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The hypothesis that latent, promiscuous functions served as
starting points in the divergence of new enzyme families is

now widely accepted.1-5 However, at least two different scenar-
ios for the recruitment of an evolutionary starting point and
its subsequent divergence to give a new enzyme have been
described.3 Both scenarios begin with an existing genome-
proteome encountering a new substrate, whose transformation
into a given product is advantageous [either because substrate
transformation renders it nontoxic (detoxification) or because its
product provides a growth advantage]. In the chemistry-driven
scenario, the organism happens to carry an enzyme that applies
the same active-site chemistry to the new substrate to produce
the desirable product (substrate ambiguity). The subsequent
evolutionary process optimizes substrate binding (affinity and
optimal alignment) to achieve a higher catalytic efficiency. In the
substrate-driven scenario, the recruited enzyme’s original sub-
strate happens to share a key structural element with the new
substrate. Substrate binding guides the recruitment of this
enzyme to yield the desirable product, but the newly evolving
chemistry differs from the original one (catalytic promiscuity).
The catalytic chemistry and substrate binding are subsequently
reshaped by mutation and selection.

Comparative analysis revealed that, in most cases, divergence is
chemistry-driven, as key catalytic residues, and reaction intermedi-
ates or transition states, tend to be conserved throughout enzyme
families and even within highly diverse superfamilies.3,6 However,
cases of substrate-driven divergence were also described.3,7 Analysis

by chemoinformatic tools demonstrated that most superfamilies
exhibit conservation of certain substrate elements, or substructures
dubbed here chemophores, such as phosphate, adenine, and sugar
moieties.8,9 Conserved substrate substructures have also been
applied for the annotation of enzyme superfamilies.10 Indeed,
substrate binding and chemistry are inseparable with respect to
the reactive group; esterase substrates all share an ester group.
However, certain chemophores are overrepresented in substrates of
enzyme superfamilies even though the catalyzed reactions do not
necessarily involve these chemophores.8,9,11

Understanding the relative contributions of substrate binding
versus chemistry may therefore promote our understating of
enzyme evolution, and of ligand-protein interactions in
general.11 These issues also have biotechnological implications,
because substrate ambiguity and catalytic promiscuity provide
the basis of biocatalytic applications.8,12 We therefore aimed to
compare the relative contributions of shared chemistry (i.e.,
substrate ambiguity) versus shared substrate binding (i.e., cata-
lytic promiscuity) in the recruitment of promiscuous enzyme
functions, and the role of abundant chemophores in promoting
the latter. To this end, we explored the relative levels of
occurrence of these phenomena within the Escherichia coli
genome-proteome. We applied the ASKA library (A Complete
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ABSTRACT: Two different scenarios for the recruitment of evolu-
tionary starting points and their subsequent divergence to give new
enzymes have been described. The coincidental, promiscuous starting
activity may regard the same reaction chemistry on a new substrate
(substrate ambiguity). Alternatively, substrate binding guides the
recruitment of an enzyme whose reaction chemistry differs from that
of the newly evolving one (catalytic promiscuity). While substrate
ambiguity seems to underlie the divergence of most enzyme families,
the relative levels of occurrence of these scenarios remain unknown.
Screening the Escherichia coli proteome with a comparative series of
xenobiotic substrates, we found that substrate ambiguity was, as
anticipated, more frequent than reaction promiscuity. However, for
at least one unnatural reaction (phosphonoesterase), a promiscuous enzyme was identified only when the substrate was decorated
with the naturally abundant phosphate group. These findings support the prevailing hypothesis of chemistry-driven divergence but
also suggest that recognition of familiar substratemotifs plays a role. In the absence of enzymes catalyzing the same chemistry, having
a familiar, naturally occurring substrate motif (chemophore) such as phosphate may increase the likelihood of catalytic promiscuity.
Chemophore anchoring may also find practical applications in identifying catalysts for unnatural reactions.
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Set of E. coli K-12 ORF Archive) that encodes all E. coli proteins
individually cloned in an overexpression vector,13 as a model for
the recruitment of latent, promiscuous enzyme functions when
an organism’s proteome encounters a new challenge.14,15

First, we screened the ASKA library with two synthetic,
xenobiotic substrates. One substrate represented a naturally
occurring reaction and the other an unnatural one. In the case of
an unnatural reaction, recruitment of any enzyme would represent
a case of catalytic promiscuity. In the case of a natural transforma-
tion, however, both catalytic promiscuity and substrate ambiguity
are possible. The results of this screen can therefore indicate the
relative abundance of catalytic promiscuity and substrate ambi-
guity in theE. coliproteome. Second, we tested how the probability
of identifying enzymes that promiscuously catalyze an unnatural
reaction is affected by decorating the unnatural substrate with
abundant naturally occurring chemophores.

’EXPERIMENTAL PROCEDURES

Substrates. p-Nitrophenyl acetate (1) and benzisoxazole (3)
were purchased from Sigma-Aldrich. Synthesis of other sub-
strates is described in the Supporting Information.
ASKA Library. The ASKA archive clones are a set of plasmid

clones containing all the predicted open reading frames (ORFs)
of the E. coli K-12 genome. The ORFs of E. coli were cloned into
the pCA24N vector with an N-terminal His tag, and the library
was kindly provided by the E. coli project team from Nara
Institute of Science and Technology (Nara, Japan).13 Glycerol
stocks of E. coli K-12 AG1 cells individually overexpressing each
of the ∼4300 different clones were provided in the format of 46
96-well plates and kept at -70 �C.
Screens. For the ASKA library screen, sets of six ASKA plates

(as glycerol stocks) were pooled together into one plate, while
the original well locations were retained. Plates 1-6, 7-12, 13-
18, 19-24, 25-30, 31-36, 37-42, and 43-46 were unified,
creating a pooled ASKA library in eight 96-well plates. The
pooled glycerol stocks were inoculated into 2YT supplemented
with 35 μg/mL chloramphenicol (100 μL) in 96-well plates and
grown overnight at 37 �C. Overnight cultures (20 μL) were
inoculated into 2YT supplemented with 35 μg/mL chloramphe-
nicol (500 μL) in 96-deep well plates and grown to an OD600 of
∼0.6. Overexpression was induced via addition of 1 mM IPTG;
the cultures were grown for an additional 5 h and centrifuged,
and the pellet was frozen overnight at -20 �C. The cells were
lysed with lysis buffer [HEPES 50 mM (pH 7.25), 0.2% triton-
100, 0.1 mg/mL lysozyme, ∼1 unit benzonase], 250 μL/well,
and the lysates were cleared by centrifugation. For the enzymatic
assays, 100 μL of lysate was assayed with the various substrates
dissolved in 50mMHEPES (pH 7.25) by following the release of
the phenol product in a PowerWave HT microtiter scanning
spectrophotometer. Substrate concentrations and the monitor-
ing wavelengths of the respective products are listed in Table S1
of the Supporting Information.
Deconvolution, Validation, and Retransformation. To

deconvolute which of the six pooled clones within the wells
found active in the initial library screen gave rise to the observed
activity, the individual glycerol stocks of each of the six pooled
clones were used for inoculation in 96-well plates. Growth,
expression, and activity assays were performed as in the initial
screen. In the case of 6-phosphobenzisoxazole, the cultures of the
active wells were spread on LB agar plates containing 35 μg/mL
chloramphenicol, and 16 colonies were randomly picked (3-fold

oversampling), grown in liquid medium in 96-well plates, and
screened to identify the individually active clones.
Following the deconvolution, overnight cultures of the active

clones were plated on LB agar plates containing 35 μg/mL
chloramphenicol. The enzymatic assays were repeated after the
selected clones had been grown in duplicate (from two randomly
picked colonies) as described above. Plasmid DNAwas extracted
from active clones, sequenced, and retransformed into E. coli
BL21 DE3 cells, and the reaction rates were assayed as
described above.
Characterization of Purified Enzyme Variants. 2YT med-

ium (5 mL) supplemented with 35 μg/mL chloramphenicol was
inoculated with a single colony. The culture was grown with
shaking at 37 �C for ∼15 h. 2YT medium (250 mL) supple-
mented with 35 μg/mL chloramphenicol was inoculated with the
5 mL overnight culture and grown at 37 �C with shaking to an
OD600 of ∼0.6. Overexpression was induced via addition of
1 mM IPTG; the cultures were grown for an additional 5 h and
harvested, and the pellet was kept overnight at-20 �C. The cells
were resuspended in 25 mL of lysis buffer (Table S2 of the
Supporting Information) and lysed by sonication. The soluble
fraction was loaded onto a Ni-NTA column (Qiagen) and
washed with 10 and 20 mM imidazole, and the protein was
eluted with 250mM imidazole. This protocol yieldedg90% pure
protein as judged by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. After dialysis against lysis buffer, protein con-
centrations were determined by absorption at 280 nm, and the
samples were stored at 4 �C. For the enzymatic characterization,
reactions were started via addition of 100 μL of substrate
solutions to 100 μL of protein solutions (for specific conditions,
see Table S2 of the Supporting Information). Product formation
was monitored spectrophotometrically (Power HT microtiter
scanning spectrophotometer), in 200 μL reaction volumes, using
96-well plates. The reported results are the average of at least two
independent measurements.

’RESULTS

Screening the ASKA Library. Given the ASKA library size
(∼4300 clones) and the need to screen it multiple times, we
pooled the original library (46 96-well plates) into eight 96-well
plates, such that each well combined six clones. Because of the
large variability in growth rates (∼25% of the ASKA clones show
growth inhibition at various degrees13), not all potentially active
variants were identified in our screens, although the identified
ones were not systematically biased. Screening the ASKA library
with promiscuous substrates involved detection of weak activ-
ities, and some of the screened activities also exhibited consider-
able background rates and nonspecific catalysis by bacterial lysate
components. Given the noise and variability, clones identified in
the initial screens were reassayed and their activity was validated.
The complete screening procedure consisted of the following
steps (see also the Supporting Information). (i) Initial screens
were performed by growth of the pooled library in 96-well plates,
addition of substrates to crude cell lysates, and monitoring
product formation in a plate reader. (ii) For deconvolution, the
six clones initially pooled in one well were taken from the original
ASKA plates, grown, and screened individually as described
above. (iii) For validation, active clones were regrown and
reassayed in duplicate, and their identity was determined by
DNA sequencing. (iv) For retransformation, plasmid DNA from
active ASKA clones was isolated and retransformed into E. coli
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cells. Several randomly chosen transformed colonies were grown,
lysed, and assayed for activity. (v) For purified proteins, active
variants were overexpressed, purified, and tested for enzymatic
activity. Inhibition of the promiscuous activities by the natural
substrates and/or cofactors of the enzyme was tested to confirm
that the promiscuous activity occurs within the same active site.
Comparing Natural versus Unnatural Chemistries. To this

end, we aimed to screen two synthetic, xenobiotic substrates with
similar physicochemical properties, whereby transformation
of one substrate represents a naturally occurring chemistry and
that of the other substrate an unnatural one. Of various options
explored, we chose p-nitrophenyl acetate (1) and 5-nitrobenzi-
soxazole (2) (Figure 1), which exhibit similar physical properties
(e.g., size and hydrophobicity) and similar reactivity [the spon-
taneous decomposition rates are 3.8 � 10-5 min-1 for
p-nitrophenyl acetate (pH 7.3)16 and 6.96 � 10-5 min-1 for
5-nitrobenzisoxazole (pH 7.25)17]. Because the more reactive
a substrate reaction is the higher the likelihood of promiscuity,
inherent reactivity is a crucial factor that could strongly bias the
results and thus limited our choice of substrates and reactions.
p-Nitrophenyl acetate is an ester, and ester hydrolysis is
a chemistry commonly catalyzed by natural esterases. The
recruitment of an esterase catalyzing the hydrolysis of a xeno-
biotic ester such as p-nitrophenyl acetate is likely to proceed
by the chemistry-driven scenario. The screen would therefore
identify primarily cases of substrate ambiguity, although cases of
catalytic promiscuity (i.e., nonhydrolytic enzymes that catalyze
this ester’s hydrolysis) may also occur. In contrast, the Kemp
elimination of 5-nitrobenzisoxazole18 is unknown in bio-
logical systems, and hence, no enzyme is likely to have evolved
to catalyze this reaction. Therefore, any case of enzyme recruit-
ment for the Kemp elimination would be a case of catalytic
promiscuity.

In the initial screen (step i), ∼5 times more wells were
identified as being active with p-nitrophenyl acetate as with
5-nitrobenzisoxazole [>100 vs ∼20 (Table 1)]. Following steps
ii-iv, 11 clones with validated esterase activity were identified
(Table 2). Seven known esterases, or other hydrolases, were
identified, alongside two aldehyde dehydrogenases that exhibited
promiscuous aryl-esterase activity [feaB and aldH (Figure 2A)].
The two remaining clones corresponded to nonenzymatic
proteins, and although the observed esterase activity was asso-
ciated with these plasmids, this activity probably resulted from
alterations in the expression levels of endogenous esterases. For
the unnatural chemistry, two enzymes with validated Kemp
eliminase activity with 5-nitrobenzisoxazole were identified:
purine nucleoside phosphorylase (xapA) and a predicted oxidor-
eductase (ydbC) (Table 2 and Figure 2B,C). As the latter can
catalyze the breakdown of 5-nitrobenzisoxazole via oxidation
rather than Kemp elimination, the identity of the elimination
product was confirmed by liquid chromatography and mass
spectrometry (LC-MS) (Figures S1-S3 of the Supporting
Information).
The results described above indicate that the likelihood of

recruiting promiscuous enzymes for xenobiotic substrates is
higher for a naturally occurring chemical transformation such
as ester hydrolysis compared to an unknown chemistry such as
the Kemp elimination. Similar ratios of 3-5-fold were seen in the
initial screen (∼100 active wells with aryl ester 1 vs 20 wells with
benzisoxazole 2), as well as in individually validated variants:
seven esterases/hydrolases exhibiting substrate ambiguity to-
ward aryl ester 1 were identified. In comparison, we identified
two enzymes exhibiting catalytic promiscuity toward aryl ester 1
and two enzymes that promiscuously catalyzed the elimination of
benzisoxazole 2. The activities observed in crude lysates were
also much higher for cases of substrate ambiguity than for

Figure 1. Substrates and reactions screened. Naturally occurring reaction centers and chemophores are colored blue and unnatural ones red. (A)
Comparative substrates with natural (ester) and unnatural (benzisoxazole) reaction centers. (B) Substrates having unnatural reaction centers with and
without naturally abundant chemophores.
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Figure 2. Activity plots for the promiscuous activities. (A) aldH (0.83 μM)with p-nitrophenyl acetate (1). (B) ydbC (13 μM)with 5-nitrobenzisoxazole
(2). (C) xapA (0.83 μM) with 5-nitrobenzisoxazole (2). (D) ydjC (0.83 μM) with phosphorylated phosphonate (6). The data represent the average of
two independent measurements, and the error bars represent the standard deviations. Catalytic parameters derived from these plots are listed in Table 2.
Saturation was observed only in case of ydbC; for other proteins, kcat/KM values were derived by fitting the data to the linear regime of the Michaelis-
Menten model.

Table 1. Summary of the ASKA Library Screens with Substrates 1-8

esterase Kemp elimination phosphono-ester hydrolysis

screening step

p-nitrophenyl

acetate (1)

5-

nitrobenzisoxazole

(2)

benzisoxazole

(3)

6-

phosphobenzisoxazole

(4)

n-

butyl

(5)

3-

phosphopropyl

(6)

4-

aminobutyl

(7)

3-amino-3-

carboxypropyl

(8)

(i) initial screen (no. of active wells) >100a 22 2 24 11 15 9 9

(ii) deconvolution (no. of active clones) 18a 5 0 10 0 1 0 3

(iii) validation (no. of active clones with

identified sequence)

11a 3 0 7 0 1 0 0

(iv) retransformation (no. of active clones

verified in freshly transformed E. coli)

11a 2 0 4b 0 1 0 0

aBecause of a large number of positive wells obtained in the screen with p-nitrophenyl acetate (>100), the 20 wells showing the highest rates were taken
to deconvolution (step ii). These 20wells gave rise to 11 clones with validated esterase activity. Two of these clones that exhibited the lowest activity were
not enzymes, and one did not express an E. coli protein (Table 2). It is therefore likely that most of the significant, true hits, i.e., enzymes that catalyze p-
nitrophenyl acetate hydrolysis, either promiscuously or via substrate ambiguity, were identified within the 20 most active wells. bThree of the four
positive variants turned out to be phosphatases that catalyze hydrolysis of the 6-phosphate ester and have no Kemp eliminase activity. The fourth variant,
nadC, lost activity with 6-phosphobenzisoxazole upon purification, and the origins of its activity (phosphatase or Kemp eliminase) could not be
determined.
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catalytic promiscuity. The activity levels are partial because
differences in expression levels were not accounted for, yet, for
example, the highest substrate ambiguity activity was ∼13000
units, as opposed to ∼770 units for the highest catalytically
promiscuous activity (Table 2).
Substrate Tagging with Naturally Occurring Chemo-

phores. These results indicate that, as anticipated, catalytic
promiscuity is a relatively rare event.Would, then, the probability
of identifying an enzyme for an unknown chemistry increase if
the substrate carries a naturally occurring chemophore? To test
this hypothesis, we examined the results of a ligand-centric
analysis of the occurrence of various chemophores in various
enzyme superfamilies.9 Some of the analyzed chemophores
comprise a single bond only (e.g., C-N or C-O), yet others
comprise a stand-alone group such as amine, carboxyl, or
phosphate, each of which appears to be among the most
abundant chemophores. In choosing which chemophores to test,
we were also forced to consider the feasibility of substrate
synthesis and background decomposition rates. The comparative
substrates (Figure 1B) had to be chosen such that the attached
chemophores, and the length of the linker connecting the

chemophore and the reactive group, would not affect substrate
reactivity due to intramolecular catalysis.
In view of the considerations mentioned above, two unnatural

chemistries were explored: the Kemp elimination and phospho-
nate ester hydrolysis. For the Kemp elimination, benzisoxazole
substrates with or without a phosphate chemophore were tested
(Figure 1, substrates 3 and 4, respectively), whereby the reactiv-
ity of both is essentially the same and∼100-fold lower than that
of 5-nitrobenzisoxazole (2). Natural phosphonoesterases have been
identified only in marine bacteria.19 Serine hydrolases react with
phosphomonoesters, but with no turnover. Few enzymes that
catalyze phosphonoester hydrolysis are known, but these activities
are either promiscuous or recently evolved toward pesticides or
herbicides.20 Methyl p-nitrophenyl phosphonoester substrates with
no natural chemophore (5), or with phosphate (6), amine (7), or
amine carboxylate (8) chemophores, were therefore tested. These
chemophores did not exhibit measurable through-bond or intramo-
lecular catalysis effects, and under the screening conditions, the
background rates of these substrates differed bye2-fold.
Kemp Elimination Substrates with or without a Chemo-

phore. While no activity was detected in the screen with

Table 2. Identity and Activity of ASKA Clones Exhibiting Substrate Ambiguity and/or Promiscuous Activities

substrate

clones with verified activity (after validation and

retransformation) (ASKA position, gene,

and protein name)

activity in crude lysate after

retransformation (μM product/min for

100 μL of lysate)

catalytic activity of purified enzymes,

kcat/KM (M-1 s-1)a

p-nitrophenyl

acetate (1)

5/7G, aes, acetyl esterase 3770 ( 430 2.05 � 104 25

5/10B, tesA, thioesterase/protease 111 ( 8 hydrolysis of various p-nitrophenyl esters of

amino-protected amino acids26

30/10C, yqiA, predicted esterase 470 ( 30 hydrolysis of p-nitrophenyl butyrate27

7/8A, ybfF, putative esterase 5.0 ( 0.4 hydrolysis of p-nitrophenyl butyrate28

42/4D, yjfP, predicted hydrolase 13000 ( 400 hydrolysis of p-nitrophenyl butyrate27

39/9D, bioH, carboxylesterase 675 ( 14 6.38 � 104 29

13/11H, feaB, phenylacetaldehyde dehydrogenase 246 ( 2 5.6 nmol min-1 (mg of enzyme)-1 30

13/8E, aldH, γ-Glu γ-aminobutyraldehyde

dehydrogenase

770 ( 67 502 ( 32b

28/11E, ypfH, predicted esterase 1000 ( 80 hydrolysis of p-nitrophenyl butyrate27

21/9E, part of expression vector 3.3 ( 0.4 not purified

21/11G, yecF, putative inner membrane protein 3.28 ( 0.02 not purified

5-nitro-

benzisoxazole (2)

17/5C, ydbC, predicted oxidoreductase 160 ( 33 kcat = 0.114 ( 0.004 s-1 c

KM = 0.27 ( 0.02 mM

kcat/KM = 430 ( 13 s-1 M-1

28/8F, xapA, purine nucleoside phosphorylase 6.9 ( 0.4 998 ( 32

6-phospho-

benzisoxazole (3)

8/12D, ybiV, sugar phosphatase 16 ( 4 not purified; enzyme active as phosphatased

4/8C, phoA, bacterial alkaline phosphatase 230 ( 14 not purified; enzyme active as phosphatase

43/1B, ytjC, putative phosphoglycerate mutase 33 ( 3 33 ( 2; enzyme active as phosphatasee

2/1E, nadC, quinolinate phosphoribosyltransferase 18 ( 16 if it is phosphatase activity,

2.6 ( 2.3 if it is Kemp elimination

loss of activity with 6-phosphobenzisoxazole

upon protein purification

3-phosphopropyl-p-

nitrophenyl methyl

phosphonate (6)

18/6E, ydjC (reannotated as celG), predicted

cellobiose phosphatase

6.9 ( 0.2 486 ( 18f

a kcat/KM is provided when available, either from our measurements or from the literature. In some cases, the literature provides other parameters, which
are cited as provided. b kcat/KM measured in the presence of 1 mM DTT and 4 mM NADþ. In their absence, activity was >100-fold lower. c kcat/KM

measured with 1.25 mM NADþ; in its absence, activity was ∼3-fold lower. d Phosphatase activity measured with 1 mM p-nitrophenyl phosphate and
crude lysates (100 μL). e See Figure S5 of the Supporting Information. In addition, the purified ytjC dephosphorylated p-nitrophenyl phosphate [22
activity units (nanomoles of product per minute per milligram of protein), with 0.5 mM substrate]. fActivity with other phosphonates was also observed,
albeit much lower than with the phosphorylated phosphonate (6): 115, 1.43, 1.37, and 2.06 activity units (nanomoles of product per minute per
milligram of protein) for phosphorylated phosphonate (6), n-butyl phosphonate (5), aminobutyl phosphonate (7), and 3-amino-3-carboxypropyl
phosphonate (8), respectively, with 0.15 mM substrates.
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unsubstituted benzisoxazole 3, four active clones were identified
with phosphorylated benzisoxazole 4 (Tables 1 and 2). The
native substrates of all four enzymes contain a phosphate group,
and their native activities involve phosphate transfer or hydro-
lysis. As it turned out, phosphorylated benzisoxazole 4 not only
presented an opportunity for catalytic promiscuity but could also
react via the substrate ambiguity of phosphatases (Figure 1). The
absorbance signals of these two reactions are partly overlapping
at the applied screening wavelength [320 nm (Figure S4 of the
Supporting Information)]. Indeed, two of the four active clones
are known phosphatases [ybiV and phoA (Table 2)]. They
exhibited phosphatase activity with this substrate as monitored
at 290 nm (maximal absorbance for phosphatase activity), and
with other aryl phosphates. The third clone, ytjC, is annotated as
a putative phosphoglycerate mutase, yet we observed its phos-
phatase activity (Figure S5 of the Supporting Information). The
fourth identified enzyme, quinolinate phosphoribosyl transferase
(nadC), lost its promiscuous activity upon protein purification.
The failure to identify Kemp eliminases relates primarily to the
low reactivity of 3 and 4, because promiscuous catalysts for the
more reactive 5-nitrobenzisoxazole 2 were readily identified.
However, detection difficulties in the elimination of 3 and 4 at
the noisy wavelength of 320 nm (vs 380 nm for 2) also play a role.
Phosphonate Esters without or with Various Chemo-

phore Tags. In the screen of the ASKA library with phospho-
noesters, one active enzyme (ydjC, a predicted cellobiose
phosphatase) was found for phosphorylated phosphonate 6.
No active clones were obtained for the analogous phosphonoe-
sters 5, 7, and 8 (Tables 1 and 2). Purified ydjC exhibited
measurable activity with the phosphorylated substrate 6
[kcat/KM≈ 500M-1 s-1 (Figure 2D)], and this activity was inhi-
bited by phosphate ions (Table S2 of the Supporting Information).
ydjC also exhibited very low yet measurable activity with the
other phosphonates (5, 7, and 8) that do not carry a phosphate
group (Table 2, footnote f). Despite its putative assignment, ydjC
did not exhibit phosphatase activity with aryl phosphates. Further,
removal of the phosphate group of 6 by alkaline phosphatase (as
judged by TLC) had no effect on the rate of spontaneous hydrolysis
of the p-nitrophenyl phosphonate ester. This rules out the possibility
that ydjC dephosphorylates 6, and the product breaks down rapidly
because of intramolecular catalysis by the 3-hydroxy group.
Altogether, it appears that ydjC, whose natural substrate and

reaction are unknown, exhibits catalytic phosphonoesterase
promiscuity. However, in the absence of a phosphate group that
anchors the substrate into its active site, this activity is very low
and is certainly too low to be detected in crude lysates. Thus,
althoughwewere able to identify only one such case in the E. coli pro-
teome, the identification of ydjC suggests that the likelihood of identi-
fying an enzyme for an unknown chemistry (phosphonoesterase in
this test case) may increase when the substrate contains an abundant
naturally occurring chemophore such as phosphate.

’DISCUSSION

Our comparison of the frequency of promiscuously active
enzymes in the proteome of E. coli suggests that, as anticipated,
substrate ambiguity is more frequent than catalytic promiscuity.
If the level of activity is also taken into consideration, the relative
occurrences of substrate ambiguity versus catalytic promiscuity
can become even higher. This trend was seen throughout our
experiments: (1) in the comparison between aryl esterase and
Kemp eliminase activities [1 vs 2 (Figure 1A)] and (2) in the∼4-

fold higher number of aryl esterases that are esterases and/or
hydrolases (substrate ambiguity) compared to other enzymes
that act via catalytic promiscuity (e.g., dehydrogenases). Finally,
the screen with phosphobenzisoxazole 4 failed to identify cases of
catalytic promiscuity (Kemp eliminase) but did identify at least
three enzymes that act as phosphatases on this xenobiotic
substrate. Our study examined a limited range of substrates
and therefore provides only a quantitative conclusion regarding
the prevalence of substrate ambiguity over catalytic promiscuity.
Should other comparative substrates be chosen, different fre-
quencies of “positive hits” are likely to be observed. However, the
general trends observed here are likely to be retained.

The divergence of a new enzymatic function is therefore more
likely to begin from an enzyme that catalyzes the same reaction
rather than from an enzyme that binds the same or a similar
substrate but catalyzes a different reaction. Given the huge
diversity of catalytic chemistries within existing genomes, starting
points with very similar or even identical chemistries are likely to
be common. However, our results also suggest that in the
absence of enzymes with the same chemistry, having a substrate
“decorated” with an abundant, naturally occurring motif
(chemophore), and a phosphate group in particular, increases
the likelihood of finding a promiscuous catalyst. The chemo-
phore serves as a common anchor that attracts the substrate to a
larger fraction of active sites and allows its alignment with a
suitable catalytic residue.

Although the screens described above identified only one case
of promiscuity mediated by a shared substrate motif, or, chemo-
phore, this hypothesis is also supported by the fact that certain
chemophores are overrepresented in the substrates of certain
enzyme superfamilies yet do not play a part in the reaction itself.
Phosphate is possibly the most common example.21 Indeed, a
comparative study of enzymatic kinetic parameters indicated that
the KM values of small substrates (MW > 350 Da) tend to be
rather limited (g0.1 mM). Tagging of such small substrates with
commonly occurring groups decreases the KM values. The most
distinct example among large modifiers is coenzyme A (CoA).
Among small to midsize modifying groups (or chemophores),
only the phosphoryl group significantly decreases KM values [the
median ratio of KM values for the same substrate with and
without phosphate is 3.6 (A. Bar-Even, E. Noor, D. Davidi, Y.
Savir, D. S. Tawfik, and R. Milo, manuscript submitted for
publication)]. Thus, although a comparison of one hit (for the
phosphate-tagged phosphonate 6) to no hits [for the untagged
(5) and for amino- and amino acid-tagged phosphonates (7 and
8, respectively)] bears no statistical significance, the fact that the
phosphate-tagged substrate was catalyzed by an enzyme whose
natural substrate is also phosphate-tagged may be more than a
mere coincidence.

That the example we identified, ydjC, exhibited very low yet
measurable activity with other phosphonates (untagged, or
tagged with chemophores other than phosphate) further sup-
ports our hypothesis that a common natural chemophore, and
phosphate in particular, can provide a powerful handle for newly
directing substrates into enzyme active sites.

Chemophore anchoring may also find practical implications
for biocatalysis, as the attachment of abundant chemophores
such as phosphate to xenobiotic substrates may increase the
chances of identifying catalysts for unnatural reactions. Chemo-
phores were previously used in biocatalytic conversions with the
aim of increasing the enzymatic activity with synthetic
substrates.22-24 However, the target enzymes were known in
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advance. The added chemophores were also different for each
case and were all unnatural. These chemophores probably exert
specific effects on one particular target enzyme and substrate.
The use of a natural chemophore, and of phosphate in particular,
may comprise a more generic solution.
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