization that most enzymes or proteins are not as ‘ligand
specific’ as the textbooks, or crystal structures, suggested, supporting the initial observations
made by a few [7:8]. In fact, many enzymes are conspicuously promiscuous /17 vitro despite
their critical roles in core metabolism /n vivo. A search of the literature published in the past
five years reveals a dramatic increase in the number of publications with “promiscuity’ in the
title compared to “specificity’ (which remains high but more constant), as expected for the
increased interest in the subject and the corresponding new insights that result.

More importantly, our growing awareness of promiscuity as a property of proteins has been
accompanied by the realization that functional promiscuity or ‘messiness’ has clear roles in
biology and biotechnology [9717]. It is now apparent that promiscuity is as biologically
important as specificity and a significant challenge lies in understanding how biological
systems achieve controlled promiscuity and how they exploit it or tolerate it. Intuitively, it is
a greater challenge to understand promiscuity than specificity, and definitive rules or
concepts about promiscuity are still being developed.

My lab has devoted significant effort toward this aspect of protein structure and function.
Our efforts with detoxication enzymes have revealed some useful lessons about the origins
of molecular promiscuity and the behavior of promiscuous enzymes, which may be
applicable to steroid enzymology. Many of the enzymes in steroid biosynthetic pathways are
cytochrome P450s (CYPs) related to the highly promiscuous CYPs involved in detoxication,
and we have considered the relative promiscuity of individual isoforms within this family
and others. Many of our findings are relevant to this edition. This overview of promiscuity
extends beyond enzymes to include other proteins and receptors.

2. Definitions

As with all new fields of study, it is critical to define terms. There have been many terms
used to describe variations of promiscuous behavior, including terms defined in thoughtful
and extensive reviews by Tawfik et al. [9:13]. I will limit the terms here to distinguish a few
types of promiscuous behavior that are most well described, and those types of promiscuity
most relevant to this edition. The definitions | find most useful are purely operational and
less restrictive than those used by others [9:13] and are schematized in Fig. 1. If an enzyme
or protein interacts with multiple structurally distinct ligands or substrates at a single binding
site, this is promiscuous behavior. In contrast, others prefer to reserve the use of the term
‘promiscuous’ for cases where an enzyme or protein interacts with a ligand other than the
ligand or set of ligands it is “supposed to’ interact with based on its biological role. With that
definition, the term ‘promiscuity’ is applicable when an enzyme or receptor ‘makes a
mistake’. With this more restrictive definition, enzymes or proteins that interact with
multiple substrates or ligands as part of their normal function would be called ‘multispecific’
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rather than promiscuous. Arguably, ‘multispecific’ would be a better term for enzymes that,
in accord with their biological function, have clear specificity toward multiple substrates, as
many do, rather than the proteins or enzymes that have no clear preference for any ligands.
Therefore, to capture adequately the biological scope of the physico—chemical trait wherein
enzymes and proteins are not as specific as once described, | apply ‘promiscuity’ to any case
where multiple ligands can bind at a common site. Of course, then, essentially all proteins or
enzymes are promiscuous to some degree and this demands consideration of how much
promiscuity is tolerable vs. useful in different situations, as with steroid metabolism and
signaling that are the focus of this edition. Even with these differences in the use of terms by
different groups, several definitions are consistent with those depicted in Fig. 1 for both
enzymes and receptors. Types of promiscuity that are relevant for enzymes are schematized
in Fig. 2.

For enzymes, “catalytic promiscuity” is the ability of a single enzyme isoform to catalyze
different types of chemical transformations, such as hydrolysis of esters or lactones vs.
structurally distinct phosphotriesters. In this case a single enzyme has the ability to stabilize
transition states of different reaction types. Also for enzymes, “substrate ambiguity”, or
“substrate promiscuity” refers to their ability to perform the same type of chemical
transformation on different substrate structures. For example, some reductases metabolize
fatty acyl CoAs of different acyl chain length [18] and some kinases recognize peptide
motifs rather than specific peptide sequences [19]. In the case of substrate promiscuity the
local transition states for the reaction are very similar or identical, but the structure of the
substrate remote from the transition state varies. In addition to catalytic promiscuity and
substrate promiscuity of enzymes, ‘product promiscuity’ should be acknowledged. Product
promiscuity refers to the situation when a single enzyme converts a single substrate to
multiple products in reactions that require different transition states. For example, proteases
that cleave a peptide at a single peptide bond generate two product peptides from a single
substrate peptide, but this requires a single transition state and does not represent product
promiscuity. On the other hand a protease that hydrolyzes a single peptide at multiple
peptide bonds requires stabilization of multiple transition states that differ in the neighboring
structure. Many proteases exhibit product promiscuity and substrate promiscuity and it is
clearly advantageous for their biological plasticity [20722]. Similarly, bacterial 3a, 20p-
hydroxysteroid oxidoreductases are known to oxidize either hydroxy group, yielding two
different products, and requiring two different transition states from a single substrate [23].
This could rationally be called product promiscuity. Product promiscuity is likely also to be
important in several steroid pathways [24:25]. Furthermore, it is a clear trait of detoxication
enzymes, and potential advantages of product promiscuity have been speculated [26].

In some cases individual enzymes exhibit all three types of behavior, as is well documented
for CYPs involved in detoxication, wherein a single CYP can oxidize an extraordinary range
of functional groups on structurally diverse substrates [27]. A single CYP isoform may
catalyze a combination of A-dealkylation, aryl epoxidation, aliphatic hydroxylation and
hydrocarbon desaturation and other reactions on a single substrate (catalytic promiscuity), or
it may perform a single type of reaction such as A-dealkylation for a wide range of
substrates (substrate promiscuity), or it may lack regiospecificity and exhibit product
promiscuity. Other detoxication enzymes also exhibit extreme substrate promiscuity and
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catalytic promiscuity including previously mentioned glutathione transferases (GSTs) [28],
UDP-glucuronosyl transferases (UGTS) [29], and sulfotransferases (SULTSs) [30]. These
enzymes catalyze the reaction of a broad range of electrophilic or nucleophilic functional
groups on substrates with the cofactors, glutathione, UDP-glucuronic acid, or 3’-phospho-
adenosine-5phosphosulfate, respectively. A critically important point is that there is a wide
range of functional groups on the substrates that reacts with the cofactor for each enzyme;
any set of reactions catalyzed by an individual enzyme can include very different local
transitions states as well as very different substrate structures remote from the transition
state. Furthermore, examples of product promiscuity are common with detoxication
enzymes, particularly with CYPs [31733]. Interestingly, steroid metabolizing CYPs also
exhibit catalytic, substrate, and product promiscuity.

For some detoxication enzymes the situation is even more complex. For example, the efflux
transporter P-glycoprotein (ABCB1) [34] exports an enormous range of structurally distinct
xenobiotics, at the expense of very specific ATP hydrolysis. Arguably, the enzyme is
substrate promiscuous with respect to export but not catalytically promiscuous with respect
to ATP hydrolysis, even though many different transported substrates activate the hydrolysis.
Examples of this type amplify the need for rigorous terminology when discussing
promiscuity. These labels imply that catalytic, substrate, and product promiscuity result from
reactions within a single active site on the enzyme, although different subsites within a large
contiguous active site may contribute differentially to binding of different substrates or
different activities. Importantly, the behavior of detoxication enzymes has been suggested by
others to be an example of “multispecificity” rather than promiscuity per se because of the
clear biological advantage in metabolizing many substrates [9:13]. My perspective is
different. Because the CYPs, GSTs, UGTs, and other detoxication enzymes require
stabilization of very different local transition states, and often have no clear preference for
any specific substrates, they are defined here as catalytically promiscuous, rather than
‘multispecific’, even though there is a clear functional advantage to this type of behavior. In
this view, the degree to which an enzyme accommodates many substrates vs. a single
‘cognate’ substrate reflects its degree of promiscuity, regardless of whether the promiscuity
has clear purpose or is related to a specific biochemical pathway. Here, a ‘cognate’ ligand is
the one for which the binding site has specifically evolved, and a noncognate ligand binds
due to the promiscuity of the site.

Upon moving from enzymes to receptors or proteins we must acknowledge the distinction
between catalysis and activation of other biological processes. Although there is a
fundamental distinction between a kinetic promiscuity of enzymes resulting from
stabilization of multiple transition states and a thermodynamic promiscuity resulting from
multiple ligands stabilizing an active receptor conformation, this has yet to be considered
with any formalism and is beyond the scope of this review. However, some noncognate
ligands promote receptor activation or partial activation including recent examples and
‘classic’ behavior of G protein-coupled receptors (partial agonists) [35:36], which is
analogous to substrate promiscuity for enzymes; the receptor performs its ‘normal function’
with noncognate ligands at lower efficiency. For these promiscuous interactions the
noncognate ligand is able to shift the conformational equilibrium of the receptor or protein
toward an active conformation that can, at least partially, perform its function.
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A notable cross section of overlap between receptors and enzymes is the binding of
inhibitors. Both can passively bind noncognate ligands that prevent catalysis or signaling
simply by competition with the cognate ligands. It is interesting that this behavior has
provided the conceptual basis for much of traditional drug discovery; the drug discovery
processes assumes that noncognate ligands exist and that they will bind and inhibit their
target. This assumption further predicts that a high degree of inhibitory promiscuity makes a
target more ‘druggable’ because a larger fraction of chemical space will yield inhibitory
drugs. Speculatively, the relative promiscuity of a drug target could be predictive of the
relative effort required to develop a drug.

A special case of promiscuity may occur with intrinsically disordered proteins (IDPs), which
have minimal secondary or tertiary structure until they interact with ligands or other proteins
[37:38]. Different ligands or partners can select different conformations from the disordered
ensemble and induce different conformations for different functions. It is currently unclear
how to characterize their behavior within the spectrum of promiscuity. If each functional
conformation was induced by a specific ligand this might be multispecificity. Alternatively if
multiple ligands induce a conformation required for one function, then this could be
considered as promiscuous agonism or promiscuous partial agonism. Further studies with
IDPs may clarify the best terminology to describe their promiscuity.

In contrast “multifunctional enzymes” catalyze multiple distinct chemical reactions with a
clear metabolic purpose, but they utilize different catalytic sites, residues, or cofactors to
achieve these different reactions [39741]. For example, some Type | restriction enzymes
methylate DNA using a site distinct from the site that hydrolyzes the DNA [42]. In many
cases multifunctional enzymes are multisubunit complexes with the different catalytic
activities distributed among the different subunits.

3. Roles of promiscuity in biology and biotechnology

Because several of the reviews referenced above have focused on the roles of promiscuity in
biology, I will only summarize their main points. Although only few examples are
highlighted here, many biochemical, physiological, and medical studies are now elucidating
the importance of this ‘messy’ biology.

3.1. Evolution of new protein function and in vitro evolution

Divergent evolution of new protein function from an existing pool of structural scaffolds
likely occurs by sampling promiscuous enzyme variants resulting from mutation with
relaxed substrate specificity, enroute to an optimized protein with new function [9714]. In
effect, a spontaneous mutation occurs in one copy of a gene that encodes an altered protein
that catalyzes a reaction on a substrate not metabolized by the wild type enzyme. If this
reaction, either as catalytic promiscuity, substrate promiscuity, or product promiscuity has
any survival advantage or confers additional ‘fitness,” then this mutant will be retained and
further optimized by additional mutation. Importantly, this optimization of new function
occurs without forfeiting the original function, as long as only one copy of the gene is
mutated.
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Of course, the survival value of any promiscuous intermediate depends also on whether there
is a disadvantage, or negative trade-off, that accompanies the new activity. Thus the
evolutionary trajectory of the gene is not two dimensional, moving simply from old function
to new function. Instead, the evolutionary intermediates may have new properties in addition
to their relaxed specificity, such as altered stability or expression, and the evolutionary
trajectory will be affected to avoid negative trade-offs. As a result the evolutionary trajectory
is multidimensional and the other behaviors acquired in the promiscuous intermediates will
contribute to the evolutionary trajectory [9:43]. For example if the mutant protein was
hypersensitive to proteolysis or aggregation then the mutation will either not be retained or
the negative trade off must be resolved with further evolution; promiscuity will only be
useful as an evolutionary intermediate if the corresponding loss in stability or other property
is not too disadvantageous.

An important concept is that the promiscuous intermediates not only provide an opportunity
for divergent evolution, but they are also are more easily optimized than specific enzymes to
yield new efficient and specific enzymes with a small number of mutations [44748].
Promiscuous intermediates are highly ‘evolvable’ and it has been suggested that promiscuity
is actually selected as an advantageous trait within the entire proteome in order to ensure
evolutionary adaptability. In fact, significant experimental evidence suggests that protein/
enzyme promiscuity per seis a trait that is required to optimize evolutionary efficiency,
because fewer mutations may be required when starting from a promiscuous template than
from a previously optimized enzyme with high specificity. Notably, this idea has been
incorporated into /n vitro evolution strategies to obtain proteins with new functions. Several
groups have considered, and even demonstrated, the advantage of starting directed evolution
toward a defined target function from a promiscuous template [44748].

3.2. Detoxication and immunity

Perhaps the most obvious role for functional promiscuity in biology is in chemical
detoxication, wherein several enzyme systems contribute to the conversion of hydrophobic
xenobiotics to more water soluble metabolites that are more efficiently eliminated. These
enzyme systems include those mentioned above, the hepatic CYPs, UGTs, cytosolic SULTSs,
GSTs, and others. In addition, various transporters, such as P-glycoprotein, efflux exogenous
compounds out of cells to facilitate their clearance. The extraordinary catalytic and substrate
promiscuity of these enzymes and transporters is an obvious advantage for their role in
detoxication, wherein they promote the elimination of a diverse range of chemicals,
including many we have never been exposed to before. It is unrealistic to have an enzyme or
transporter to eliminate every possible environmental toxin to which we could be exposed,
so catalytic promiscuity is the next best solution. There are, however, less well appreciated
manifestations of promiscuity regarding detoxication enzymes, such as the product
promiscuity defined above, which may have an advantage in detoxication [26]. It is
interesting to consider this in the context of the definitions summarized above.

A similar advantage of promiscuity may be envisioned for the immune system. The
maturation of promiscuous germ line 1gGs via somatic mutation to afford higher affinity,
more specific, 1gGs directed against a specific antigen has an obvious functional role in the
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immune response. This process provides a mechanism for maximal diversification of
antibody-antigen recognition from a fixed pool of germ line IgGs [49:50]. Interestingly, the
somatic mutations occur specifically in the IgG hypervariable regions. As with
detoxification enzymes, it is unrealistic to have a gene encoding an antibody for every
possible antigen to which we might be exposed, so the maturation to a highly specific
antibody from a pool of promiscuous templates has obvious utility.

3.3. Signal transduction

Several signal transduction pathways that mediate the transfer of information from the cell
surface to the genome include promiscuous scaffold proteins that interact with many
different components of specific pathways. These are examples of substrate promiscuity,
rather than catalytic promiscuity, in as much as multiple binding partners are able to elicit a
biological function from the promiscuous protein. For example, individual SH3 domains
mediate a wide range of signaling response by recognition of varying peptide sequences. As
a result, biochemical pathways comprise a highly complex network rather than discrete
parallel pathways. It appears that in some cases intrinsic disorder of individual proteins
contributes to their promiscuous function, wherein different binding partners induce
different structures from the disordered state [51754]. A similar situation occurs with the
unfolded protein response and stress responses in the endoplasmic reticulum [55:56]. Here
also, multiple interconnected pathways mediate the clearance of misfolded proteins, and
these pathways depend on promiscuous interactions between, in some cases, disordered
proteins. These pathways appear to have clear roles in the development of several diseases
states.

The resulting redundancy and interconnectedness of pathways allows for complex regulation
and adaptive responses. The promiscuity of the interacting components also introduces
‘noise’ in various phenotypes of biochemical markers and it is fascinating to consider how
the noise can be tolerated, muted or amplified, as considered below in Section 5.

4. Methods for measuring promiscuity

4.1. Comparison of methods available to date

As a result of the realization that promiscuity is an important biological property, there have
been some attempts to quantify it or compare its relative degree among different proteins.
Such metrics would enable our understanding of the physical-chemical properties that
optimize promiscuity or different intermediates along evolutionary pathways, in order to
optimize protein engineering or directed evolution. In addition, a quantitative index would
facilitate hypothesis driven experiments aimed to understand mechanistic aspects of
promiscuous function or evolution. To date, several of the proposed methods for comparing
relatively, or quantifying, promiscuity have some merit and each has some limitations. Each
can be applied in useful ways if the ‘user’ understands what is actually being measured.

One approach to compare relative promiscuity is based on comparison of enzymes across
different functional labels as defined by the Enzyme Commission of the International Union
of Biochemists and Molecular Biologists, which assigns ‘EC numbers.” If a candidate
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enzyme metabolizes a substrate assigned to enzymes with a different EC number then the
candidate enzyme may be catalytically promiscuous, because it appears competent to
catalyze different types of reactions [9:43]. The greater the distance between reactions
within the EC phylogeny, the more promiscuous the structure is. For example, in considering
an enzyme as a candidate for catalytic promiscuity, if EC numbers for two reactions
catalyzed by an the enzyme differ only in the last digit, then the types of reactions are the
same and only the substrate is different, so reaction with the noncognate substrate represents
substrate promiscuity but not catalytic promiscuity. Conversely, if the EC numbers are
different in the first few digits then this could be catalytic promiscuity because they
potentially are different “‘classes’ of reactions catalyzed by the candidate enzyme. This
approach has been validated qualitatively by historical data concerning the catalytic
properties of some enzymes and it nicely predicts the “intuitively’ high promiscuity of some
enzymes and the low promiscuity of others.

The marriage of this approach with structural databases may have utility in identifying
enzymes for directed evolution of new function when the target enzyme does not need to be
in the same structural family as its parent [57:58]. This method essentially identifies
structurally related active sites that are represented in separate regions of ‘EC space.” The
combination of the EC phylogeny with structural considerations has nice predictive features
for in silico directed evolution from promiscuous protein scaffolds [59]. However, this
approach obviously requires a crystal structure to assign a promiscuity score for any
enzyme, or strictly speaking its mutants. In addition it is not highly quantitative in as much
as it does not address the issue of how similar or how different the transition states are that
are associated with reactions denoted by different EC numbers; there is no accounting for
chemical similarity across different reaction types. Because the transition states for all
enzymes of different EC families are not equidistant in reaction space, this method provides
no basis for assigning a quantitative degree of promiscuity or a difference in promiscuity for
pairs of enzymes. On the other hand, the advantage of computationally comparing large sets
of proteins to find those likely to have a predefined promiscuous function without any
experimental effort is significant.

A related approach uses functional annotation from the KEGG database and graphical
methods to assign similarity of the reactions assigned to individual enzymes [60]. The
similarity or difference in the reactions catalyzed by the enzymes is scored and this can be
correlated with structural features or sequence signatures of the enzymes. As much as the
KEGG database is conceptually analogous to the EC categorization of function, this method
focuses on catalytic promiscuity. The approach has been used to understand design and
evolution of metabolic networks and provides a metric to examine the distribution of
promiscuity or specificity across species or temporally through evolution [61]. For example,
the method predicts that enzymes involved in amino acid and lipid metabolism are among
the most promiscuous and therefore are among the oldest enzymes, which supported the
types of reactions required for the broadest range of life forms. Both of these methods have
potential utility in understanding catalytic promiscuity as it relates to /in vitro or in vivo
evolution.
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A few years ago my lab developed a quantitative index of promiscuity, designated “J,” that is
independent of structure and is based on parameter entropy as schematized in Fig. 3 [62:63].
The method is highly versatile and allows one, for example, to query the promiscuity of
either the enzyme toward different substrates or reactions, or the promiscuity of the substrate
toward different enzymes. The approach accommodates both catalytic promiscuity and
substrate promiscuity, either separately or as a single behavior [62], in contrast to the
misconception [6:57] that it only is useful for substrate promiscuity or multispecificity. We
have applied it successfully to both catalytically promiscuous (multispecific as defined by
others) detoxication enzymes and to substrate promiscuous biosynthetic enzymes. Notably,
we have not yet quantified product promiscuity with this index, but this would be possible.
Although we first developed the approach for catalytic behavior, a strength of the method is
its adaptability to any functional parameter such as inhibitory promiscuity, or binding
promiscuity [62]. For example in order to compare enzyme promiscuity with regard to
catalytic efficiency, we utilize the distribution of kcat/KM values for a given enzyme with a
basis set of structurally diverse substrates. In effect, the distribution of kcat/ Kw values will be
broad and flat (nearly identical values) if the enzyme has minimal preference for any
individual substrates within the basis set. In contrast if the enzyme has strong preference for
one substrate, such as its physiologic cognate substrate, the distribution of kcat/ Kwm
parameter will be narrow, with high values only for the cognate substrate or close analogs
and low values for all other substrates. Specifically, the fractional kcat/ K of each substrate
divided by the summed kcat/KMS for the entire ensemble is determined for each substrate.
This ratio represents the probability that an enzyme will metabolize any particular substrate
when presented with all of the substrates in the set at a concentration equal to their Ky
value. This probability is a measure of the ‘disorder’ of the system. High disorder
corresponds to high promiscuity and low predictability of which substrate the enzyme will
choose. Low disorder corresponds to low promiscuity, and a high degree of certainty about
which substrate will be metabolized. The degree of disorder is normalized for the degree of
chemical space sampled by the substrate basis set, so that the final parameter is not
dependent on the substrate set used, as long as an adequate fraction of chemical space is
sampled. A detailed description of the calculation of the chemical space represented by the
substrate set is found in reference [62]. Briefly, The chemical diversity within a basis set of
substrates is assessed with a value <&; which is the average distance in chemical space of
each compound from the others in the substrate set, normalized to the greatest distance
within the set. A <& near 1 indicates that the substrates are, on average, far from one
another, and the set is chemically diverse. A value near 0 indicates the substrates are
chemically very similar. A commonly used chemometric approach to assign relative
positions of compounds in /~dimensional chemical space is to score a binary string, or a
keyset, of /7’ chemical properties that can be scored with a ‘1’ (yes) or a ‘0’ (no). For
example, the keyset may include the queries: is there an aromatic ring? Are there two
aromatic rings? Are there more than three aromatic rings? Is there an aldehyde? Is there an
alcohol? Is there an alkyl nitrogen? Is there a nitrogen heterocycle? Is there a positive
charge? Are there two positive charges? etc. A well known and validated keyset is the MDL
set, which is widely used for similarity searches and for comparison of substructures in lead
compounds in drug design [64]. From the pairwise comparison of each bit in the keyset for
each pair of substrates, the relative location of each substrate in /~dimensional space is
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determined and the distance between them can be calculated, and a normalized mean value
for the set of distances, <& can be determined [62:64]. Diversity of the substrate set is best
ensured by using a large set of chemical properties to calculate <&>j, and demanding a value
of <&>j near 1. Obviously, there is some human judgment required; a set of substrates could
appear diverse if the chemical properties in the keyset were chosen to emphasize their
differences, rather than to sample a large part of chemical space. Although a detailed
discussion of these methods is outside the scope of this review, it is generally accepted that
even 50 well chosen chemical properties can provide useful relative measures of chemical
diversity or similarity.

A hypothetical example based on steroids is relevant here. If several steroid compounds
differ only in a substituent at, say position 17, the same enzyme may metabolize them all. If
the keyset only addresses properties of the substituent at position 17, and does not include
properties of the steroid nucleus, the substrate set will appear to be diverse based on <&>;
and the resulting “J value will be artificially high. This could still be useful if the goal is to
compare the promiscuity of a series of steroid metabolizing enzymes with respect to their
ability to tolerate substitution at position 17. On the other hand, if the goal is to determine
the overall promiscuity of a steroid metabolizing enzyme to determine how susceptible it is
to inhibition by non steroid compounds, then a keyset with a much wider range of chemical
properties not focused on substituents at position 17 would be more powerful and would
reveal that the substrate set is inadequate to answer that question. Thus, the quality of any
specific substrate set depends on the goal when determining ‘. Conversely, the degree of
chemical space that needs to be sampled depends on the purpose of the measurement.
Therefore, a comparison of “J values for a set enzymes, or correspondingly a set proteins,
should probably only be done when the same substrate sets are used for each enzyme. The
diversity within this data set that is required depends on the comparison that the user wants
to perform. If the user has a good understanding of these issues, then very robust and
informative comparison can be based on ‘. values, and even ‘7 values in some cases
[62:63].

We have enumerated specific criteria to benchmark the chemical similarity of substrates
within the basis set to ensure the robustness of the final promiscuity value. Similar
chemometric methods could easily be used to benchmark chemical similarity of transition
states and thus further understand catalytic promiscuity. This promiscuity index has been a
useful parameter that allows for testing hypotheses about promiscuity in quantitative ways.

Each of these approaches to quantify promiscuity is imperfect but they are useful tools. Each
has utility in considering different questions related to promiscuity [57:58:60]. The effort
required to develop these approaches reflects the growing interest in promiscuity as an
important property of proteins. The utility of a quantitative index is best appreciated with
few examples, which reflect the types of questions that become addressable when such an
index is applied.

4.2. Examples of quantitation of promiscuity

Many investigators have suggested the intuitive hypothesis that catalytic promiscuity (or
multispecificity as defined by others) is promoted by flexibility or structural plasticity;
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enzymes that can adapt their conformations easily would be expected to catalyze reactions
with more substrates than substrate specific enzymes. In effect, functional flexibility requires
structural flexibility. This hypothesis is difficult to address without tools to quantify
promiscuity and “flexibility’. Honaker et al. [65:66] used a series of mutants of the highly
promiscuous GST enzymes to determine their substrate promiscuity against a highly diverse
basis set of substrates. Fortuitously, some A-class GSTs exhibited a reversible low
temperature, barrierless transition in differential scanning calorimetry (DSC) experiments
that corresponds to rearrangement of the active site and its C-terminal ‘lid.” From a
specialized analysis of the DSC transition it was possible to estimate the conformational
breadth or diversity of the active sites for the series of GSTs with a thermodynamic
treatment. The catalytic promiscuity measured by the method outlined in Fig. 3 correlated
well with the conformational heterogeneity, supporting the expectation that the most
promiscuous enzymes are the most “flexible’ [67]. In fact the DSC data indicated that the
active site included an ensemble of different locations of the C-terminal helix, wherein
secondary structure was maintained with different degrees of tertiary contact, as suggested
for ‘molten globule’ states initially described for protein folding intermediates. This is in
contrast to the case of intrinsically disordered proteins in signal transduction cascades
mentioned above, wherein secondary structure is induced, differentially, by different
substrates or binding partners.

In another example, Foti et al. [68] used this promiscuity index and considered the
relationship between catalysis and inhibition. Hypothetically, catalysis requires highly
specific alignment of relevant functional groups on the enzyme and the substrate, whereas
competitive inhibition merely requires some favorable interactions compared to solvent—
substrate and solvent—enzyme interactions. Therefore, enzymes would, on average, be more
promiscuous with respect to inhibition than catalysis. This hypothesis has important
implications for evolution because susceptibility to inhibition (inhibitory promiscuity) could
be a significant negative trade off of substrate promiscuity or catalytic promiscuity of
evolutionary intermediates that are sampled en route to new enzymes. A quantitative
understanding of this relationship could elaborate mechanistic evolutionary models. In fact,
the hypothesis is the basis for most small molecule drug design; typically, there are many
more inhibitory drugs than substrates for therapeutic targets.

When this hypothesis was considered for a series of CYPs, including isoforms involved in
either detoxication or in specific biosynthetic pathways, it was found that that all of the
CYPs in the series were highly promiscuous with respect to inhibition, with a higher average
inhibitory promiscuity than catalytic promiscuity. Interestingly, susceptibility to inhibition
does not appear to be a significant disadvantage of high substrate promiscuity among CYPs
collectively because even relatively specific isoforms already exhibited high promiscuity
toward inhibition; in general little additional susceptibility to inhibition was incurred upon
increasing catalytic promiscuity across isoforms. However within the CYP family, the
specific isoforms with lower promiscuity (more substrate specific) would likely have a larger
negative trade off of inhibitory promiscuity if they mutated to promiscuous intermediates in
an evolutionary process. It is important to emphasize that this analysis did not strictly test
any evolutionary hypothesis. Rather it tested the possibility that physico—chemical
differences between evolutionarily optimized detoxication enzymes and their more
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catalytically specific counterparts resulted in differences in their susceptibility to inhibition.
A more direct query about the evolutionary relationship between ‘binding’ promiscuity and
catalytic promiscuity was considered by Khersonsky et al., who suggest that substrate
promiscuity is more abundant than catalytic promiscuity, using enzymes encoded by the
Escherichia coli genome as a model with a small number of model substrates and reaction

types [69].

The important point is that access to a quantitative index for substrate promiscuity or
catalytic promiscuity allows for the interrogation of hypotheses about promiscuous behavior
that are otherwise intractable. Optimistically, such tools could provide additional insight into
physical and chemical features associated with promiscuity or into evolutionary roles for
promiscuity. Improvements to each of the methods described here could further improve our
understanding of promiscuity in quantitative ways.

5. Next steps for understanding promiscuity

With our current appreciation for the pervasiveness of functional promiscuity in many
biological contexts, we can refine our inquiry concerning its roles. Again, Tawfik has
elegantly summarized many of the ideas that naturally emerge [13], but it is useful to
reiterate them here. In some cases it is easy to rationalize the biological advantage of
functional promiscuity /n vivo, such as chemical detoxication or the immune response, and
the role of promiscuity in natural and /n vitro evolution is well established [70]. However,
some inherent promiscuity encoded by individual enzymes that participate in specific
pathways could translate into noise or ‘messiness’ at the system level without any clear
purpose. Metabolic networks naturally include some protein-protein or protein—ligand
interactions between noncognate partners and the enzymatic production of ‘mistakes’. The
impact of these mistakes or the resulting noise will be context dependent. Under many
biological circumstances this noise will be biologically irrelevant with no detriment to the
cell or organism. More interestingly, it is likely that some noise in biological systems is
actually advantageous, but this is difficult to demonstrate directly [71773].

Focusing only on the potential disadvantage of noise, it is obvious that the noise resulting
from promiscuity only becomes threatening under circumstances where the incorrect
interactions or incorrect reactions are effectively competing with the “correct’ ones [74].
This will depend on the concentrations of the ligands and enzymes and their relative
affinities and functional parameters. Therefore, even high levels of promiscuity for an
individual enzyme or several enzymes may have no negative impact on the system as a
whole. Alternatively a modest negative impact may be preferable to the cost of achieving
higher levels of fidelity. The key point is that perfection is expensive. If it is possible for
biological systems to create perfectly specific enzymes and proteins, and this is an open
question, then it would likely come at some cost. Therefore, we are left wondering whether
the widespread messiness we have come to appreciate is, instead, a reflection of biological
genius. It is tempting to suggest that the promiscuity inherent in biology is tolerated with
minimal detriment rather than corrected at high cost. Even that suggestion, possibly, falls
short of the potential clever exploitation of promiscuity. In light of the role that promiscuity
plays in facilitating evolution [43746], it is likely that the messiness is advantageous on the
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evolutionary time scale even if modestly disadvantageous on the time scales of an
individual’s life span. These aspects of biological promiscuity remain to be clarified, in
general, but specifically for the steroid systems included in this volume. The steroid
pathways may uniquely frame the questions that emerge about biochemical systems with the
realization that the participating enzymes and receptors are promiscuous. Steroid receptors
exhibit promiscuous agonism and steroid metabolizing enzymes demonstrate catalytic
promiscuity, substrate promiscuity and product promiscuity. Some of these promiscuous
reactions are tolerated by ‘gating mechanisms’ wherein a receptor is exposed to only a single
sterol ligand due to expression of the enzyme that generates it, without expression of the
enzyme that generates its potential, promiscuous, competitor ligand. The promiscuity of the
receptor has no cost in the context of its localization. Similarly, for example, estrogen
receptor is ‘protected’ from promiscuous interactions with 5a-androstane-3,173-diol, to
which it binds /n vitro, by expression in the same cells of CYP7B1, which metabolizes it via
Ta-hydroxlyation. The metabolite has much weaker affinity for the receptor. This type of
‘cross talk’ between steroid ligands and receptors and enzymes is common yet it remains
uncertain how much noise is tolerated. Additional work is needed to distinguish which of
these reactions is noise, to understand mechanism for controlling the noise, and to identify
examples of useful promiscuity within these steroid pathways.

6. Summary

Several ‘flavors’ of promiscuous behavior by enzymes and proteins have become widely
appreciated. Although some difference of opinion remains concerning the best definitions
for these types of behavior, our collective appreciation for promiscuity has matured. In many
cases the biological utility of promiscuity is apparent. In other cases promiscuity has no
obvious function and it introduces ‘biological noise’ that may simply be tolerated by
organisms. Some steroid metabolizing enzymes exhibit catalytic, substrate, and product
promiscuity, as do several detoxication enzymes. Continued effort with steroid systems is
needed to distinguish between biologically useful promiscuity vs. biologically tolerated
promiscuity in pathways that exhibit crosstalk between steroid metabolizing enzymes and
receptors.
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Fig. 1.
Types of promiscuous behavior exhibited by enzymes, receptors and other proteins. The

specific types of promiscuous behavior summarized are described in the text. The relative
sizes of the compartments do not reflect their relative frequency or abundance. For example,
promiscuous binding is more frequent than catalytic promiscuity, but this is not reflected in
this figure.
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Ci?emical representation of promiscuous enzyme behaviors. Top: catalytic promiscuity
includes structurally distinct transition states (in brackets) within the same active site.
Structural differences also naturally occur remote from the transitions state for the different
substrates (R vs. R”). Middle: substrate promiscuity refers to similar types of reactions, and
hence similar local transition states (in brackets), for a single enzyme with a series of
substrates that have structural differences remote from the local transition state (R, R/, R”).
Bottom: bottom depicts the combination of catalytic and substrate promiscuity for
detoxication enzymes that catalyze multiple types of reactions, with different local transition
state structures (in brackets), and with variable structures remote from the transition state for
any specific reaction type. For example the GSTs catalyze Michael type additions, addition
to aryl epoxides (which subsequently aromatizes via dehydration), and cis-trans
isomerization via addition—elimination, each for a wide range of substrate structures.

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2016 June 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Atkins Page 20

Promiscuous Enzyme Specific Enzyme

I 1 S & 1o
— -V Jog——
[/l gV 48 &
= Ze. e,
7 7
Iz Iz
Substrates Substrates l
Sy =dja:Sy Sg:sdj:a9y Ne]J
|/ J=Gv
| \ <5)
| / \ i=l i
| / \ T
N \ - (5> - 6&' Average distance in chemical space of

5" ith substrate from others in the set

Chemical Space

Fig. 3.

Sc%ematized summary for calculating the promiscuity index, J. For a series of substrates the
enzyme efficiency, e;= (keat/ K\) is determined and the term “/ is calculated. /reflects the
normalized probability that any given substrate will be chosen by an enzyme, when the
enzyme is exposed simultaneously to low concentrations of each substrate, or the relative
preference for any substrate. ‘7 reflects the distribution of these preferences; a promiscuous
enzyme with little preference (e; = & = ¢, yields an /=1 and a specific enzyme with a
large e for only one substrate yields /= 0. It may be necessary to scale /to account for the
chemical similarity or difference among the substrates used; if an enzyme has the same ¢;for
all substrates that are far from one another in chemical space (chemically very different)
than it is more promiscuous than an enzyme that has the same ¢; for substrates that sample a
narrow range of chemical space (chemically similar). Substrates far away from others in
chemical space, large <&>j, add more weight to the calculated promiscuity, J. J=1 for a
perfectly promiscuous enzyme (no preference for any substrate) and /= 0 for a completely
specific enzyme.
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