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Abstract

Catalytic promiscuity is a useful, but accidental, enzyme property, so finding catalytically 

promiscuous enzymes in nature is inefficient. Some ancestral enzymes were branch points in the 

evolution of new enzymes and are hypothesized to have been promiscuous. To test the hypothesis 

that ancestral enzymes were more promiscuous than their modern descendants, we reconstructed 

ancestral enzymes at four branch points in the divergence hydroxynitrile lyases (HNL’s) from 

esterases ~100 million years ago. Both enzyme types are α/β-hydrolase-fold enzymes and have 

the same catalytic triad, but differ in reaction type and mechanism. Esterases catalyze hydrolysis 

via an acyl enzyme intermediate, while lyases catalyze an elimination without an intermediate. 

Screening ancestral enzymes and their modern descendants with six esterase substrates and six 

lyase substrates found higher catalytic promiscuity among the ancestral enzymes (P <0.01). 

Ancestral esterases were more likely to catalyze a lyase reaction than modern esterases and the 
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ancestral HNL was more likely to catalyze ester hydrolysis than modern HNL’s. One ancestral 

enzyme (HNL1) along the path from esterase to hydroxynitrile lyases was especially promiscuous 

and catalyzed both hydrolysis and lyase reactions with many substrates. A broader screen tested 

mechanistically related reactions that were not selected for by evolution: decarboxylation, Michael 

addition, γ-lactam hydrolysis and 1,5-diketone hydrolysis. The ancestral enzymes were more 

promiscuous than their modern descendants (P = 0.04). Thus, these reconstructed ancestral 

enzyme are catalytically promiscuous, but HNL1 is especially so.

Graphical abstract

Introduction

Catalytic promiscuity is the ability of enzymes to catalyze additional reactions beyond those 

beneficial for life.1, 2 Catalytic promiscuity differs from substrate promiscuity in that 

different transition states, rather than the same transition state, must be stabilized. For 

example, the natural function of carbonic anhydrase is to catalyze the reversible hydration of 

carbon dioxide, yet it also catalyzes the promiscuous hydrolysis of the ester p-nitrophenyl 

acetate.3

Catalytic promiscuity is useful because it expands the range of available reactions for 

industrial biocatalysis applications.4 For example, halohydrin dehalogenase normally 

catalyzes the hydrolysis of vicinal haloalcohols to vicinal diols and also catalyzes a 

promiscuous substitution of the halide with other nucleophiles.5 Fox and coworkers6 

exploited this promiscuous reaction, substituting chloride with cyanide to make a key 

intermediate in the synthesis of a cholesterol-lowering drug.

Catalytic promiscuity is difficult to search for because it is an accidental property of 

enzymes. It is easier to search in places where the enzymatic property of interest is likely 

adaptive. For example, searching high temperature environments will likely yield 

thermostable enzymes. Searching chemical spill sites may yield enzymes that degrade 

environmental contaminants. Although there is no location where catalytic promiscuity is 

adaptive, there may a time when it was adaptive.

Several groups7–10 have suggested that ancestral enzymes must have been catalytically 

promiscuous. Some ancestral enzymes lie at key branch points where divergent evolution 

selected new catalytic functions as new metabolic opportunities arose. These ancestors 
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might also have been promiscuous with regard to other mechanistically related reactions. If 

so, they would provide suitable places to search for catalytic promiscuity.

That ancestral enzymes no longer exist poses no problem – they can be resurrected. Analysis 

of modern sequences allows researchers to infer the sequences of ancestral enzymes.11, 12 

These analyses use the topology of phylogenetic trees, the likelihood of different amino acid 

replacements and various assumptions about evolution such as whether or not different sites 

in a gene evolve at different rates. Chemical synthesis of the gene and expression of the 

protein in a suitable host yields the ancestral enzyme for characterization. In cases where 

analyses suggest several possible amino acids at a site, several ancestors can be made and 

characterized. In most cases such ancestors have similar properties.

Reconstructed ancestral enzymes show broader substrate ranges than their modern 

descendants. Voordeckers et al. showed that the reconstructed ancestors of modern α-

glycosidases catalyzed hydrolysis of a wider range of substrates (maltose and isomaltose 

analogs).13 Likewise, reconstructed β-lactamases14 and carboxyl methyltransferases15 

showed higher substrate promiscuity. An ancestral protein kinase bound an inhibitor with an 

affinity intermediate between the modern descendants.16 Similarly, in vitro divergent 

evolution of glucuronidase to new substrates specificity proceeded through non-specific 

intermediates. However, whether or not ancestral enzymes were more catalytically 

promiscuous than modern enzymes has not been explored. In this paper, we reconstruct 

ancestral hydroxynitrile lyases and esterases and assess their catalytic promiscuity. The 

transition states for these two reaction types differ significantly, so finding a single enzyme 

that catalyzes both reaction types efficiently would be remarkable.

Hydroxynitrile lyases (HNL’s) are plant enzymes that catalyze the elimination of hydrogen 

cyanide from cyanohydrins as a defense against herbivorous insects.17 HNL’s occur in at 

least five protein folds; our focus here is on HNL’s in the α/β-hydrolase-fold super-family. 

These HNL’s evolved from esterases ~100 million years ago when flowering plants and 

insects first diversified. Presumably, a weak promiscuous ability to cleave cyanohydrins first 

arose serendipitously in an ancient esterase. Providing some protection against herbivorous 

insects, selection for higher activity favored gene duplication, freeing the new copy to 

functionally diverge into the modern specialized hydroxynitrile lyases.

The reaction mechanism for the hydrolysis reaction catalyzed by esterases (Enzyme 

Classification (EC) group 3.1.1) differs in three key ways from the elimination reaction 

catalyzed by hydroxynitrile lyases (EC 4.1.2). Hydrolysis follows the canonical serine 

hydrolase mechanism with an acyl enzyme intermediate (Figure 1A). The elimination has no 

acyl enzyme intermediate and uses only binding and general acid-base chemistry (Figure 

1B). Second, the two mechanisms require conflicting substrate orientations. Hydrolysis 

requires the carbonyl oxygen to bind in the oxyanion hole, while the lyase mechanism 

requires that it not bind in the oxyanion hole. Third, hydrolysis involves a hydrophobic 

leaving group, while the lyase reaction creates a polar leaving group. These clearly different 

mechanisms provide a good test of the hypothesis that ancestral enzymes were catalytically 

promiscuous. The prediction is that while modern enzymes catalyze only one of these 

reaction types, ancestral α/β-hydrolases may catalyze both hydrolysis and eliminations.
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Experimental section

General

Enzymes and chemicals were bought from commercial suppliers and used directly without 

further purification. Racemic mandelonitrile (Sigma Aldrich, St. Louis, MO) was aliquoted 

in 10-mL portions and stored at −18 °C. 2-Hydroxy-6-oxo-6-phenylhexa-2, 4-dienoic acid 

(HOPDA) – was a gift from Lindsay Eltis’ research group at the University of British 

Columbia and 2-azabicyclo[2.2.1]hept-5-en-3-one (Vince lactam) was a gift from Robert 

Vince’s research group at the University of Minnesota. Protein concentrations were 

determined from the absorbance at 280 nm using extinction coefficients obtained from the 

ExPASy Bioinformatics Resource Portal.18 Protein gels were run on sodium dodecyl sulfate 

polyacrylamide gradient gels (NuPage 4–12% Bis-Tris gel from Invitrogen) using the 

BenchMark protein ladder (5 μL/lane) as a standard. DNA gels were run using 0.7% 

ultrapure agarose with 1×TAE buffer and 1 kb DNA ladder as a standard. Micro titer plate 

assays were performed in triplicate and the mean of the measurements is reported. One unit 

of enzyme activity corresponds to the amount of protein required to release of 1 μmol of 

product per minute. Steady state kinetic data were fitted to the Michaelis-Menten equation 

using the nonlinear fit routine in the Solver function of Microsoft Excel. NiNTA resin was 

regenerated according to Qiagen protocol. 1H-NMR spectra were run at 400 MHz in 

deuteriochloroform. Thin layer chromatography on silica gel was eluted with hexanes: 

ethylacetate (8:2). Lysogeny broth (LB) and terrific broth (TB) were prepared according to 

Sambrook et al.19

Ancestral enzyme reconstruction

Phylogenetics

Five thousand protein sequences, 150–600 amino acids long and sharing a minimum 30% 

sequence identity with Hevea brasiliensis acetone cyanohydrin lyase (GI: 1223884), were 

obtained from the NCBI protein sequence database. Identical copies, mutant peptides and all 

patents were removed and the remaining sequences aligned using Muscle20 in SeaView.21 A 

preliminary neighbor joining tree22 was used to identify a cluster of 1285 sequences between 

30% and 99% identical, and that included the ACLs and salicylic acid binding protein 2 

from Nicotiana tabacum, for further analysis.

The 1285 amino acid sequence alignment was adjusted manually guided by super-positioned 

protein structures (H. brasiliensis 1QJ4, Manihot esculenta 1E8D, Arabidopsis thaliana 
3DQZ, Nicotiana tabacum 1XKL) obtained with DeepView/Swiss PDB-Viewer23 to adjust 

insertions and deletions into surface loops. The final alignment of 1285 sequences is 

available upon request from the authors.

Bootstrapped (1000 replicates) maximum likelihood trees were obtained using RAxML24 

using the ML + Bootstrap + GAMMAPROT + LG settings. Maximum likelihood uses a 

probabilistic model of sequence evolution to construct a tree from a given alignment. The 

GAMMAPROT setting to allow some sites to evolve faster than others and the LG25 setting 

provides an empirical amino acid exchange matrix to accommodate differences in the rates 

of exchange between different amino acids. The most likely tree is one with topology, 
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branch lengths and other parameters that maximize the likelihood of the observed alignment. 

An advantage of the maximum likelihood approach is that it provides a natural means to test 

alternative hypotheses - branch lengths, topologies and ancestral states. Similar trees were 

obtained using FastML with GAMMAPROT and a JTT amino acid exchange matrix26 in 

RAxML with SH support27 and bootstrapped neighbor joining with a Poisson correction in 

Seaview.

Ancestral sequences (Table S1) were inferred using maximum likelihood as implemented in 

RAxML using the ML + Bootstrap + GAMMAPROT + LG tree obtained above. Maximum 

like-lihood calculates the most likely amino acid at each site at each node using an empirical 

Bayes approach.28 The likelihood of observing a particular amino acid, x, at a particular site 

at a particular node is given as

where a is one of twenty amino acids at the focal site, t is the topology of the phylogenetic 

tree, m is an evolutionary model, q represents the various model parameters (rates of amino 

acid exchange, variable rates across sites etc.) and px is the prior probability of observing x. 

Maximum likelihood resolves ambiguities in favour of the most likely model. For example, 

in the case of tree (((Leu,Leu),(Met,Met)),Arg) the most likely ancestor of sequences had an 

Met because exchanges between Met and Leu and between Met and Arg are commonplace 

while those between Leu and Arg are rare. At branch points EST3 and HNL1, ancestral 

sequences were also inferred for the neighbor joining tree using maximum likelihood as 

implemented in MEGA.29

Gene synthesis and cloning

Genes for the ancestral enzymes were synthesized by GenScript and subcloned into a 

pET21a(+) vector at NdeI and XhoI restriction sites resulting in an upstream T7 promoter 

and lac operator and an in-frame C-terminal six His-tag. Fidelity of cloning and of the gene 

synthesis was confirmed by DNA sequencing the entire gene (ACGT, Wheeling, IL).

Protein expression and purification

Lysogeny broth media containing 100 μg/mL ampicillin (LB-amp, 5 mL) was inoculated 

with a single bacterial colony from an agar plate and incubated in an orbital shaker at 37 °C 

and 200 rpm for 15 h. This culture was used to inoculate terrific broth (TB)-amp media (500 

mL) in 2-L baffled flasks, which was incubated at 37 °C and 250 rpm until the absorbance at 

600 nm reached 1.0 (approximately 3–4 h). This culture was transferred to 17 °C and 200 

rpm for 1 h to cool, and then isopropyl β-D-1-thiogalactopyranoside (IPTG, 1 mM) was 

added to induce the protein expression. Cultivation was continued for 20 h. The cells were 

harvested by centrifugation (8000 rpm, 10 min at 4 °C) and resuspended in buffer A (20 mM 

imidazole, 50 mM NaH2PO4, 300 mM NaCl, pH 7.2, 20 mL). The cells were disrupted by 

sonication (400 W, 40% amplitude for 5 min) and centrifuged (4 °C, 12,000 rpm 45 min). 

The supernatant was loaded onto a column containing Ni-NTA resin (1 mL, Qiagen) pre-
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equilibrated with buffer A (10 mL). The column was washed buffer A (50 mL) followed by 

buffer B (50 mM imidazole, 50 mM NaH2PO4, 300 mM NaCl, pH 7.2, 50 mL). The His-

tagged protein was eluted with elution buffer (250 mM imidazole, 50 mM NaH2PO4, 300 

mM NaCl, pH 7.2, 15 mL) and concentrated to ~2 mL with an Amicon ultrafiltration 

centrifuge tube (10 kDa cutoff). The imidazole buffer was exchanged by four successive 

additions of BES buffer (5 mM, pH 7.0, 10 mL) to <15 μM imidazole remaining, followed 

by concentration to ~2 mL with the centrifuge tube. Typical yields were 20–100 mg protein 

from a 500-mL culture.

Racemic 2-nitro-1-phenylethanol was prepared according to a literature procedure.30 

Purification by silica-gel column chromatography eluted with hexanes: ethyl acetate (85:15) 

yielded 1.22 g (70%) of a colorless oil. Rf 0.44, 1H-NMR: 2.86 (br, 1H), 4.45 (dd, J = 13.2, 

2.9 Hz, 1H), 4.54 (dd, J = 13.2, 9.6 Hz, 1H), 5.43 ( dd, J = 9.8, 2.9 Hz, 1H), 7.33–7.39 (m, 

5H).

Racemic 3-(2-nitro-1-phenylethyl)pentane-2,4-dione was prepared according to a 

literature procedure.31 Acidic alumina (1 g) was added to a stirred solution of acetylacetone 

(0.10 mL, 1.0 mmol) and trans-β-nitrostyrene (0.15 g, 1.0 mmol) in Et2O (1 mL). The 

suspension was stirred at 25 °C for 2 h, concentrated under vacuum, and purified by silica-

gel column chromatography eluted with hexanes: ethyl acetate (80:20) yielding 0.106 g 

(43%) as pale yellow solid. mp 107–113 °C; lit.31 110–112 °C; Rf 0.22, 1H-NMR: 1.92 (s, 

3H), 2.28 (s, 3H), 4.18 (m, 1H), 4.38 (d, J = 11.1 Hz, 1H), 4.61 (m, 2H) and 7.1–7.3 (m, 

5H).

Benzoylacetic acid

Benzoylacetic acid was prepared according to the literature procedure.32 To a solution of 

acetophenone (12 g, 0.10 mol), dry tetrahydrofuran (50 mL) in 250 mL overnight-oven-dried 

round-bottomed flask, NaH (60%) in oil (10.5 g, 0.25 mol) and dimethylcarbonate (16.2 g, 

0.18 mol) was added. The suspension was heated to reflux for 2 h and cooled to room 

temperature. The reaction was quenched with ice water (100 mL), acidified with 3 M HCl to 

pH 2–3 and extracted with ethyl acetate (3 × 25 mL). The organic layer was dried over 

sodium sulfate and concentrated under vacuum. Purification by silica-gel column 

chromatography eluted with hexanes: ethyl acetate (95:5) yielded 11.5 g (65% yield) of 

methyl 3-oxo-3-phenyl proponoate. Hydrolysis of methyl 3-oxo-3-phenyl propanoate (1.0 g) 

in sodium hydroxide solution (0.5 M) at room temperature. After 12 h the reaction was 

acidified with HCl to pH 2–3, extracted with ethyl acetate (3 × 10 mL), dried and 

concentrated under vacuum. Benzoyl acetic acid obtained in 55% (0.5 g) yield as a white 

solid. Rf 0.33; mp 85 °C; lit.33 99 °C; 1HNMR: 4.1 (s, 2H), 5.7 (s, vinyl 1H), 7.2–8.05 (m, 

5H), 9.75 (br, 1H).

Activity and enantioselectivity of enzyme-catalyzed reactions

Hydroxynitrile lyase activity

Hydroxynitrile lyase activity was assayed as described previously with minor 

modifications.34 The assay monitors the release of benzaldehyde (ε280 = 1352 M−1cm−1) 
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from mandelonitrile spectrophotometrically and was corrected for the spontaneous cleavage 

of mandelonitrile. The assay solution contained mandelonitrile (2.0 mM), citrate buffer (pH 

5.0, 50 mM) and enzyme (0.05–8 μM from a stock in 5 mM BES buffer, pH 7) in a total 

volume of 200 μL (path length = 0.60 cm). Steady state kinetic constants were determined 

under identical conditions with mandelonitrile concentrations from 1–20 mM.

The enantioselectivity was measured using the reverse reaction: addition of HCN to 

benzaldehyde. The reaction (0.5 mL total volume) contained benzaldehyde (1 mM, from a 

stock solution of 50 mM of benzaldehyde in 50 mM in sodium citrate buffer pH 5.0) and 

HCN (50 mM, from a stock solution of 1.0 M of HCN in tert-butyl methyl ether) in sodium 

citrate buffer (50 mM, pH 5.0). Caution: HCN is toxic and requires careful handling.35 

Enzyme (0.002 – 0.1 mg protein in 5 mM of BES buffer, 100 μL, pH 7.0) was added to start 

the reaction. After 2 h shaking at 600 rpm at 20 °C, the tert-butyl methyl ether layer was 

separated, evaporated by stream of nitrogen, and dissolved in isopropanol. The enantiomeric 

purity of the product mandelonitrile was determined by HPLC using a Chiralcel OD-H 

column (Diacel) eluted with hexane: isopropanol (98: 2) at flow rate of 1.25 mL/min: The S 
and R enantiomers elute at 31 and 34 min, respectively. Absolute configuration of 

mandelonitrile was established by comparison with a commercial sample of (R)-

mandelonitrile (Alfa Aesar, Ward Hill, MA).

Cleavage of acetone cyanohydrin, lactonitrile, 2-hydroxypentanenitrile and 2-

hydroxyhexanenitrile was assayed using a modified König reaction.36, 37 Substrate (1.28 

mM to 10 mM in 0.1 M citric acid) was assayed with up to 8 μM enzyme in 5 mM citrate 

phosphate buffer, pH 5. After up to 20 min, the reaction was quenched by addition of 

aqueous N-chlorosuccinimide (2 mM, 62.5 μL, also containing 20 mM succinimide). After 2 

min, barbituric acid (230 mM in 30% pyridine, 12.5 μL) was added and after 10 min, the 

absorbance at 580 nm was measured and compared to a calibration curve constructed using 

K2[Zn(CN)4] with concentrations of HCN ranging from 2.5–100 μM.

Nitroaldolase (Henry reaction) activity

Nitroaldolase activity was assayed by monitoring the release of benzaldehyde from 2-

nitro-1-phenylethanol as above for the hydroxynitrile lyase activity. The assay mixture (200 

μL total volume, path length 0.60 cm) contained 2-nitro-1-phenylethanol (2 mM from stock 

of 50 mM 2-nitro-1-phenylethanol in 1 mM HCl), 50 mM citrate phosphate buffer, pH 5.5, 

and up to 5 μM enzyme in BES buffer (5 mM, pH 7.2). A blank reaction to monitor the 

spontaneous cleavage of 2-nitro-1-phenylethanol was identical, but the enzyme solution was 

replaced by BES buffer. Steady state kinetics used the same assay, but varied the 

concentration of 2-nitro-1-phenylethanol (0.5–6 mM).

The enantioselectivity was measured using the reverse reaction: addition of nitromethane to 

benzaldehyde. The reaction (0.5 mL total volume) contained benzaldehyde (1 mM from 50 

mM of benzaldehyde in diisopropyl ether (DIPE) and nitromethane (1.0 M) in 50 mM in 

citrate: phosphate buffer (pH 6.0) and enzyme (0.1–0.7 μM) in 5 mM of BES buffer. After 2 

h shaking at 500 rpm at room temperature, the organic layer was separated and evaporated 

by stream of nitrogen gas and dissolved in isopropanol. The enantiomeric purity of the 

product 2-nitro-1-phenylethanol was determined by HPLC using a Chiralcel OD-H column 
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(Diacel) eluted with hexane: isopropanol (95: 5) at flow rate of 1.0 mL/min. The R and S 
enantiomers elute at 23 and 26 min respectively and it was reported to elute at 13.5 and 16.3 

min with hexane: isopropanol (90: 10) at flow rate of 1.0 mL/min in Chiralcel OD-H 

column.38

Esterase activity

Esterase activity was measured by hydrolysis of p-nitrophenyl acetate (pNPAc)39 and was 

corrected for spontaneous hydrolysis. The assay mixture (100 μL total volume; path length 

0.29 cm) contained 6 mM of pNPAc, 8 vol% acetonitrile, 5 mM BES, pH 7.0, and up to 5 

μM enzyme in BES buffer. The increase in absorbance at 404 nm was monitored 

spectrophotometrically. The extinction coefficient used for calculations (ε404 = 11.4 × 103 

M−1cm−1) takes into account the incomplete ionization of p-nitrophenol at this pH. Steady 

state kinetics used the same assay, but varied the concentration of pNPAc (0.5–6 mM). 

Methyl salicylate and methyl mandelate were assayed at 500 μM with up to 10 μM enzyme 

in 5 mM BES, pH 7. Methyl pentanoate, 1-naphthyl acetate, and 2-naphthyl acetate were 

assayed at 2 mM in 5 mM BES buffer pH 7 with up to 50 μM enzyme. Control reactions 

were performed by adding equal volumes buffer that was removed from the enzyme by 

centrifugal filtration. Reactions were shaken at room temperature for up to 18 hours before 

enzyme was removed by centrifugation using Amicon Ultra 0.5 mL regenerated cellulose 10 

kDa cutoff centrifugal filters. Reactions with methyl salicylate, 1-naphthyl acetate and 2-

naphthyl acetate were analyzed by HPLC on an Agilent Eclipse Plus C18 column eluted 

with methanol: water + 0.1% formic acid (80: 20) at 1.0 mL/min. Methyl mandelate 

reactions were analyzed on the same column but with a 60: 40 mix of solvents. The 

enantiomeric purity of unreacted methyl mandelate was measured using a Chiralpak AS-RH 

column (Diacel) eluted with acetonitrile: water + 0.1% trifluroacetic acid (30: 70) at 1.0 mL/

min. The S and R enantiomers elute at 6.4 and 6.8 min, respectively. The absolute 

configuration was assigned by comparison to sample of R-methyl mandelate prepared from 

commercial R-mandelic acid. Methyl pentanoate hydrolysis was quantified p-nitrophenol as 

a pH-indicator as described previously.40

Lactonase activity

Lactonase activity corresponds to the hydrolysis of 4-phenyl-4-butryolactone. The reaction 

mixture (0.50 mL total volume) contained 4-phenyl-4-butyrolactone (0.1 mM), BES buffer 

(5 mM, pH 7.0), and enzyme (7–75 μM). Reaction was stirred at 500 rpm at 25 °C for 24 h. 

The enzyme was removed by filtration through a centrifugal filter (Amicon Ultra 0.5 mL 

regenerated cellulose 10 kDa cutoff spun at 4000 rpm) and the filtrate analyzed by HPLC. 

The conversion was measured using an Agilent Eclipse Plus C18 column eluted with 

acetonitrile: H2O + 0.1% formic acid (40: 60) where 4-hydroxy-4-phenylbutyric acid and 4-

phenyl-4-butyrolactone eluted at 3.4 and 5.4 min respectively. A blank without enzyme 

showed ~5 % spontaneous hydrolysis. The amount was subtracted to determine the rate and 

conversion of the reaction. The enantiomeric purity of unreacted 4-phenyl-4-butyrolactone 

was determined by HPLC using a Chiralpak AS-RH column (Diacel) eluted with 

acetonitrile: water + 0.1% of formic acid (35: 65) at 1.0 mL/min. The R and S lactone 

enantiomers elute at 10.4 and 12.5 min, respectively. This configuration was established by 
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comparison with an HPLC of a hydrolysis of the same lactone with pig liver esterase, which 

favors the (+)-enantiomer.41 The (+)-enantiomer was later identified as (R).42

Decarboxylase activity

Decarboxylase activity corresponds to the decarboxylation of benzoylacetic acid to 

acetophenone. The reaction mixture (0.50 mL total volume) contained benzoylacetic acid 

(0.25 mM), BES buffer (5 mM, pH 7.3) and enzyme (13–75 μM). The reaction mixture was 

stirred at 500 rpm at 25 °C for 6 h, then the enzyme was removed by filtration through an 

Amicon ultrafiltration centrifuge tube (10 kDa cutoff) at 4000 rpm and the filtrate analyzed 

by HPLC on an Agilent Eclipse Plus C18 column eluted with acetonitrile: H2O + 0.1% 

formic acid (50: 50) monitored at 254 nm where benzoylacetic acid and acetophenone elute 

at 4.3 and 7.4 min respectively. The molar absorbance of benzoylacetic acid is 3.03-fold 

larger than that for acetophenone and the peak areas were corrected by this factor. A blank 

without enzyme showed ~0.1% spontaneous cleavage.

Michael addition

A two-phase mixture of di-isopropyl ether (250 μL) and citrate: phosphate buffer (50 mM, 

pH 5.5, 250 μL) containing trans-β-nitrostyrene (2 mM), acetyl acetone (100 mM) and 

enzyme (80–140 μM) was stirred at 500 rpm at 25 °C for 8 h. The di-isopropyl ether layer 

was separated, flushed with stream of nitrogen and analyzed by HPLC using a Chiralpak OJ-

R column (Diacel) eluted with acetonitrile: H2O (40: 60) at 1.0 mL/min. The S and R 
enantiomers of the product 3-(2-nitro-1-phenylethyl)pentane-2,4 dione elute at 7.1 and 9.1 

min, respectively and the starting material trans-β-nitrostyrene elutes at 19.7 min. The 

absolute configuration was assigned with a Chiralcel OD-H column eluted with hexane: 

isopropanol (95: 5) where the S and R enantiomers were reported to elute at 25 and 27 min, 

respectively.43 A blank reaction without enzyme showed ~ 6% spontaneous formation of 

racemic product. The reported rates and enantiomeric purities were corrected for this 

spontaneous reaction.

Lactamase activity

Lactamase activity corresponds to the hydrolysis of 2-azabicyclo[2.2.1]hept-5-en-3-one. The 

reaction mixture (0.50 mL total volume) contained 2-azabicyclo[2.2.1]hept-5-en-3-one (0.50 

mM), p-amino benzoic acid (0.1 mM, internal standard), Tris buffer (5 mM, pH 8.5), and 

enzyme (7–75 μM). The reaction was stirred at 500 rpm at 25 °C for 24 h. The enzyme was 

removed by filtration through an Amicon ultrafiltration centrifuge tube (10 kDa cutoff) at 

4000 rpm and the filtrate analyzed by HPLC to determine conversion and enantioselectivity. 

The amount of substrate reacted was determined from the relative peaks area upon HPLC 

analysis on Agilent Eclipse Plus C18 column eluted with acetonitrile: H2O + 0.1% formic 

acid (40:60). p-Aminobenzoic acid and 2-azabicyclo [2.2.1] hept-en-3-one elute at 3.9 and 

4.4 min respectively (relative absorbance = 4.37). A reaction with no enzyme showed ~0.1% 

conversion. The enantiomeric purity of unreacted 2-azabicyclo [2.2.1] hept-en-3-one as 

determined by HPLC using a Chiralpak AS-RH column (Diacel) eluted with acetonitrile: 

water + 0.1% formic acid (20: 80) at 1.0 mL/min. The (2S, 4R) and (2R, 4S) enantiomers 

eluted at 3.4 and 3.9 min, respectively. The absolute configuration was established by 
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comparison of HPLC traces with a sample of the (2R, 4S) enantiomer (Sigma Aldrich, St. 

Louis, MO).

C-C Bond hydrolysis activity

Hydrolysis of C-C bonds was determined with 2-hydroxy-6-oxo-6-phenylhexa-2, 4-dienoic 

acid (HOPDA) as the substrate to yield benzoic acid and 2-hydroxypenta-2, 4-dienoic 

acid.44 This substrate was a gift from the Eltis group, who synthesized it enzymatically. The 

assays were performed at pH 7.5 in 100 mM phosphate buffer with 100 μM HOPDA and up 

to 50 μM enzyme. The decrease in HOPDA was monitored at 434 nm (ε = 25.7 mM−1cm−1).

Epoxide hydrolase activity

Epoxide hydrolase activity corresponds to the hydrolysis 2-(4-nitrophenyl)oxirane to the 

corresponding 1-(4-nitrophenyl)ethane-1,2-diol. The reaction mixture (0.50 mL total 

volume) contained 2-(4-nitrophenyl)oxirane (0.1 mM), BES buffer (5 mM, pH 7.0), and 

enzyme (7–75 μM). Reaction was stirred at 500 rpm at 25 °C for 12 h. The enzyme was 

removed by filtration through a centrifugal filter (Amicon Ultra 0.5 mL regenerated 

cellulose 10 kDa cutoff spun at 4000 rpm) and the filtrate analyzed by HPLC on an Agilent 

Eclipse Plus C18 column eluted with acetonitrile: H2O + (40: 60). 1-(4-

Nitrophenyl)ethane-1,2-diol and 2-(4-nitrophenyl)oxirane elute at 3.4 and 10.7 min, 

respectively. Reactions without enzyme showed ~6 % spontaneous hydrolysis. No additional 

hydrolysis was detected in the reactions containing enzyme.

Aldol addition activity

Aldol activity was measured by the formation of 4-hydroxy-4-(nitrophenyl)butan-2-one 

from p-nitrobenzaldehdye and acetone. The reaction mixture (1 mL total volume) contained 

p-nitrobenzaldehdye (0.5 mM), acetone (10 mM), BES buffer (5 mM, pH 7.0), and enzyme 

(3–37 μM). Reaction was stirred at 500 rpm at 25 °C for 24 h. The enzyme was removed by 

filtration through a centrifugal filter (Amicon Ultra 0.5 mL regenerated cellulose 10,000 

NMWL spun at 4000 rpm) and the filtrate analyzed by HPLC on an Agilent Eclipse Plus 

C18 column eluted with acetonitrile: H2O + (50: 50). 4-Hydroxy-4-(nitrophenyl)butan-2-one 

and p-nitrobenzaldehyde elute at 4.5 and 6.1 min, respectively. A blank without enzyme 

showed ~ 0.1 % spontaneous addition. No additional product was detected in the reactions 

containing enzyme.

Baylis-Hillman reaction

Baylis-Hillman reaction activity was measured by the formation of 3-(hydroxy-4-

(nitrophenyl)methyl)but-3-en-2-one from p-nitrobenzaldehdye and methyl vinyl ketone. The 

reaction mixture (1 mL total volume) contained p-nitrobenzaldehdye (0.5 mM), methyl vinyl 

ketone (10 mM), BES buffer (5 mM, pH 7.0), and enzyme (3–37 μM). Reaction was stirred 

at 500 rpm at 25 °C for 24 h. The enzyme was removed by filtration through a centrifugal 

filter (Amicon Ultra 0.5 mL regenerated cellulose 10 kDa cutoff spun at 4000 rpm) and the 

filtrate analyzed by HPLC on an Agilent Eclipse Plus C18 column eluted with acetonitrile: 

H2O + (50: 50). 3-(Hydroxy-4-(nitrophenyl)methyl)but-3-en-2-one and nitrobenzaldehyde 
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elute at 4.1 and 6.1 min, respectively. A blank without enzyme showed ~ 0.1 % spontaneous 

addition. No additional product was detected in the reactions containing enzyme.

Pixel plots in Figures 3 and 4

The data in Tables S2 and S3 were used to create Figures 3 and 4 using the approach similar 

to Wahler et al.45 To show the wide range of reaction rates, the pixel darkness is proportional 

to the log10 of the rates, but color is linearly proportional to the enantioselectivity. Green 

indicates R-selectivity, red indicates S-selectivity and gray indicates no enantioselectivity 

data or no enantioselectivity. The RGB color values for an achiral substrate or for chiral 

substrate where enantioselectivity was not measured were: R = G = B = 255 – RATE where 

RATE = log10(rate in min−1) scaled to a whole number between 255 (for the fastest rate 

12,600 min−1 for the MeHNL-catalyzed cleavage of acetone cyanohydrin in Table S2) and 0 

(for the slowest rate 0.00023 min−1 for the EST1-catalyzed hydrolysis of the lactone in 

Table S3). The RATE values are subtracted from 255 because color values closer to zero 

give darker colors. For R-selective enantioselective reactions, the color values were R = 255 

− (E*RATE)/(E+1), G = 255 − RATE/(E+1), B = (R + G)/2 and for S-selective reactions R = 

255 − RATE/(E+1), G = 255 − (E*RATE)/(E+1), B = 255 − (R + G)/2 where E is the 

enantioselectivity.

Statistical analysis

Fisher’s exact tests46 were used to compare the substrate promiscuity and catalytic 

promiscuity of ancestral and modern enzymes. First, all enzymes-substrate combinations 

were classified as active or not active. Tables in supporting information. Classifications for 

resurrected ancestral enzymes at nodes EST3 and HNL1 were each averaged and rounded 

(e.g. a mean of 2/3 active is classified as active and a mean of 1/3 active is classified as not 

active). Substrate promiscuity compared the ability of ancestral and modern enzyme to 

catalyze their natural reactions - ester hydrolysis for esterases and hydroxynitrile cleavage 

for the HNLs. Catalytic promiscuity compared the ability of the ancestral and modern 

enzyme to catalyze unnatural reactions - hydroxynitrile cleavage for esterases and ester 

hydrolysis for HNL’s. The reactions in Table 3 were classified as unnatural reactions for 

both esterase and HNL’s.

Results

The α/β-hydrolase-fold superfamily contains >60,000 proteins47, 48 with wide-ranging 

catalytic activities.49–51 Most are hydrolases (Enzyme Classification group 3), although the 

family also includes hydroxynitrile lyases (Enzyme Classification group 4) that catalyze an 

elimination reaction.

These hydroxynitrile lyases cluster within a larger group of plant esterases (Figure S1; 

selected sequence alignments in Figure S2, also see reference 52) suggesting that they 

diverged from esterases ~100 million years ago when flowering plants (angiosperms) 

diversified. Hydroxynitrile lyases are plant enzymes involved in defense from insects.53 The 

hydroxynitrile lyases include enzymes from the rubber tree, Hevea brasiliensis, (HbHNL), 

cassava, Manihot esculenta, (MeHNL)54–56 and wild castor, Baliospermum montanum.57 
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The esterases include salicylic acid binding protein 2 (SABP2) from tobacco (Nicotiana 
tabacum)58 and polyneuridine-aldehyde esterase from snakeroot (Rauvolfia serpentina) 

(RsEST).59 This group of plant esterases and hydroxynitrile lyases share >40% amino acid 

identity (Table S1 in the supporting information lists pairwise sequence identities).

Although esterase from Arabidopsis thaliana (AtEST) catalyses ester hydrolysis,60 it also 

catalyzes fast promiscuous cleavage of mandelonitrile.61 It does not catalyze cleavage of 

acetone cyanohydrin, the natural cyanohydrin substrate in most plants. Cruciferous plants, 

which include Arabidopsis, lack the metabolic pathway to make cyanogenic glucosides,62 so 

do not need hydroxynitrile lyases. However, Arabidopsis does contain other cyanogenic 

metabolites like an acyl cyanide,63 where a hydrolase may contribute to cyanogenesis and 

plant defense.

More distantly related α/β-hydrolase-fold enzymes include more esterases (e.g. esterase 

from R. communis (RcEST)64 as well as enzymes that catalyze even more diverse reactions. 

The decarboxylase methylketone synthase I from tomato has 35–50% aa identity to the 

HNL/EST group65, 66 in Figure S1. More divergent α/β-hydrolase-fold enzymes (only 10–

20% aa identify) found in various bacteria or animals are C–C hydrolases (e.g., BphD from 

Burkholderia cepacia44), epoxide ring hydrolases (e.g., human soluble epoxide 

hydrolase67–69), and haloalkane hydrolases (e.g., LinB from Sphingobium sp.70). These are 

too distantly related to be included in the tree in Figure S1.

Ancestral enzyme reconstruction

Many of these plant esterases and hydroxynitrile lyase share >40% amino acid identity 

making it feasible to infer ancestral enzyme sequences. We predicted the sequences of the 

most recent common ancestors at four different divergence points (Figures 2 and S1; 

sequences in Figure S2). These sequences were inferred from the sequences of the modern 

descendant enzymes using either neighbor joining, maximum parsimony, maximum 

likelihood, or a combination of maximum parsimony & maximum likelihood (Table 1).11 

Some sites, typically at the protein surface, evolve rapidly because they do not affect protein 

function and their ancestral composition is less certain. The different algorithms predict 

slightly different sequences. If all reconstructed ancestors at a node behave similarly, then 

we assume that these reconstructions are a close approximation to the actual historical 

ancestor.

The sequences of the ancestral enzymes differ substantially from the modern descendants, 

but these differences are similar to the differences between modern enzymes. For example, 

the amino acids in the modern enzyme MeHNL are 76% identical to those in HbHNL; 

similarly, the ancestral enzymes at node HNL1 are 72–79% identical to HbHNL. Modern 

esterases are 41–47% identical to HbHNL; ancestral enzymes at nodes EST1 and EST2 are 

48–49% identical to HbHNL, while ancestral enzymes at node EST3 are 56–67% identical 

to HbHNL. These differences correspond to large numbers of amino acid substitutions; 

HNL1 and HbHNL differ by 54–72 amino acid substitutions. Such large numbers of 

substitutions can be expected to substantially change their properties. Nakano and Asano71 

created hybrid HNL’s using a consensus sequence approach, but these cannot correspond to 
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ancestral enzymes. No information about the catalytic promiscuity of these hybrids is 

available.

Ancestral enzymes are branch points in the evolution of modern enzymes. We classify these 

branch points into three types as related to divergent evolution. Some ancestral enzymes lie 

at points where all connecting branches lead to enzymes with the same catalytic function. 

These, which we call conserved function ancestors, are expected to have the ancestral 

function. Second, other ancestral enzymes are branch points to younger nodes with different 

functions. These, which we call function branch point ancestors, are also expected to have 

the ancestral function, since one of the branches retains the ancestral function. However 

these functional branch points may have already undergone selection toward both activities, 

and thus were likely to be bifunctional or promiscuous for the new function as well as active 

for the ancestral function. The third type of ancestral enzyme is the branch point from an 

older node with the ancestral activity to a clade of modern enzymes, all with the new 

function. These, which we call transitional ancestors, are expected to be specialized for the 

new function, but may retain vestigial activity toward the ancestral reaction.

In this classification, EST1 and EST2 are conserved function ancestors, predicted to be 

esterases since all descendant branches from theses enzymes contain esterases. EST3 is a 

branch point ancestor, also predicted to be an esterase, likely with promiscuous HNL 

activity, since some descendant enzymes are esterases (ancestral function) and some are 

hydroxynitrile lyases. Finally, HNL1 is a transitional ancestor, since all modern descendants 

are HNL’s, and the node immediately ancestral to HNL1, (i.e. EST3) is predicted to be an 

esterase. HNL1 is predicted to be an HNL like its descendants, yet to possibly retain some of 

the esterase activity of its ancestors.

Esterase & hydroxynitrile lyase activities of modern enzymes

All predicted ancestral enzyme sequences conserve the catalytic triad of Ser-His-Asp found 

in modern descendants. The ancestral enzymes also contain active site differences that match 

their modern descendants. Esterases contain a glycine on the oxyanion loop that allows 

access to the oxyanion hole. Ancestral enzymes EST1 and EST2 also contain a glycine at 

this location. Modern hydroxynitrile lyases contain a threonine as this location; ancestral 

enzymes at HNL1 also contain a threonine. Esterases contain a hydrophobic site to bind the 

alcohol (often phenylalanine or histidine, which would be uncharged with a non polar 

region), while HNL’s contain a polar site – a lysine-glutamate pair. The ancestral enzymes 

EST1 and EST2 contain histidine, while enzymes at HNL1 contain the lysine-glutamate 

pair. EST3 is an exception to this generalization. Three of the four reconstructions contain 

an asparagine on the oxyanion loop, suggesting an HNL-like block of the oxyanion hole, but 

non-polar residues in the alcohol binding site suggest an EST-like active site. The modern 

enzyme AtEST has a similar mix of residues in the active site. Based upon these sequence 

differences, we expect HNL1 to be a hydroxynitrile lyase, EST1 and EST2 to be esterases, 

but the function of EST3 is not easily predicted from its sequence. Since it is most similar to 

AtEST, it may be, like AtEST, an esterase with a promiscuous hydroxynitrile lyase activity.

Since the substrate specificities of the various enzymes are unknown, we used six esters with 

varying structure to measure the carboxylic acid esterase activities (E.C. group 3.1.1): 
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methyl salicylate, methyl mandelate, 1- and 2-naphthyl acetate, methyl pentanoate and 4-

phenyl-4-butyrolactone. We omitted the often-used p-nitrophenyl acetate because its high 

reactivity makes it different from typical esters. Similarly, we used six substrates of varying 

structure to measure aldehyde lyase activity (E.C. group 4.1.2): acetone cyanohydrin (natural 

substrate for hydroxynitrile lyases), mandelonitrile, lactonitrile, 2-hydroypentanenitrile, 2-

hydroxyhexanenitrile and 2-nitro-1-phenylethanol. This last substrate involves a nitro-aldol 

cleavage, whose mechanism appears similar to that for cyanohydrin cleavage.72 The modern 

esterases catalyzed hydrolysis of almost all of the ester substrates and similarly, the modern 

hydroxynitrile lyases catalyzed cleavage of almost all the hydroxynitrile lyase substrates. 

Thus, this range of substrate cannot test for increased substrate promiscuity since the 

ancestral enzymes cannot do more than the modern enzyme with this set of substrates.

The modern enzymes showed little catalytic promiscuity; that is, the hydroxynitrile lyases 

catalyzed mainly hydroxynitrile cleavage and the modern esterases catalyzed mainly ester 

hydrolysis, Figure 3, Table S2. The modern hydroxynitrile lyases, HbHNL and MeHNL, 

catalyzed cleavage of all five cyanohydrins and the nitroaldol compound. The best substrate 

is the natural one, acetone cyanohydrin, with kcat values of 2,400 and 12,600 min−1, 

respectively. They also efficiently cleaved their unnatural substrate mandelonitrile (kcat = 

1530 and 1340 min−1, respectively) with high enantioselectivity for the (S)-enantiomer, as 

previously reported.73, 74 These two HNL’s catalyzed the slower cleavage of three other 

cyanohydrins and the nitroaldol compound72, 75–77 with kcat values ranging from 0.3 to 50 

min−1. The enantioselectivity of the nitroaldol reaction was measured in the synthesis 

direction. Both MeHNL and HbHNL favored the (S)-enantiomer, as was reported previously.

The modern hydroxynitrile lyases showed little promiscuous esterase activity. HbHNL 

catalyzed the slow hydrolysis of methyl salicylate, 0.07 min−1 while MeHNL showed no 

detectable esterase activity.

The modern esterases all catalyzed ester hydrolysis. SABP2 catalyzed hydrolysis of all six 

esters tested. The natural function of SABP2 is to hydrolyze methyl salicylate to salicylic 

acid with a reported kcat value of 27 min−1 and KM of 8.6 μM.78 We measured a lower value 

of 0.5 min−1 for this substrate likely due to strong inhibition by the product salicylic acid 

under our conditions. Among the other five esters, the best substrate was methyl pentanoate, 

with a rate of 18,000 min−1. RcEST is a predicted, but not experimentally confirmed, 

polyneuridine aldehyde esterase from sequence similarities. RsEST is experimentally 

confirmed as a polyneuridine aldehyde esterase, but closely related analogs of polyneuridine 

aldehyde did not react.79 Both esterases catalyzed hydrolysis of all five esters tested, but 

some rates were as low as 0.01 min−1. The good ester substrates for RcEST were methyl 

salicylate (7.5 min−1) and methyl pentanoate (260 min−1), while the good esterase substrate 

for RsEST was only methyl pentanoate (650 min−1). RsEST also catalyzed very slow 

hydrolysis of the lactone (0.00077 min−1 or 1 d−1). AtEST catalyzed hydrolysis of three of 

the five esters with rates ranging from 0.04 to 1.7 min−1 and the very slow hydrolysis of the 

lactone (0.0005 min−1 or 0.7 d−1) confirming its assignment as an esterase, albeit not an 

efficient one. Koo et al.60 also reported the AtEST catalyzes hydrolysis of esters. Neither 

SABP2, RcEST, or RsEST catalyzed cleavage of any of the hydroxynitriles or of the 

nitrolaldol substrate. As reported previously, AtEST is unusual in that it showed efficient 

Devamani et al. Page 14

J Am Chem Soc. Author manuscript; available in PMC 2017 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cleavage of mandelonitrile (2,530 min−1) and the slow cleavage of the similar nitroaldol 

compound (5 min−1). In both cases, the (R)-enantiomer was cleaved in contrast to the (S)-

enantiomer favored by HbHNL and MeHNL.

Esterase & hydroxynitrile lyase activities of ancestral enzymes

In contrast, almost all of the ancestral enzymes catalyzed both an ester hydrolysis and a 

cyanohydrin cleavage, Figure 3, Table S2. At the HNL1 node, all three reconstructions 

catalyzed both cyanohydrin cleavage and ester hydrolysis. Cyanohydrins were better 

substrates than esters and acetone cyanohydrin is the best substrate. HNL1 has detectable 

activity with nine of the twelve substrates; HNL1-ML with ten substrates and HNL1-NJ 

with eleven substrates. HNL1 showed the highest cyanohydrin cleavage activity (880 min−1 

with acetone cyanohydrin) and HNL1-NJ showed the highest ester hydrolysis activity (0.9 

min−1 with methyl pentanoate).

Ancestral esterases, EST1, EST2, and one of the three reconstructions at node EST3 (EST3-

ML) also catalyzed both cyanohydrin cleavage and ester hydrolysis. EST1 and EST2 show 

high activity (>1 min−1) toward the majority of ester substrates, whereas the modern 

esterases have high activity with only one or two of the substrates. Both EST1 and EST2 

also have activity with mandelonitrile and, other than AtEST, the modern esterases had no 

detectable hydroxynitrile cleavage activity. The best substrate for EST3-ML was 

mandelonitrile, not an ester. Ester hydrolysis was very slow: 0.008 min−1 for EST3-ML. The 

other two ancestral enzyme reconstructions at EST3 catalyzed only ester hydrolysis. Methyl 

pentanoate was the best substrate: 42 min−1 for EST3-NJ; only 0.6 min−1 for EST3. 

Chemical steps are rate-limiting for both esterases80 and hydroxynitrile lyases.55 We assume 

that mechanisms of the ancestral enzymes are similar to those of modern descendants and 

that chemical steps are also rate-limiting.

Statistical comparison with Fisher’s exact test indicates that these ancestral and modern 

enzymes do not differ significantly in their substrate promiscuity, but do differ in their 

catalytic promiscuity. The 2×2 Fisher exact test with the natural reactions (ester hydrolysis 

catalyzed by esterases and hydroxynitrile cleavage by HNL’s) is not significant (P = 0.67) 

indicating that ancestral enzymes are no more substrate promiscuous than their modern 

descendants. While the ancestral enzymes accepted almost all of the substrates, so did the 

modern enzymes. The ancestral enzymes were not given the opportunity to demonstrate 

substrate promiscuity with this selection of substrates. Further testing with a wider range of 

substrate might show increased substrate promiscuity of these enzymes as has been observed 

for other ancestral enzymes. The 2×2 Fisher exact test with the unnatural reactions (ester 

hydrolysis catalyzed by HNL’s and hydroxynitrile cleavage catalyzed by esterases) is highly 

significant (P < 0.01) indicating that ancestral enzymes are more likely to be catalytically 

promiscuous than modern enzymes.

Among the ancestral enzymes, HNL1 is a transitional enzyme between true esterases and 

true HNLs. It shows good HNL activity while retaining some esterase activity. It can best 

catalyze both hydrolysis and elimination reactions. The other ancestors (EST1, EST2, EST3) 

were, in their time, modern specialist esterases. A statistical comparison of HNL1 to all 

other enzymes shows that HNL1 is more catalytically promiscuous than the group of 

Devamani et al. Page 15

J Am Chem Soc. Author manuscript; available in PMC 2017 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



modern and other ancestral enzymes (P = 0.012). The enhanced catalytic promiscuity of 

HNL1 does not come at the cost of stability. Its unfolding temperature (~80 °C) is higher 

than that for the modern descendants HbHNL and MeHNL (54–70 °C).81, 82 Other 

researchers also found increased stability for many ancestral enzymes.83

Other hydrolase and lyase activities of modern and ancestral enzymes

To test the ability of these enzymes to catalyze an even broader range of reactions, we tested 

two other hydrolyses (lactam hydrolysis, EC 3.5.2, and carbon-carbon bond hydrolysis, EC 

3.7.1) and three other lyase reactions (decarboxylation, EC 4.1.1, Michael addition, EC 

4.1.99) Figure 4, Table S3. All four are reactions catalyzed by enzymes in the α/β-

hydrolase-fold family, but the branch points for these enzymes occur outside the region of 

the reconstructed ancestral enzymes. We refer to these as outside reactions. Two of the 

modern esterases catalyzed a slow hydrolysis reaction (SABP2, 0.003 min−1 for lactam 

hydrolysis; RsEST, 0.0004 min−1 or 0.5 d−1, for carbon-carbon bond hydrolysis), but none 

of the remaining four modern enzyme catalyzed any of these four reactions. In contrast, 

seven of the ten ancestral enzymes catalyzed at least one of the reactions. EST2 catalyzed 

two reactions, EST3-NJ and HNL1-NJ catalyzed three reactions. The reaction rates were all 

slow; the fastest reaction was the EST3-catalyzed hydrolysis of the carbon-carbon bond 

(0.03 min−1 or ~40 d−1). Both modern and ancestral enzymes were enantioselective.

The 2×2 Fisher’s exact test indicates that the ancestral enzymes are more likely (P = 0.04) to 

catalyze one of these mechanistically related reactions than is a modern descendant even 

though they were never subject to selection for this ability. Ancestral enzymes HNL1 and 

EST3 are transitional and functional branch point enzymes for HNL activity, but not for 

these novel reactions, so this catalytic promiscuity is accidental. Nevertheless, ancestral 

enzymes are more likely than modern enzymes to possess these accidental abilities.

None of the ancestral enzymes or modern enzymes catalyzed epoxide hydrolysis (hydrolysis 

of 2-(4-nitrophenyl)oxirane; <0.0001 min−1). This result is not surprising since the expoxide 

hydrolase mechanism requires an aspartate nucleophile, while all the ancestral and modern 

enzymes contain a serine as the nucleophile in the active site. None of the ancestral enzymes 

or modern enzymes catalyzed the aldol addition of acetone to p-nitrobenzaldehyde or the 

Baylis-Hillman reaction, addition of methyl vinyl ketone to p-nitrobenzaldehdye (<0.0001 

min−1). We tested the aldol and Baylis-Hillman reactions because catalysis involves an 

amine and HNL’s contain a lysine residue near the active site. No α/β-hydrolase-fold 

enzyme naturally catalyzes these additions, but two groups reported weak promiscuous 

activity of α/β hydrolase-fold enzymes toward these reactions.84, 85

Discussion

Ancestral enzymes at branch points for new catalytic activities are good places to search for 

catalytic promiscuity. Random variation can create promiscuity both in modern and ancestral 

enzymes, but along branches for new catalytic function, there is an expectation of catalytic 

promiscuity and our results support this expectation. Modern catalytically promiscuous 

enzymes also exist, but there is no systematic method to find them. In contrast, examination 

of phylogenetic trees can identify which ancestral enzymes are most like to be promiscuous.
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The major catalytic behavior of ancestral enzymes is consistent with our understanding of 

the hydrolysis versus lyase reaction mechanisms. The ancestral esterases, EST1, EST2, and 

EST3 have esterase-like active sites and are efficient hydrolases. The ancestral 

hydroxynitrile lyases at HNL1 have a hydroxynitrile-lyase-like active site and are efficient 

lyases. They also show significant esterase activity. We did not find such catalytic 

promiscuity when we engineered esterase variants for HNL activity.86 Site directed 

mutagenesis added three catalytic HNL residues to the esterases PFE and SABP2. In both 

cases, esterase activity was abolished. In the case of PFE, no HNL activity was detected, 

while for SABP2 the HNL activity was weak (0.09 min−1 vs. 60–170 min−1 for HNL1). 

Other amino acid must be responsible for the higher HNL activity of HNL1 and its ability to 

catalyze both reaction types.

Substrate promiscuity has been correlated with protein flexibility.87 Ubiquitin is a small 

protein (76 amino acids) that binds to many different proteins as part of its regulatory 

function. In solution and in the absence of protein ligands, ubiquitin is flexible and the range 

of observed conformations matches those seen in the crystal structures.88 Molecular 

dynamics simulations of glutathione S-transferases89 and cytochrome P450 

monooxygenases80 correlated higher flexibility with broader substrate specificity. As 

substrates bind, they stabilize the conformation that creates the best contacts. For example, 

x-ray structures of an enzyme that catalyzes an isomerization in both histidine and 

tryptophan biosynthesis shows different active site conformations when bound to the two 

different substrates.91 In another example, x-ray structures of two amino glycoside 

antibiotics bound to a promiscuous kinase show different loop conformation for the two 

antibiotics.92

Conformational flexibility may also contribute to catalytic promiscuity. Chemically different 

reactions likely proceed via different protein conformations.93 The increase in the flexibility 

of a loop in a lactonase variant correlated with increased catalytic promiscuity.94 As the 

substrate orientations for the hydrolysis and lyase reactions differ, so an enzyme that 

catalyzes both reactions must bind the two substrates in at least two different orientations. 

Although the details are unknown, conformational flexibility of the ancestral enzymes may 

also account for their catalytic promiscuity.

Whatever the mechanism generating catalytic promiscuity it likely involves residues outside 

the active sites. The modern and ancestral enzymes differ in approximately fifty residues, 

only a few of which are located in the active site. Distant residues can change the binding 

affinity of proteins. For example, the protein kinases Abl and Src differ in their affinity for 

the inhibitor Gleevec. The difference stems from the shift of a loop in Abl to wrap around 

Gleevec.16 In contrast a hydrogen bond network involving distant residues prevents a similar 

shift in Src. Distant residues might similarly create several possible catalytic conformations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Esterases catalyze hydrolysis of carboxylic acid esters while hydroxynitrile lyases catalyze 

an elimination of hydrogen cyanide from cyanohydrins. Both active sites contain a serine- 

histidine-aspartate catalytic triad. Aspartate not shown for clarity. A) Salicylic acid binding 

protein 2 (SABP2) catalyzes the hydrolysis of methyl salicylate. The substrate ester binds 

with the carbonyl oxygen in the oxyanion hole. The first step of the reaction is the 

nucleophilic attack by the serine Oγ on the carbonyl carbon. The mechanism involves an 

acyl enzyme intermediate (not shown). B) Hydroxynitrile lyase from Hevea brasiliensis 
(rubber tree) catalyzes the cleavage of acetone cyanohydrin. The substrate oxygen binds 

outside the oxyanion hole, which is blocked by Thr11. Elimination proceeds in one step 

without an acyl enzyme intermediate.
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Figure 2. 
Simplified phylogenetic tree of esterases and HNL’s identifies different types of ancestral 

enzymes. Ancestral enzymes EST1 and EST2 are conserved function enzymes. They lie 

along a path from ancient to modern esterases and are expected to be esterases. Ancestral 

enzyme EST3 is a functional branch point enzyme. It lies between ancient esterases and 

modern HNL’s and is expected to be an esterase with promiscuous HNL activity. Ancestral 

enzyme HNL1 is a transitional ancestral enzyme because it leads only to modern HNL’s. 

This is expected to be an HNL, but may show remaining esterase activity.
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Figure 3. 
Aldehyde lyase and ester hydrolase activities of modern and ancestral hydroxynitrile lyases 

and esterases. Columns correspond to different enzymes, while rows correspond to the 

reaction with the substrate at the left. Modern esterases catalyze mainly hydrolysis of esters 

and modern lyases catalyze mainly elimination reactions, while ancestral enzymes often 

catalyze both reactions. Darker squares correspond to faster reaction. For enantioselective 

reactions, green indicates R-selective reactions and red S-selective reactions. Color intensity 

reflects enantioselectivity. Supporting information Table S2 contains the data from which 

this figure was derived.
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Figure 4. 
Other eliminations and hydrolyses catalyzed by modern and ancestral hydroxynitrile lyases 

and esterases. Columns correspond to different enzymes, while rows correspond to reactions 

with the substrate at the left. Only two of the six modern enzymes catalyze one of these 

reactions, while seven of the ten ancestral enzymes catalyze at least one of these reactions. 

Darker squares correspond to faster reaction. For enantioselective reactions, green indicates 

R-selective reactions and red S-selective reactions. Color intensity reflects enantioselectivity. 

Supporting information Table S3 contains the data from which this figure was derived. The 

substrates for these reaction were: decarboxylation, 3-oxo-3-phenylpropanoic acid; Michael 

addition, acetylacetone and 2-nitrovinylbenzene; C-C hydrolysis, 2-hydroxy-6-oxo-6-

phenylhexa-2,4-dienoic acid; lactam hydrolysis, 2-azabicylo[2.2.1]hept-5-en-3-one (Vince 

lactam).
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Table 1

Extant and ancestral enzymes in this study and their amino acid sequence identity with hydroxynitrile lyase 

HbHNL and esterase SABP2.a

Enzyme Construct Originb % ID to HbHNL % ID to SABP2

HbHNL Hevea brasiliensis 100 44

MeHNL Manihot esculenta 76 41

HNL1 max parsimony & likelihood 79 49

HNL1-ML maximum likelihood 75 51

HNL1-NJ neighbor joining 79 50

EST3 max parsimony & likelihood 67 55

EST3-ML maximum likelihood 58 60

EST3-NJ neighbor joining 56 59

EST2 max parsimony & likelihood 48 71

EST1 max parsimony & likelihood 49 70

AtEST Arabidopsis thaliana 47 50

RcEST Ricinus communis 21 28

RsEST Rauvolfia serpentina 41 56

SABP2 Nicotinia tabacum 44 100

a
Supporting information Table S1 compares the sequence identity for each enzyme pair and Figure S1 shows the aligned amino acid sequences.

b
Plant species origin for extant enzymes and methods used to derive the ancestral sequences.
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