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Summary

One hundred and seventy-one genes encoding poten-
tial esterases from 11 bacterial genomes were cloned
and overexpressed in Escherichia coli; 74 of the
clones produced soluble proteins. All 74 soluble pro-
teins were purified and screened for esterase activity;
36 proteins showed carboxyl esterase activity on
short-chain esters, 17 demonstrated arylesterase
activity, while 38 proteins did not exhibit any acti-
vity towards the test substrates. Esterases from
Rhodopseudomonas palustris (RpEST-1, RpEST-2
and RpEST-3), Pseudomonas putida (PpEST-1,
PpEST-2 and PpEST-3), Pseudomonas aeruginosa
(PaEST-1) and Streptomyces avermitilis (SavEST-1)
were selected for detailed biochemical characteriza-
tion. All of the enzymes showed optimal activity at
neutral or alkaline pH, and the half-life of each enzyme
at 50°C ranged from < 5 min to over 5 h. PpEST-3,
RpEST-1 and RpEST-2 demonstrated the highest spe-
cific activity with pNP-esters; these enzymes were
also among the most stable at 50°C and in the pres-
ence of detergents, polar and non-polar organic sol-
vents, and imidazolium ionic liquids. Accordingly,
these enzymes are particularly interesting targets
for subsequent application trials. Finally, biochemical

and bioinformatic analyses were compared to
reveal sequence features that could be correlated
to enzymes with arylesterase activity, facilitating
subsequent searches for new esterases in microbial
genome sequences.

Introduction

Carboxylic ester hydrolases (3.1.1.x) comprise a valuable
source of enzymes for biotechnological applications since
many can catalyse both hydrolytic and synthetic reac-
tions depending on the reaction condition. Further, these
enzymes frequently exhibit regio- and stereo-specificity
under mild reaction conditions, making them ideal tools
for green chemistry particularly when applied for the pro-
duction of chiral pure compounds, and more recently
biodiesel (reviewed in Sharma et al., 2001; Parawira,
2009). Most known carboxyl esterases belong to the a/b
hydrolase fold superfamily of enzymes (Ollis et al., 1992;
Hotelier et al., 2004), which use water to hydrolyse ester
bonds in aqueous solutions forming an alcohol and a
carboxylic acid. Their catalytic mechanism involves the
coordinated activity of a conserved nucleophilic serine,
typically present in a GXSXG motif (where X can be any
amino acid residue), and an acidic residue (aspartate
or glutamate) that hydrogen bonds with a conserved his-
tidine residue (Jaeger et al., 1999). Examples of carbo-
xylic ester hydrolases are carboxylesterases (3.1.1.1),
arylesterases (3.1.1.2) and lipases (3.1.1.3) (Chang et al.,
2009).

Carboxylesterases and arylesterases typically catalyse
the hydrolysis of water-soluble and short- to medium-
length aliphatic esters, and can be distinguished by the
latter’s ability to preferentially hydrolyse aromatic esters.
In contrast, lipases typically display high activity towards
water-insoluble long-chain esters. Interfacial activation
and atypical Michaelis–Menten kinetic curves have also
been used to distinguish lipases from esterases (reviewed
in Jaeger et al., 1994; Lotti and Alberghina, 2007). These
phenomena have been correlated to the presence of a
flexible hydrophobic a-helix domain (lid or flap) in many
lipases, which are thought to expose the active site and
direct substrate binding at the interface between water
and solvent phases (Winkler et al., 1990). Lipases also
typically contain comparatively high numbers of non-polar
residues, including Val, Leu and Ile, which have been
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implicated in increased binding to aggregates of hydro-
phobic substrates (Kim et al., 1997). Finally, lipases have
been distinguished from esterases by having optimal
activity at comparatively alkaline pH, and by distinct
surface electrostatic potential distributions at correspond-
ing pH optima (Arpigny and Jaeger, 1999).

With increasing motivation to transition from petroleum-
based products to renewable fuels and chemicals, invest-
ment in biotechnologies that convert biomass to liquid
fuels has been invigorated in recent years. While most
of these research activities focus on the production of
fermentable sugars from the carbohydrate fraction of
biomass, it is clear that value-added compounds from
the lignin fraction is an important means to reducing
biofuel costs (Ragauskas et al., 2006). Several examples
of enzyme catalysed trans-esterification of sugars and
fatty acids have been reported, and illustrate the potential
of using this approach to synthesize high-value products
from plant-derived polysaccharides (Ferrer et al., 1999;
Plou et al., 2002; Yang and Wang, 2003). However, there
are only a few examples where value-added products
from lignin were synthesized using esterases. These
include esterification of phenolic acid with n-butanol by a
feruloyl esterase from Fusarium oxysporum, and esterifi-
cation of glycerol with sinapic acid by a feruloyl esterase
from Aspergillus niger (Topakas et al., 2003; Tsuchiyama
et al., 2007; Vafiadi et al., 2009). Phenolic acids, including
sinapic acids, are derived from lignin. By increasing the
arsenal of arylesterases with activity towards pheno-
lic acids and stability in solutions that promote trans-
esterification activity, the development of new, high-value
chemicals from lignin can be facilitated.

At the time of writing, well over 2000 bacterial genome
sequences were publicly available at various levels of
completion. These sequences, as well as the increasing
number of metagenome sequences, constitute an enor-
mous opportunity for enzyme discovery and application
development (Lorenz and Eck, 2005). However, many of
the genes identified through genome and metagenome
sequencing were annotated based on sequence similarity
to other proteins. Although this approach is quick and
inexpensive, over 40% of sequences typically fail to be
assigned a function, and many open reading frames are
incorrectly annotated (Green and Karp, 2004). Alterna-
tively, a more definitive approach to assigning a molecular
function to a predicted open reading frame is to isolate
and biochemically characterize the corresponding protein
(Kuznetsova et al., 2006). Given the industrial signifi-
cance of arylesterases and the difficulty of distinguishing
these enzymes from carboxylesterases and lipases
based on sequence comparisons alone (Fojan et al.,
2000), the objective of this study was to search publicly
available bacterial genome sequences for potential
arylesterases, and then confirm the activity through bio-

chemical characterization of the recombinantly expressed
protein. A similar approach was successfully used for
the characterization of novel microbial carboxylesterases
and lipases (Kim et al., 2004; Ro et al., 2004). In the
current study, biochemically characterized esterases were
also evaluated for stability in a broad range of organic
solvents and ionic liquids (ILs) that could support
trans-esterification activity. Bioinformatic analysis of the
biochemically characterized enzymes was also performed
in an effort to improve sequence-based approaches to
arylesterase discovery.

Results and discussion

Selection and purification of enzymes with
arylesterase activity

To identify novel arylesterases, we selected over 170
genes from 11 bacterial genomes (Table S1) based on
sharing 30–40% sequence identity to a biochemically
characterized arylesterase, as well as presence of con-
served catalytic residues and sequence motifs (Born-
scheuer, 2002; Cheeseman et al., 2004). The genomic
DNA samples were selected based on their having origi-
nated from microorganisms involved in wastewater treat-
ment (ex. Nitrosomonas sp.), bioremediation of aromatic
compounds (ex. Rhodopseudomonas sp.) and plant
pathogenesis (ex. Ralstonia solanacearum). Common
soil bacteria that participate in the decay and cycling
of plant biomass (ex. species of Streptomyces and
Pseudomonas) were also included in our analyses.

While lipases and esterases are difficult to distinguish
at the sequence level, differences in catalytic properties
can be used to differentiate these enzymes. Therefore,
each candidate gene was cloned into a pET15b-based
vector for heterologous expression in Escherichia coli.
A total of 171 genes were cloned and 74 of them were
expressed as soluble proteins in E. coli (Table S1). All 74
soluble proteins were purified to homogeneity and then
screened using colorimetric assays; 36 proteins showed
activity on pNP-esters at pH 8 while 38 proteins did not
exhibit any activity towards the test substrates (Fig. 1,
Table S2). Phenyl acetate is a commonly used substrate
to identify bacterial arylesterases (Shaw et al., 1994;
Fenster et al., 2000). Seventeen purified enzymes dem-
onstrated arylesterase activity; none of these hydrolysed
olive oil to detectable levels (Fig. 2).

Many arylesterases characterized to date were isolated
from mammals, and are also known as serum para-
oxonases given their ability to hydrolyse paraoxon and
other organophosphorus esters (http://www.brenda-
enzymes.org). While none of the purified bacterial
enzymes showed paraoxonase activity in our work, 6 of
the 17 arylesterases were also active on medium-chain
aliphatic substrates (Table S2). These included three
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esterases from Rhodopseudomonas palustris (RpEST-1,
RpEST-2 and RpEST-3), two esterases from Pseu-
domonas putida (PpEST-2, PpEST-3) and an esterase
from Pseudomonas aeruginosa (PaEST-1). As described
above, our objective was to isolate enzymes with potential
to modify lignin-derived phenolic compounds, and in par-
ticular, increase the lipophilicity of these compounds to
extend their antioxidant properties in nutraceutical and
pharmaceutical applications (Chalas et al., 2001). Accord-
ingly, enzymes with arylesterase activity that were also
active on medium-length pNP-esters were selected for
further biochemical characterization. An enzyme from
Streptomyces avermitilis (SavEST-1) and enzyme from
P. putida (PpEST-1) that hydrolysed pNP-acetate but not

phenyl acetate were also included in this characterization
for comparison.

pH optimum and stability of purified esterases

The ‘electrostatic catapult’ repulsion model for carboxylic
ester hydrolases predicts the rapid release of negatively
charged free fatty acid products from a negatively charged
active site (Neves Petersen et al., 2001). Consistent with
this model, others have shown that many lipases are
distinguished from carboxyl esterases by having a nega-
tive surface potential at alkaline pH. Likewise, by compar-
ing the pH optima of the eight esterases isolated in this
study to the pI values calculated from corresponding

Fig. 1. The distribution of enzyme activities
that were detected using a variety of esterase
and lipase substrates. All assays were
performed using standard conditions and
were incubated for 30 min at 37°C. In total, 74
purified proteins were screened; the number
shown in parentheses represents the number
of proteins that demonstrated activity with
each substrate, or that did not demonstrate
activity with any of the test substrates.

pNP acetate (36)

pNP palmitate (1)

pNP caprate (5)

pNP benzoate (5)phenyl acetate (17)

tributyrin (2)

no activity

detected (38)

Fig. 2. Specific activity of 17 novel
arylesterases against phenyl acetate.
Reactions were performed using 30 mM
of substrate and 1 mg 100 ml-1 of protein.
SWISSPROT accession numbers are given.
n = 3; error bars correspond to standard
deviation from the mean.
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protein sequences, it can be predicted that these enzymes
are most active when their overall charge is negative
(Table 1). Notably, the pH optima of the arylesterases were
neutral or alkaline, consistent with biochemical data for
arylesterases listed in the BRENDA enzyme database
(http://www.brenda-enzymes.info). Still, with the exception
of RpEST-3 and SavEST-1, all of the esterases tested
retained at least 80% activity after pre-incubation in both
acidic and alkaline buffers (Table 1, Fig. S1).

Thermostability of purified esterases

RpEST-1, PpEST-2 and PpEST-3 exhibited the highest
half-lives at 50°C (Table 1; Fig. S2). While RpEST-2 was
fully active at 50°C after 5 h incubation, the half-life of the
enzyme at 55°C was 4 h. In contrast, 10 min at 50°C
reduced RpEST-3 and PaEST-1 activity by 80%, while
PpEST-1 was entirely inactivated. Since the enzymes
characterized in this study were obtained from mesophilic
bacteria, the lack of correlation between the enzyme
source and thermal stability is not surprising.

Temperature stability experiments using bacterial ary-
lesterases are lacking. Still, a review of currently avail-
able data indicates that the thermostability of RpEST-2
is lower than that of thermophilic arylesterases from
Archaeoglobus fulgidus and Sulfolobus solfataricus (Kim
et al., 2008; Park et al., 2008), but higher than many car-
boxylesterases isolated from mesophilic bacteria (http://

www.brenda-enzymes.org). In an effort to predict amino
acid residues that were correlated to temperature stabil-
ity of bacterial arylesterases, we looked for preferential
substitutions in the thermal stable enzymes character-
ized in this study (relative to P22862) that were pre-
viously found to occur in other thermophilic enzymes;
the abundance of amino acids that typically occur at
increased frequency in thermal stable enzymes was
also determined (Argos et al., 1979; Berezovsky et al.,
2007; Zhou et al., 2008). Unfortunately, neither of these
analyses led to convincing predictions that could explain
the relative temperature stability of PpEST-2, PpEST-3,
RpEST-1 and RpEST-2.

Effect of detergents on enzyme stability

Stability in the presence of detergents is an important
characteristic of enzymes that might be used in detergent
formulations as well as biotransformations where lipo-
philic substrates are solubilized by the addition of surfac-
tant. Accordingly, we determined the effect of various
detergents on the stability of esterases isolated in
this study. Esterases from R. palustris showed high
stability in selected detergents compared with esterases
from P. putida, P. aeruginosa and S. avermitilis, and
pre-incubation of RpEST-1 with detergents resulted in
higher residual activity compared with pre-incubation in
buffer alone (Table 2). Increased enzyme activity after

Table 1. Biochemical properties of purified carboxylic ester hydrolases.

Property PaEST-1 PpEST-1 PpEST-2 PpEST-3 RpEST-1 RpEST-2 RpEST-3 SavEST-1

UniProt ID Q9KJG6 Q88QX0 Q88CC8 Q88GS3 Q6NCW9 Q6N0W4 Q6N4A9 Q82QJ4
MWa 34.8 26.3 30 31.1 32.4 26.2 27.2 28.5
pIa 6.1 5.0 4.9 5.1 5.3 5.3 5.6 5.4
pH optimum 7–9 8–9 9 8–9 7 9 9 8
pH stabilityb,c 6–8 5–11 6–8 4–10 4–9 5–10 8–10 7–10
Half-life at 50°Cb < 5 min < 10 min 4 h 5 h 5 h > 5 hd < 5 min 2 h

a. Predicted from primary amino acid sequence.
b. n (number of replicates) = 6.
c. Residual activity was > 80%.
d. Half-life at 55°C was 4 h.
The first two letters of enzyme abbreviations correspond to bacterial genus and species names, respectively.

Table 2. Stability of carboxylic ester hydrolases in detergents.

Detergents CMC at 22°Ca

Residual activity (%)

PaEST-1 PpEST-1 PpEST-2 PpEST-3 RpEST-1 RpEST-2 RpEST-3 SavEST-1

1% v/v Tween 20 0.042 mM 24 � 4 31 � 8 17 � 1 82 � 24 131 � 5 96 � 14 64 � 8 78 � 9
1% v/v Tween 60 0.022 mM 101 � 15 40 � 10 89 � 2 78 � 26 136 � 39 93 � 9 88 � 7 90 � 5
1% v/v Tween 80 0.028 mM 32 � 8 64 � 9 80 � 3 50 � 3 135 � 9 100 � 4 91 � 8 70 � 1
1% v/v Triton X-100 0.20 mM 25 � 7 27 � 8 58 � 3 110 � 10 174 � 8 93 � 16 90 � 9 67 � 16
1 mM SDS 5.29 mM 40 � 4 30 � 8 58 � 6 53 � 6 177 � 3 95 � 1 73 � 9 28 � 7

a. From Jacquier and Desbene (1995) and Patist and colleagues (2000).
Residual activities were measured after 5 h at 37°C and compared with enzyme samples pre-incubated for the same time in 50 mM potassium
phosphate buffer (pH 7). n = 6; errors indicate standard derivation.
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pre-incubation in various detergents was recently
observed for a thermostable arylesterase from S. solfa-
taricus (Park et al., 2008). In that case, partial unfolding
was thought to increase the flexibility and activity of the
enzyme. Similarly, RpEST-1 is among the most thermo-
stable protein characterized in the present study, suggest-
ing that partial unfolding might also increase the activity of
this enzyme. Alternatively, the activating effect of deter-
gents might be associated with the partial refolding of
misfolded recombinant protein. Although not activated by
pre-incubation in detergent, the thermal stability of other
enzymes characterized in this study could be correlated to
stability in the detergents tested.

Effect of organic solvents on enzyme stability

The stability of purified esterases in organic solvents is
important to assessing the potential of each enzyme to
be used as synthetic catalysts in non-aqueous media. In
addition, esterases that are resistant to organic solvents
can be applied in industrial processes where solvents are
used to increase the thermal stability of the enzyme or
minimize biocontamination (Klibanov, 2001). Overall, the
bacterial esterases characterized in this study were more
stable in non-polar solvents (log P > 2.5) than in polar
solvents (log P < 0.89) (Table 3). This result is consistent
with the general agreement that water miscible polar sol-
vents destabilize enzymes by stripping away an essential
water layer at the protein surface (Gupta, 1992; Klibanov,
1997). By comparison, non-polar solvents can stabilize
enzymes by preventing the loss of this water layer and
restricting the conformational mobility of the protein
(Klibanov, 2001). Consistent with the stabilization effect
of non-polar solvents, nearly all of the enzymes tested
showed higher residual activity after pre-incubation in
increasing concentrations of solvents with log P � 2.5
compared with pre-incubation in buffer alone. Similar
to the impacts observed using detergents, RpEST-1,
RpEST-3 and PpEST-3 also showed comparatively high
activity after pre-incubation in polar solvents, including
DMSO, methanol and isopropanol. As discussed below,
these enzymes also demonstrated the highest activity
on medium-length pNP-esters. The correlation between
solvent stability and hydrolysis of pNP-esters with com-
paratively long acyl chain length is intriguing, and might
be explained by differences in the electrostatic potential
of the molecular surface of these esterases (Neves
Petersen et al., 2001).

Since enzyme catalysed trans-esterification reactions
are typically performed in up to 40% DMSO, the standard
activity assay was repeated in the presence of 0–95%
DMSO. While RpEST-3 and PpEST-3 were activated by
pre-incubation with 15–30% or 30–50% DMSO, respec-
tively, the specific activity of these enzymes decreased

rapidly when measured in the presence of more than
10% DMSO. In contrast, PpEST-2, RpEST-1, RpEST-2
and SavEST-1 exhibited 70%, 66%, 46%, 39% of activity
in 40% DMSO compared with reactions in buffer alone.
The performance of these enzymes could be improved
by lyophilization or immobilization (Klibanov, 2001).
However, since DMSO is used as a co-solvent to prevent
the hydrolysis of water-soluble substrates, the relative
stabilities and activities of arylesterases in non-polar sol-
vents including hexane, butanol and isopropanol might
be more relevant to predicting their ability to catalyse
the esterification of lignin-derived aromatic compounds.

Effect of ILs on enzyme stability

Ionic liquids offer new options for retaining enzyme activ-
ity and stability in synthetic reactions performed in the
absence of water (Yang and Pan, 2005). Due to their low
vapour pressure and ability to be recovered and recycled,
ILs are generally considered as green solvents. Enzyme
activity in IL has been correlated to the viscosity of the
medium and not log P values, and although enzymes are
typically stabilized by ILs with increasing hydrophobicity,
polar ILs have been shown to stabilize enzymes com-
pared with organic media with similar polarity (Yang
and Pan, 2005). Numerous examples of lipase-catalysed
trans-esterification of simple sugars in ILs have been pub-
lished, and emphasize the benefit of using ILs to solubilize
polar substrates while retaining enzyme activity (Park and
Kazlauskas, 2001). Given the polarity of lignin-derived
phenolic acids, it is anticipated that ILs will increase the
efficiency of trans-esterification reactions involving these
compounds.

Accordingly, esterase stability was evaluated after pre-
incubation in three typical imidazolium-based ILs and one
phosphonium-based IL where each IL was prepared as
a co-solvent system containing DMSO (Table 4). While
none of the recombinant esterases or commercial lipases
were active after pre-incubation in more than 40% Cyphos
109, increasing the proportion of phosphonium-based ILs
in the co-solvent system generally increased the residual
activity of each enzyme (Table 4). An exception was
[BMIm]PF6, which significantly destabilized esterases iso-
lated from P. putida and S. avermitilis at all test concen-
trations. Similar to stability studies using detergents and
organic solvents, RpEST-3 displayed better or equivalent
stability in ILs compared with the commercial lipases
PS-SD and AY-30. The stability of RpEST-2 in ILs was
also comparable to the commercial lipases. It is interest-
ing to note that among the esterases characterized in
this study, RpEST-3 was the least thermal stable and
RpEST-2 was the most thermal stable, suggesting that
in this case, thermal stability was poorly correlated to
solvent stability and stability in ILs.
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Kinetic analysis of purified esterases

Lipase hydrolysis of soluble substrates often displays
atypical Michaelis–Menten kinetics exemplified by a dra-
matic increase in activity when the substrate approaches
its solubility limit and a substrate emulsion forms (Jaeger
et al., 1994). In contrast, kinetic data collected in this
study obeyed the Michaelis–Menten equation, further
supporting the esterase classification given to the
enzymes characterized in this study. Table 5 summa-
rizes the kinetic parameters obtained for each esterase
with a range of pNP-esters. With the exception of
PpEST-3 activity on pNP-acetate, the catalytic efficien-
cies of the esterases from R. palustris and P. putida
generally decreased with increasing length of the acyl
chain. The kinetic data were also consistent with primary
screens, which indicated that PpEST-1 and SavEST-1
were most active on pNP-acetate, and that PpEST-2
hydrolysed phenyl acetate as well as pNP-acetate but
demonstrated negligible activity on other pNP-esters
(Table S2). While the Km of most of the esterases
increased with increasing acyl chain length, the Km of
PaEST-1 decreased slightly with increasing length of the
pNP-ester. Two esterases from R. palustris (RpEST-1

and RpEST-2) demonstrated the highest specific activity
on all pNP-esters. Rhodopseudomonas palustris is a
soil bacterium known for its ability to degrade lignin-
derived aromatic compounds (Larimer et al., 2004).
Since RpEST-1 and RpEST-2 were also among the
most stable esterases in organic solvents and ILs,
respectively, these enzymes are particularly attractive
candidates for trans-esterification of lignin-derived phe-
nolic acids and long-chain alcohols.

Sequence analyses for improved prediction
of arylesterases

In an attempt to improve future predictions of enzy-
mes with arylesterase activity based on primary protein
sequence information, a phylogenetic tree was con-
structed containing the 36 active bacterial enzymes
purified in this study and the characterized arylesterase
from Pseudomonas fluorescens P22862 (Fig. S3).
Overall sequence comparison did not cluster the proteins
according to measured enzyme activities, nor did com-
parison of sequences to the Lipase Engineering Data-
base, although like P22862, sequence similarity between
RpEST-1 and haloperoxidases was revealed (Fischer and

Table 5. Comparison of kinetic parameters of carboxylic ester hydrolases at their optimal pH with pNP-esters.

Enzyme pH Substrate
Specific activitya

(mmol min-1 mg-1) kcat (s-1) Km (mM)
kcat/Km

(s-1 mM-1)

PaEST-1 8 pNP-acetate 3.2 � 0.4 1.9 � 0.2 1.4 � 0.2 1.3
pNP-propionate 15.1 � 2.4 8.8 � 1.4 2.5 � 0.5 3.5
pNP-butyrate 38.6 � 9.6 22.4 � 5.6 5.4 � 1.7 4.1
pNP-caproate 22.2 � 4.1 12.9 � 2.4 1.4 � 0.4 9.2
pNP-caprate 15.8 � 1.8 9.2 � 1.0 1.2 � 0.2 7.6
pNP-laurate 0.4 � 0.1 0.2 � 0.05 0.7 � 0.4 0.3

PpEST-1 8 pNP-acetate 8.8 � 0.5 3.9 � 0.2 1.4 � 0.1 2.8
pNP-propionate 7.1 � 0.8 3.1 � 0.3 3.0 � 0.4 1.0

PpEST-2 9 pNP-acetate 25 � 1.0 12.5 � 0.5 1.1 � 0.1 11.4
pNP-propionate 6.0 � 0.3 3 � 0.1 1.0 � 0.1 3.0

PpEST-3 8 pNP-acetate 11.9 � 0.6 6.2 � 0.3 1.0 � 0.1 6.2
pNP-propionate 13.1 � 0.2 6.8 � 0.1 0.1 � 0.0 67.9
pNP-caproate 23.3 � 0.5 12.1 � 0.3 0.2 � 0.0 60.4
pNP-caprate 16.8 � 0.7 8.7 � 0.4 0.8 � 0.1 10.9
pNP-laurate 9.8 � 1.4 5.1 � 0.7 2.5 � 0.4 2.0

RpEST-1 7 pNP-acetate 121.5 � 2.9 65.6 � 1.5 0.3 � 0.0 219.0
pNP-propionate 568.2 � 28.4 306.8 � 15.3 1.5 � 0.1 205.0
pNP-butyrate 139.8 � 2.7 75.5 � 1.6 0.5 � 0.0 151.0
pNP-caproate 401.9 � 21.8 217.0 � 11.8 1.9 � 0.1 114.0

RpEST-2 9 pNP-acetate 120.6 � 9.9 52.7 � 4.3 1.4 � 0.2 37.6
pNP-propionate 55.9 � 17.9 24.4 � 7.8 4.9 � 1.8 4.9
pNP-butyrate 76.2 � 29.2 33.2 � 12.8 8.8 � 3.6 3.8
pNP-caproate 103.0 � 42.9 45.0 � 18 8.3 � 3.8 5.4
pNP-caprate 16.7 � 7.9 7.3 � 3.4 8.4 � 4.3 0.9

RpEST-3 9 pNP-acetate ND
pNP-propionate ND
pNP-butyrate 15.8 � 1.6 7.2 � 0.7 3.6 � 0.4 2.0
pNP-caproate 11.1 � 1.0 5.0 � 0.4 2.1 � 0.3 2.4

SavEST-1 8 pNP-acetate 6 � 0.2 2.9 � 0.1 0.3 � 0.0 9.5

a. Calculated from Vmax.
Reactions were performed at 37°C. ND, initial reaction rates were not detectable. All kinetic data obeyed the Michaelis–Menten equation with
R 2 � 0.96. n = 3; errors indicate standard deviation.
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Pleiss, 2003; Cheeseman et al., 2004). Further analyses
were performed to identify sequence motifs that are cor-
related to substrate preference but might span a short
region of the overall protein sequence. These analyses
were performed using: (i) covariation analysis tools that
identify the functional association of residues (Tillier and
Lui, 2003), (ii) Pratt (Jonassen et al., 1995), a tool for
discovering conserved motifs from unaligned sequences,
and (iii) Sequence Harmony (Feenstra et al., 2007), a tool
designed for finding amino acid residues responsible
for enzyme specificity. Although these primary sequence
analyses did not reveal amino acid positions whose sub-
stitution patterns correlated with enzyme specificity,
sequence comparisons that referenced the solved struc-
ture of P22862 revealed conservation of residues pre-
dicted to participate in substrate binding and stabilization
of reaction intermediates. The acyl-binding pocket of
P22862 comprises Trp-28, Val-121 and Phe-198, and the
alcohol-binding pocket comprises Phe-93 and Phe-162;
Met-95 and Trp-28 in P22862 are predicted to form an
oxyanion hole that participates in the stabilization of reac-
tion intermediates (Cheeseman et al., 2004). While all
of the active enzymes characterized in this study con-
tained the conserved catalytic triad and GXSXG motif, a
sequence logo clearly revealed the conservation of Met95
in enzymes with arylesterase activity that like P22862,
also hydrolysed short-chain esters (Fig. 3). PpEST-1,
PpEST-2, PpEST-3 and RpEST-3 also contained Phe
or an alternate aromatic amino acid at positions corre-
sponding to the acyl-binding pocket in P22862. Notably,
enzymes isolated in this study that lacked arylesterase
activity contained functionally similar amino acids at posi-
tions corresponding to the acyl-binding pocket in P22862,
but generally lacked aromatic amino acids at posi-
tions corresponding to the alcohol-binding pocket of that
enzyme.

Conclusions

Owing to the synthetic potential and limited commercial
availability of enzymes with arylesterase activity, the
enzymes characterized in this study constitute an impor-
tant set of new, industrially relevant biocatalysts. To
our best knowledge, RpEST-1, RpEST-2, RpEST-3,
PpEST-2, PpEST-3 and PaEST-1 represent the first
enzymes with arylesterase activity to be isolated and
characterized from R. palustris, P. putida and P. aerugi-
nosa respectively. RpEST-1, RpEST-2 and PpEST-3 dem-
onstrated the best combination of activity, thermal stability
and solvent stability, suggesting that they are the best
bacterial candidates for subsequent trans-esterification
trials. Presently, the ability of these enzymes to catalyse
hydrolysis reactions in the presence of organic solvents,
and esterification of lignin-derived compounds, is being

evaluated. Finally, the bioinformatic analyses performed
in our study emphasize the limits of primary sequences
alone to accurately predict genes that encode ary-
lesterase activity, emphasizing the importance of struc-
tural and biochemical studies in the discovery of enzymes
for new biotechnological applications.

Experimental procedures

Materials

All bacterial genomic DNA samples were purchased from
the ATCC. Paraoxon, phenyl acetate, olive oil, tributyrin
and pNP-ester substrates (pNP-acetate, pNP-propanioate,
pNP-butyrate, pNP-caproate, pNP-caprate, pNP-laurate,
pNP-palmitate, pNP-benzoate), Tween 20, Tween 60, Tween
80, Triton X-100, SDS, EDTA and 2-mercaptoethanol, along
with solvents, including methanol, ethanol, isopropanol,
1-butanol, tert-amyl alcohol, acetone, acetonitrile, tetrahydro-
furan, 1,6-dixaone, DMSO, toluene, p-xylene, hexane, cyclo-
hexane, were purchased from Sigma (Canada). Ionic liquids,
including [BMIm]BF4, [BMIm]PF6, [BMIm]CF3SO3, were pur-
chased from Solvent Innovation GmbH (Germany) and
Cyphos 109 was kindly provided by Cytec Industries
(Canada). PS ‘Amano’ SD and AY ‘Amano’ 30 were kindly
supplied by AMANO Enzyme. The pNP-ester stock solutions
(10 mM) were prepared in DMSO.

Selection of potential esterases from microbial genomes

The biochemically and structurally characterized ary-
lesterase PFE from P. fluorescens (P22862) was used as a
query to search the SWISSPROT sequences for uncha-
racterized homologous proteins. The BLASTP algorithm
was used to compare the P22862 sequence to the following
11 bacterial genomes: Agrobacterium tumefaciens C58,
Nitrosomonas europaea, P. aeruginosa, P. putida KT2440,
Pseudomonas syringae pv. phaseolicola (strain 1448A/Race
6), Rhodococcus sp. RHA1, R. palustris CGA009, Ralstonia
solanacearum 11696D-S, S. avermitilis, Streptomyces coeli-
color and Thermotoga maritima. Sequences identified in
each genome were aligned to P22862 to confirm the pres-
ence of conserved catalytic residues and sequence motifs
(Fojan et al., 2000).

Gene cloning and protein purification

Genes were PCR amplified using the genomic DNA pur-
chased from the ATCC. PCR was performed using the Pfx
DNA polymerase (Invitrogen) and the following PCR cycles:
denaturation at 95°C for 15 s, annealing at 53°C for 30 s
and elongation at 68°C for 1 min. PCR products were
flanked by BseRI restriction sites to facilitate cloning into
p15Tv-L (GenBank accession EF456736). Ligation products
were transformed into E. coli DH5a by electroporation.
Escherichia coli transformants were cultured at 37°C in
autoinduction media (Kuznetsova et al., 2006). Auto-
induction medium (ZYP 5052) contained 1 mM MgSO4,
metal mix (50 mM FeCl3•6H2O, 20 mM CaCl2, 10 mM
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Fig. 3. Sequence logo of active esterases. The MAFFT alignment of the 36 active enzymes isolated in this study was separated into three
groups based on their specificity (see Table S2) and their sequence logos are shown aligned along with the sequence for P22862 for which a
crystal structure is available. The following list indicates in parentheses, the position of amino acids in the gapped alignment of P22862 that
are discussed in the text: W28 (W120), F93 (F212), M95 (M214), V121 (V254), F162 (F342), F198 (F382).
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ZnSO4•7H2O, 10 mM MnCl2•4H2O, 2 mM CoCl2•6H2O,
2 mM CuCl2•2H2O, 2 mM NiCl2•6H2O, 2 mM Na2MoO4•5H2O,
2 mM Na2SeO3•5H2O and 2 mM H3BO3), 20¥ NPS [0.5 M
(NH4)2SO4, 1 M KH2PO4, 1 M Na2HPO4], GGL (250 g l-1 glyc-
erol, 25 g l-1 glucose, 100 g l-1 lactose), 10¥ TY (100 g l-1

tryptone, 50 g l-1 yeast extract) and 100 mg ml-1 of ampicillin.
Protein expression was induced by switching the tempera-
ture to 20°C; cells were harvested after overnight incubation,
suspended in binding buffer (300 mM NaCl, 50 mM Hepes,
pH 7.5, 5% Glycerol, 5 mM imidazole), passed through
one freeze–thaw cycle, and then lysed by sonication. Cell
extracts were collected by centrifugation and incubated with
Ni resin (Qiagen) for 2 h. The resin was then washed with
200 ml of washing buffer (300 mM NaCl, 50 mM Hepes, pH
7.5, 5% Glycerol, 30 mM imidazole) and eluted with approxi-
mately 10 ml of elution buffer (300 mM NaCl, 50 mM Hepes,
pH 7.5, 5% Glycerol, 250 mM imidazole). Protein concentra-
tions were measured using the Bradford assay and their
purities were evaluated by 15% SDS-PAGE. Purified pro-
teins were dialysed using pre-crystallization buffer [300 mM
NaCl, 10 mM Hepes (pH 7.5)], flash frozen in liquid nitrogen,
and then stored at -80°C.

Primary enzyme screens

The standard assay used to screen purified enzymes was
performed in a 96-well plate format at 37°C; final reaction
volumes were 200 ml and contained 1 mg of purified protein
unless otherwise specified. For pNP-esters, reactions were
prepared by mixing 1 vol. of 10 mM substrate with 9 vols of
100 mM potassium phosphate buffer (pH 7) containing 2.5%
Triton X-100, followed by immediate vortexing. Liberation of
pNP was measured at 400 nm, and 0.002–0.1 mmol of pNP
was used to generate a standard curve. All purified proteins
were initially screened at pH 6, 7 and 8 on pNP-acetate,
pNP-caprate, pNP-palmitate and pNP-benzoate.

The release of acidic products from phenyl acetate, olive
oil and tributyrin was detected using bromothymol blue
(BTB) as described by Martínez-Martínez and colleagues
(2007), with minor modifications. In brief, 30 mM of each
substrate was prepared in 5 mM potassium phosphate
buffer (pH 7.3) containing 0.01% of BTB; reactions were
followed by measuring absorbance at 616 nm. A standard
curve using acetic acid was prepared to calculate enzyme
activity on phenyl acetate.

Optimal pH and pH stability

The effect of pH was investigated using the Britton and
Robinson’s universal buffer system (50 mM phosphoric acid,
acetic acid and boric acid; pH adjusted from 4 to 11 using
NaOH). The pH stability of each enzyme was determined by
measuring the activity that remained after 24 h of incubation
at 37°C and pH 4–11. The concentrations of protein in each
pre-incubation were 5 mg ml-1 RpEST-1, 25 mg ml-1 RPEst-2,
50 mg ml-1 RpEST-3, 50 mg ml-1 PpEST-1, 50 mg ml-1

PpEst-2, 50 mg ml-1 PpEST-3, 50 mg ml-1 PaEST-1 and
100 mg ml-1 SavEST-1, which allowed initial reaction rates
to be measured when diluting the pre-incubated enzyme
sample 1:10 in the reaction buffer containing 0.5 mM

pNP-acetate. Residual enzyme activities were measured at
the pH optimum of each enzyme.

Temperature stability

Residual enzyme activity was measured after incubation
at 22°C, 30°C, 37°C, 50°C, 55°C and 70°C for up to 5 h.
Enzyme samples were incubated in 50 mM potassium phos-
phate buffer (pH 7) at concentrations indicated above. After
the pre-incubation period, the enzyme sample was diluted
1:10 in the reaction buffer containing 0.5 mM pNP-acetate.

Effect of detergents on enzyme stability

The effect of several detergents on enzyme stability was
analysed by incubating each enzyme in 50 mM potassium
phosphate buffer (pH 7), containing 1% (v/v) Tween 20,
Tween 60, Tween 80 or Triton X-100, or 1 mM SDS, EDTA
or 2-mercaptoethanol. The concentration of protein in each
pre-incubation was as indicated above. Following 5 h of pre-
incubation at 37°C, the enzyme sample was diluted 1:10 in
the reaction buffer containing 0.5 mM pNP-acetate. Residual
enzyme activities were measured at the pH optimum of each
enzyme. The small amount of detergent that was transferred
with the enzyme into the reaction mixture had a negligible
effect on absorbency.

Effect of organic solvents on enzyme stability

Residual enzyme activity was measured using the standard
assay following 5 h of pre-incubation at 37°C in the following
solvents: methanol, ethanol, isopropanol, 1-butanol, tert-amyl
alcohol, acetone, acetonitrile, tetrahydrofuran, 1,6-dixaone,
DMSO, toluene, p-xylene, hexane, cyclohexane. Organic
solvents were prepared in 15%, 30% or 50% (v/v) in 50 mM
potassium phosphate buffer (pH 7). The concentration
of protein in each pre-incubation was as indicated above.
Following the 5 h pre-incubation, the enzyme sample was
diluted 1:10 in the reaction buffer containing 0.5 mM pNP-
acetate to measure residual activity. The effect of DMSO
on enzyme activity was studied in more detail. Here, each
enzyme was incubated in potassium phosphate buffer
containing 0–40% of DMSO with 5% increments. Residual
enzyme activities were measured after 24 h of pre-incubation
at 37°C. Enzyme activities were also measured in the pres-
ence of 5–95% DMSO. In both cases, pNP-acetate was used
as the substrate.

Effect of ILs on enzyme stability

Three imidazolium-based ILs ([BMIm]BF4, [BMIm]PF6,
[BMIm]CF3SO3), and one phosphonium-based IL (Cyphos
109) were used to study the effect of ILs on enzyme stability.
The imidazolium ILs were selected since they are most
commonly used in lipase-catalysed synthetic reactions (van
Rantwijk et al., 2003). The concentration of protein in each
pre-incubation was as indicated above. Following 3 h of pre-
incubation at 37°C in 40%, 50%, 60%, 70%, 85% or 100% of
each solvent mixed with DMSO, the enzyme sample was
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diluted 1:10 in the reaction buffer containing 0.5 mM pNP-
acetate to measure residual activity.

Enzyme kinetics

Kinetic parameters were obtained at 37°C and using the
optimal pH and pNP substrates. Substrate concentrations
ranged from 0.05 mM to 1 mM with 50 mM increments (i.e. 20
different substrate concentrations). The amount of enzyme
used in each 100 ml of reaction was 0.05 mg for RpEST-1,
0.1 mg for RpEST-2, 0.5 mg for RpEST-3, 0.5 mg for PpEST-1,
0.5 mg for PpEST-2, 0.25 mg for PpEST-3, 0.5 mg for PaEST-1
and 0.5 mg for SavEST-1. Initial rates were obtained by
measuring reaction products every minute for 10 min. Kinetic
parameters were calculated using the Michaelis–Menten
equation (GraphPad Prism5 Software).

Sequence analysis

The phylogenetic tree was obtained using proml [PHYLIP
(Phylogeny Inference Package) version 3.7] (Felsenstein,
1989) and the following parameters: PMB model, gamma
parameter 0.7 and three HMM categories. The 37 protein
sequences were aligned using Mafft version 6 (E-INS-i)
(Katoh et al., 2005). The sequence logos of sub-alignments
of three enzyme groups were obtained using WebLogo
(Schneider and Stephens, 1990; Crooks et al., 2004).
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. pH stabilities of purified esterases. (A) Pseudomo-
nas putida [PpEST-1 (�), PpEST-2 ( ), PpEST-3 (�)], (B)
Rhodopseudomonas palustris [RpEST-1 (�), RpEST-2
( ), RpEST-3 (�)], and (C) Pseudomonas aeruginosa
[PaEST-1(�)] and Streptomyces avermitilis [SavEST-1
( )]. Enzyme activity was measured after 24 h of incuba-
tion at 37°C using 0.5 mM pNP-acetate. n = 6; error bars
correspond to standard deviation from the mean.
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Fig. S2. Temperature stability of purified esterases. (A)
RpEST-1, (B) RpEST-2, (C) RpEST-2, (D) PpEST-1, (E)
PpEST-2, (F) PpEST-3, (G) PaEST-1, (H) SavEST-1.
Enzyme activity was measured after 1 h (�), 2 h ( ), 3 h (�),
4 h (X) and 5 h (�) of incubation at the specified tempera-
ture using 0.5 mM pNP-acetate. n = 6; error bars corre-
spond to standard deviation from the mean.
Fig. S3. Phylogenetic tree of the 36 active enzymes iso-
lated in this study. The number of Bootstrap samples with
over 50% support of 100 samples are shown. The leaf
labels are the SWISSPROT accession for the sequence,
then the specificity group number, and the species code,

separated by dashes. In red are the least specific enzymes
(group 3), in blue are enzymes active on phenyl acetate
and pNP-acetate (group 2), and in black are enzymes only
active on pNP-acetate.
Table. S1. Summary of gene targets and expression trials.
Table. S2. Activity screens of carboxylic ester hydrolases
purified in this study.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

Characterization of new bacterial arylesterases 690

© 2010 The Authors
Journal compilation © 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 3, 677–690


