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Recent advances in enzyme promiscuity
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Abstract 

Enzyme promiscuity is defined as the capability of an enzyme to catalyze a reaction other than the reaction for which 
it has been specialized. Although, enzyme is known for its specificity, many enzymes are reported to be promiscuous 
in nature. However, the promiscuous function may not be relevant in physiological conditions. The reasons could be 
either very low level of catalytic activity or unavailability of the substrates in the cell. Hitherto, the enzyme promiscuity 
is of great importance because they are the starting point for the evolution of new functions in the nature. In addi-
tion, the promiscuous activities are utilized for the development of new catalytic functions by applying directed labo-
ratory evolution and protein engineering techniques. The aim of this review is to provide recent developments on the 
understanding of the mechanism of catalytic promiscuity, evolvability of promiscuous functions and the applications 
of enzyme promiscuity in the designing of enhanced or new functional biocatalysts.
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Background
Enzymes are well known for catalyzing specific reactions 
and hence the specificity is a key feature of enzymes. 
However, there are many exceptions of this universally 
accepted enzyme specificity, which have been intensive 
area of research since last two decades. These enzymes 
are capable of binding with more than one substrates 
and catalyzing reactions other than its physiological sub-
strate. The secondary function of enzyme is referred as 
promiscuous function, moonlighting function, substrate 
ambiguity or some time as cross reactivity of enzymes [1, 
2]. Generally, enzymes catalyze a range of similar sub-
strates of the same class by identical reaction mechanism, 
which is referred as broad substrate specificity. Hence, 
commonly occurring broad substrate specificity, for 
example lipase catalyzes a broad range of carboxylic acids 
and alcohols, are not considered as enzyme promiscuity. 
However, it also catalyzes C–C bond formation reactions, 
which is a promiscuous function of lipase. Other exam-
ples are Glutathione S transferase, cytochrome P450 
and serum paraoxonase, which are known to neutralize 
a broad range of related substrates, are not promiscuous 

functions. However, they also catalyze dissimilar sub-
strates that are promiscuous functions of these enzymes. 
For better distinction between promiscuous function and 
broad substrate specificity, the function of enzyme, which 
has no physiological relevance, can be categorized as pro-
miscuous function.

If not all, several enzymes are promiscuous in nature. 
The physiologically irrelevant promiscuous function of 
an enzyme is hypothesized to be the starting point for 
the evolution of new enzymes [1]. This hypothesis was 
proven by the excellently designed experiments in the 
laboratory by applying directed laboratory evolution 
technique on the targets like serum paraoxonase, bacte-
rial phosphotriesterase and several other enzymes [3–6]. 
Subsequently, many other promiscuous enzymes were 
studied for the evolution of new enzymes [7, 8], and to 
appreciate the mechanistic and evolutionary prospective 
[1, 2, 9–11]. Previous reviews highlight the importance of 
promiscuity, and also examined the possible mechanisms 
[1, 6, 12]. Other more recent reviews have focused on 
the practical implications of enzyme promiscuity in the 
development of biocatalysts involved in organic synthesis 
[13–15], or divergence in certain enzyme families [16–
19]. The aim of writing this review is to encapsulate the 
advances in the field of enzyme promiscuity. Focus of the 
review is to highlight the recent findings on mechanism 
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of catalytic promiscuity, evolutionary potential of pro-
miscuous functions and applications of enzyme promis-
cuity in the designing of novel biocatalysts.

Mechanism of catalytic promiscuity
Promiscuous nature of enzymes raises many questions 
in our mind for e.g., what makes an enzyme promiscu-
ous? How does an active site of enzyme accommodate a 
substrate other than its physiological one? Previous stud-
ies showed that the mechanism of catalysis of promiscu-
ous substrate is different from the physiological reaction 
mechanism. These mechanisms underlying enzyme 
promiscuity are based on the conformational diversity of 
enzyme’s active site, substrate ambiguity, different pro-
tonation states, different subsites within the same active 
sites and cofactor ambiguity [1, 2]. In my view, it can be 
categorized in three major groups based on the different 
factors responsible for enzyme promiscuity: (1) active 
site plasticity of enzymes, (2) substrate ambiguity and (3) 
cofactor ambiguity (Fig.  1) which have been deliberated 
below.

Active site plasticity
Active site plasticity of enzymes facilitates the binding 
with promiscuous substrates and thereby the catalysis. 
The plasticity allows enzyme active site to accommo-
date promiscuous substrate and thus the enzyme-sub-
strate complex acquires diverse conformations. Hence, 
the native and the promiscuous functions are facilitated 
by different active-site conformations. For examples, 
β-lactamase and sulfo-transferase display increased 

plasticity and altered substrate hydrolysis [20, 21]. Other 
than active-site plasticity, many enzymes possess a loop 
like structure passing through or over the active site of 
enzyme, which determines the specificity [22, 23]. For 
example, isopropylmalate isomerase exhibits dual-sub-
strate specificity, where the conformation of a loop differs 
on the specific substrate present [24]. In the above-men-
tioned examples as well as many other promiscuous 
enzymes, both the native and promiscuous activities 
reside within the same active site. However, there are evi-
dences of different sub-sites within the same active site 
of enzymes. For example serum paraoxonase has native 
lactonase with promiscuous phosphotriesterase activity 
where hydrolysis of lactone is mediated by histidine dyad 
while phosphotriesterse activity is mediated by another 
set of residues in the same active site groove [1, 3] (Fig. 2).

Ambiguous substrate
Several enzymes can accommodate ambiguous substrates 
by different modes of interactions in the very same active 
site. Some of these might be employed by promiscuous 
substrates. For example, cytochromes P450 (CYP) rep-
resents a diverse group of heme-thiolate proteins, which 
share common protein fold however they differ in sub-
strate selectivity. The mechanism of catalysis is through 
activation of molecular oxygen on varied monooxygena-
tion reactions. Cytochrome CYP3A4 shows remarkably 
extreme promiscuity in substrate specificity and coopera-
tive substrate binding. Sevrioukova has reviewed exten-
sively the promiscuous nature of cytochromes P450 [25]. 
Similarly, salicylic acid binding protein has promiscuous 
esterase activity towards a series of substrates. The high-
est activity was reported for its native substrate, methyl 
salicylate that is mediated by substrate-assisted catalysis 
involving the hydroxyl group from methyl salicylic acid 
[26].

Cofactor ambiguity
In many enzymes, changes in cofactor alter enzyme spec-
ificity. Active sites of metalloenzymes harbor such amino 
acid side chain ligands, which create metal binding sites, 
are often capable of binding a range of metals and other 
chemical ligands. The binding of a variety of metals may 
create metal-binding promiscuity and thus catalytic 
promiscuity [27, 28]. Metal-binding promiscuity can be 
employed in artificial metalloenzyme design by using the 
native scaffold [29]. Similarly, farnesyl diphosphate syn-
thase, a key enzyme of isoprenoid biosynthetic pathway, 
displays its activity in the presence of metal cofactors. 
Mg2+ ions lead to the production of farnesyl diphosphate 
while the presence of Co2+ ions lead to geranyl diphos-
phate production. This metal ion-dependent enzyme 
promiscuity dictates a regulatory mechanism which 
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Fig. 1 Enzyme promiscuity can be categorized in three major groups 
based on the different factors responsible for enzyme promiscuity. 
These are: active site plasticity of enzymes, substrate ambiguity and 
cofactor ambiguity
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allows a single enzyme to specifically control the metab-
olites it produces, thus potentially changing the flow of 
carbon into different metabolic pathways [30]. A recently 
identified enzyme named NDM-1, from Klebsiella pneu-
moniae from a patient sample, exemplifies extreme 
enzyme promiscuity. NDM-1 hydrolyzes and degrades 
nearly all known β-lactam-based antibiotics. NDM-1 can 
employ different metal cofactors and different reaction 
mechanism for its promiscuous activities [31].

Evolutionary potential of promiscuous function
Many scientists have explored the evolutionary aspect of 
promiscuity [1, 2, 32, 33]. It is proposed that a new func-
tion can evolve without negative trade-offs in the native 
activity, leading to a generalist enzyme. Later on, this gen-
eralist enzyme can become a specialist for a new catalytic 
activity. It is well stated that the process of natural evo-
lution is gradual and slow. Owing to the weaker promis-
cuous activity as compare to native activity, it could be a 
better starting point for the evolution of new function. It 
also provides an immediate advantage to the gene under 
selection for a new function. Initially, weaker promiscu-
ous activity can be compensated by higher expression 
level of the protein. Further, gradual improvement in the 
weaker promiscuous activities is achievable by accumu-
lation of a few beneficial mutations or neutral mutations 
[34, 35]. Small variations in the active site can lead to the 
emergence of new functions in existing protein folds. 
For evidence, bacterial and mammalian 6-pyruvoyltet-
rahydropterin synthase homologs catalyze distinct reac-
tions using the same 7, 8-dihydroneopterin triphosphate 
as substrate. The bacterial enzyme catalyzes the forma-
tion of 6-carboxy-5, 6, 7, 8-tetrahydropterin, whereas 
the mammalian enzyme converts 7, 8-dihydroneopterin 
triphosphate to 6-pyruvoyltetrahydropterin [36], which 
indicates that small variation in active site can lead to the 

emergence of new enzyme. This hypothesis has been uti-
lized for the construction of an efficient and thermosta-
ble phosphotriesterase from lactonase by creating simple 
double mutations His250Ile and Ile263Trp [37].

When complicated and challenging enzyme activities 
are sought by applying directed evolution, smart gene 
libraries are required. A neutral drift of the gene can 
help in achieving such libraries. Neutral drift is a gradual 
accumulation of mutations under selection to maintain 
a protein’s original function and structure, where each 
and every variant is folded and functional and main-
tains a certain degree of the enzyme’s existing function. 
For making neutral libraries, several iterative rounds of 
mutagenesis and selection are applied to maintain the 
protein’s original function and structure [34, 35]. This 
results a library of highly diversified mutants with dif-
ferent polymorphic characteristics. The most significant 
point regarding neutral libraries is that all the mutants 
are stable and functional which may not be available in 
the wild-type starting point. We have described the gen-
eration of neutral libraries for directed enzyme evolu-
tion using serum paraoxonase (PON1) as a model. This 
allowed the selection of mutants presenting improved 
activity, as well as the identification of mutants display-
ing higher specific activity. The resulting neutral libraries 
confined to only a few hundreds of variants. These neu-
tral mutants were used as starting point for the directed 
evolution, which was resulted in array of new variants, 
including PON1 variants capable of degrading V-type 
organophosphates and sterically hindered organophos-
phates. This method is generally applicable methods for 
the preparation of such libraries starting from the wild-
type gene [34, 35].

Neutral drift happening over billions of year results in 
considerable sequence divergence among proteins that 
binds with same molecule or catalyze the same reaction. 

Fig. 2 The native lactonase activity (with lactone substrate) and promiscuous phosphotriesterase activity (with paraoxon) catalyzed by serum 
paraoxonase (PON1)
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Natural selection maintains the primary activity of these 
proteins; thereby maintain physiologically irrelevant pro-
miscuous activities. Thus, the levels and the evolvability 
of promiscuous activities may vary among these orthol-
ogous proteins. For example, there are nine gamma-
glutamyl phosphate reductase (ProA) orthologs, which 
display different level of promiscuity varying by about 
50-fold [38]. A single amino acid change from glutamine 
to alanine near the active site seemed to be critical for 
enhanced promiscuous activity in these orthologous 
genes. The improvement in the promiscuous activity has 
been shown wide-ranging from 50- to 770-fold. This fold 
improvement was not correlated with the original level 
of the promiscuous activity. Similarly, the decrease in the 
native activity varied from 190- to 2100-fold [38]. These 
results suggest that evolution of a novel enzyme may be 
possible with some orthologous enzymes, but not with 
all [39, 40]. Hence, it is suggested to use several ortholo-
gous enzymes, instead of only one, as a starting point for 
directed laboratory evolution.

Applications of promiscuous functions
As we have discussed above, the promiscuity of enzymes 
can be a starting point for the divergent evolution. The 
low promiscuous activity towards a physiologically irrel-
evant substrate might turn the enzyme into a much more 
proficient catalyst which is possible by accumulation of 
just one or more beneficial mutations affording a sur-
vival benefit to the organism. Furthermore, a promiscu-
ous function can be the starting point for the creation 
of a new enzyme activity by applying rational, semi-
rational protein engineering methodologies or by apply-
ing directed laboratory evolution [41, 42]. Certain recent 
reports are discussed below where significant improve-
ments in promiscuous activities and/or change in sub-
strate specificity have been established (Table 1).

Organophosphates (OPs) poisoning poses great dan-
ger to both military and civilian populations. A timely 
and effective control with pharmacological agents can 
minimize the damage. Rapid in  vivo organophosphate 
clearance requires bio-scavenging enzymes with cata-
lytic efficiencies of more than 107 M−1 min−1. Hydroly-
sis of OPs by mammalian enzymes at high efficiency has 
been a challenge, specially the more toxic stereoisomer 
Sp, with a required catalytic efficiency. Though mamma-
lian PON1 is a foremost candidate for such a treatment, 
it hydrolyzes the toxic Sp isomers of G-agents with very 
slow rates. By performing three rounds of directed evolu-
tion of PON1, a new mutant for Sp isomer with a cata-
lytic efficiency of the order of 105 M−1min−1, which was 
~86,000 fold improved over wild-type PON1 G3C9 was 
isolated (Fig. 3) [3]. Based on the mutations appeared in 
the variants obtained by directed evolution experiment 

and PON1’s active sites, we designed a library by incor-
porating synthetic oligonucleotides via gene reassembly. 
Following shuffling of the improved variants, a screen-
ing of the random mutagenesis library resulted in a 
range of variants with the catalytic efficiency of up to 107 
M−1min−1. We characterized several such mutants with 
broader stereo-specificity and also with different leaving 
groups, which could be used for the in vivo detoxification 
of real nerve agents. These in  vivo prophylactic activity 
of evolved variants and the newly developed screens pro-
vide the foundation for designing PON1 and other OP 
degrading enzymes for prophylaxis against other G-type 
agents [3, 43].

Another category of nerve agent is V-type (VX and VR), 
which is known to be one of the most toxic substances. 
Promiscuous bacterial phosphotriesterases (PTEs) are 
capable of hydrolyzing VX but with very low level of 
activity [44]. PTE mutant library was created by mutat-
ing 12 active-site residues of PTE in order to enhance its 
catalytic efficiency. The library was screened for catalytic 
activity against a new VX analogue, DEVX, which con-
tains the same thiolate-leaving group of VX attached to a 
diethoxyphosphate center rather than the ethoxymethyl-
phosphonate center of VX. The evolved mutants showed 
up to 26-fold enhanced catalytic activity with DEVX rela-
tive to wild-type PTE. For further improvement, loop7 
of Mutant PTE was mutated by error-prone PCR, which 
resulted in up to 78-fold increase in the rate of DEVX 
hydrolysis and 230-fold improvement in hydrolyzing 
racemic nerve agent VX as compare to wild-type wild-
type PTE. However, stereo-selectivity for the hydrolysis 
of the two enantiomers of VX was relatively low [44]. 
The catalytic activity of PTE from A. radiobacter, for the 
common organophosphorous insecticide malathion was 
enhanced by changing serine to leucine at position 308 
and tyrosine to alanine at position 309, which resulted in 
5000-fold increase in Kcat/Km value. X-ray crystal struc-
tures for the above variant demonstrate that the access to 
the binding pocket was enhanced by the replacement of 
the bulky tyrosine residue with the smaller alanine resi-
due [45].

One example of creating highly active and specific 
enzyme is reported with sortase A from Staphylococ-
cus aureus, which catalyzes the transpeptidation of an 
LPXTG peptide acceptor and a glycine-linked peptide 
donor. This has proven to be a powerful tool for site-
specific protein modification due to its transpeptidation 
activity but its high specificity limits its broader utility. 
Recently, two orthogonal sortase A variants have been 
developed by applying directed laboratory evolution 
technique that recognize each of two different substrates, 
LAXTG and LPXSG, with high activity and specificity. 
The evolved sortases exhibit changes in specificity up to 
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51,000-fold, relative to the starting sortase without much 
loss of catalytic activity [46].

Lipases are well studied due to high industrial value 
and applications. Candida antarctica lipase B (CALB) is 
a well-known for its promiscuous activity which can be 
utilized for designing new catalysts for important organic 
reactions [47]. The active site of CALB is similar to that of 
soluble epoxide hydrolase, which are formed by a nucle-
ophile-histidine-acid catalytic triad and an oxyanion hole 
similar to α/β hydrolases. Recently, a S105D variant of 
CALB was identified as a new catalyst for epoxide hydrol-
ysis. The hydrolysis of the trans-diphenylpropene oxide 
is studied in particular and suggested that the mutant 

CALB is a good protein scaffold to be used for the bio-
synthesis of chiral compounds [48]. Similarly, lipase 
SrLip from Streptomyces rimosus (Q93MW7) revealed 
lipase, phospholipase, esterase and thioesterase activi-
ties [49]. Porcine pancreatic lipase (PPL), one of the best 
enzymes identified for biocatalytic aldol addition at lower 
temperature but much accelerated activity at elevated 
temperature. Recently, a novel peptidase is reported from 
thermophilic archaea Sulfolobus tokodaii for its catalytic 
promiscuity of aldol addition, which shows comparable 
activity as PPL. The catalytic efficiency of this enzyme 
at 55 °C adds up to 140 times higher than that of PPL at 
its optimum physiological temperature. This study is an 
example, which signifies the importance to identify a new 
enzyme with catalytic promiscuity and demonstrates the 
application of novel biocatalyst from thermophile micro-
organisms [50].

A recent report describes the designing of an enzyme 
capable of discriminately etherifying the parahydroxyl 
of coniferyl alcohol in the presence of excess sinapyl 
alcohol. The designed enzyme mutant has a consider-
ably smaller substrate-binding pocket that forces a clear 
steric hindrance thus excluding larger lignin precur-
sors. Lignin is derivative of three monolignols, which 
are polymerized by oxidative reactions. The composition 
of the monolignol monomers determines the degree of 
lignin condensation and thus the degradability of plant 
cell walls. Guaiacyl lignin is considered as the condensed 
structural unit [50]. The active site of a monolignol 
4-O-methyltransferase (MOMT5) was precisely remod-
eled to create an enzyme that specifically methylates the 
condensed guaiacyl lignin precursor coniferyl alcohol. 
They started with the promiscuous engineered enzyme, 
MOMT5 with mutations T133L, E165I, F175I, F166W 
and H169F. Together with the mutant information, 

Table 1 Examples of fold improvements in promiscuous functions

Enzymes Native function/substrate Promiscuous functions/sub-
strate

Improvement by directed 
laboratory evolution and/or 
rational designing

References

Mammalian serum paraoxonase Lipo-lactonase Phosphotriesterase CMP-Couma-
rine (racemic mixture)

77-fold higher [35]

CMP-Coumarine (sp isomer) 86,000-fold [39]

Phosphotriesterase (PTE) from 
bacteria

Paraoxon hydrolysis Racemic nerve agent VX 230-fold [42]

DEVX 78-fold

Malathion 5000-fold [43]

PLL scaffold (Dr0930) from 
Deinococcus radiodurans

Lactonase OP hydrolase 69,000-fold [52]

Sortase A from Staphylococcus 
aureus

Transpeptidation of LPXTG LAXTG and LPXSG 51,000-fold [44]

Human glutathione transferase 
(GST) M2-2

2-cyano-1,3-dimethyl-1-nitroso-
guanidine

Azathioprine 30-fold [53]

Directed Laboratory  
Evolu�on/Protein 
Engineering 

Sp-CMP Coumarin  
Kcat/Km    0.0002 μM-

1 min-1 

Sp-CMP Coumarin  
Kcat/Km    17.3 μM-1 

min-1 

~86,000 fold 
improvement in 
catalysis 

Fig. 3 Improvement in promiscuous function of mammalian serum 
PON1. Several rounds of mutagenesis and selection by apply-
ing directed laboratory evolution and rational protein designing 
approaches resulted in the PON1 mutant exhibiting ~86,000-fold 
improvement in Kcat/Km values for the hydrolysis of stereospecific 
G-type nerve agent analogue Sp-CMP Coumarin. The selected clone 
had following mutations as compare to the starting gene -Ll69G, 
S111T, H115W, H134R, F222S and T332S, which are displayed in the 
figure
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crystal structural information with combinatorial active 
site saturation mutagenesis were applied and remod-
eled its substrate binding pocket by the addition of four 
substitutions, i.e., M26H, S30R, V33S, and T319M [51]. 
Type I plant nucleases are known to play an important 
role in apoptotic processes and cell senescence. The first 
structure of tomato nuclease showed its oligomerization 
and activity profiles resulted in unexpected promiscu-
ous activity towards phospholipids. Solving the crystal 
structure of this protein identified possible binding sites 
for double stranded DNA and other nucleic acids. Essen-
tially, the phospholipase activity of tomato nuclease I 
significantly broaden the substrate promiscuity of the 
enzyme, and resulted in the release of diacylglycerol. The 
diacylglycerol is an important second messenger that can 
be related to the role of tomato nuclease I in apoptosis 
[52].

Conclusions
The above observations support the hypothesis that 
promiscuous functions are not exceptions but inher-
ent features of proteins in general. However, the mecha-
nisms of exhibiting promiscuity are different in different 
proteins, enzymes in particular. It can be categorized in 
three major groups based on the different factors respon-
sible for enzyme promiscuity: (1) active site plastic-
ity of enzymes, (2) substrate ambiguity and (3) cofactor 
ambiguity. Owing to the weaker promiscuous activity as 
compare to native activity, it could be a better starting 
point for the evolution of new function. It also provides 
an immediate advantage to the gene under selection for 
a new function. However, the importance of promiscu-
ous functions especially with physiologically irrelevant 
substrates is yet to be understood. The promiscuous 
functions can also be utilized as a starting point for the 
evolution of new proteins in laboratory conditions for 
biotechnological applications.
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